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Since the very first landmark report by Geim and Novoselov in 2004 on graphene [1],
the interest of the scientific and technological communities for every form of this carbon-
based nanomaterial has only grown and grown. In 2019, the hype for graphene turned
fifteen years old and, after having experienced an intense infancy (with impressive results at
laboratory scales in a myriad of different application fields), experts say that the following
15 years should be oriented towards its commercialization and day-to-day uses [2]. For
this, some aspects are crucial and need to be understood, such as standardization or safety
issues [2,3]. The broad family of graphene nanomaterials (including graphene nanoplatelets,
graphene oxide, graphene quantum dots, and many more), go beyond and aim higher
than mere single-layer (‘pristine’) graphene; thus, their potential has sparked the current
Special Issue. In it, 18 contributions (distributed in 14 research articles and 4 reviews)
have probably portrayed the most interesting lines as regards future and tangible uses of
graphene derivatives.

Works on the fabrication of graphene, nanomaterials have appeared; for example, the
electrochemical synthesis of highly oxidized graphene oxide (GO), by Diez-Pascual and co-
workers [4], who aimed at maximizing its oxidation degree by tuning the electrochemical
synthesis parameters. In another reference work, Lee et al. explored a somehow opposed
concept: obtaining low-defect graphene, in this case by a tailored liquid-phase shear exfolia-
tion of graphite [5]. Both papers demonstrate the potential up-scalability of their respective
fabrication processes, and the utility of the as-made graphene-based nanomaterials, such
as for instance, electrode modification for enhanced sensing purposes [5].

Some published papers in this Special Issue focus on the performance peculiarities of
graphene-based nanomaterials in specific contexts. For example, Torres and co-workers
have studied the effect of the reduction temperature in the electrochemical performance of
reduced-GO-based nanofibers obtained by a hydrothermal method [6]. The authors found
a promising 16-fold increase in capacitance as compared to the preceding GO nanofibers.
Another entry on reduced GO has been reported by Toulbe et al. [7], who have found
that this nanomaterial is capable of inhibiting the photodegradation of x-lipoic acid (an
antioxidant) in the presence of Au and Ag nanoparticles, with important implications in
pharmaceutical compounds. As a complementary insight into both of the aforementioned
studies, Tene and co-workers present an elegant study on how the drying conditions of GO
critically affect its structure and nature of defects [8]. The same authors report also on the
environmental advantages of reduced GO by efficiently removing water pollutants [9].

In this Special Issue, there is also room for chemically modified or assembled graphene
nanomaterials, such as those presented by La et al. [10], who have obtained oleic acid-
modified graphene nanoplatelets showing excellent dispersion stability and tribological
performance in lubricant oil. On the other hand, Pruna and co-workers present GO-
based cryogels modified with amine moieties [11]. In particular, for ethylenediamine-
functionalized cryogels, the authors found a promisingly high CO, uptake, with a view to
future CO; capture technologies. If cryogels are a good example of an assembled graphene-
based scaffold, and given the high interest for such 3D ensembles, the readers cannot miss
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the review paper presented by Bellet et al. [12]. It deals with this kind of structure; in this
case, oriented towards biomedical applications (regenerative medicine), covering many
aspects, from toxicity to applications, and structure—properties relationships.

However, the most reported field of application in graphene-based materials within
this Special Issue, nearly half of the total contributions, has definitely been the nanocom-
posites one. Different nanocomposite studies for structural applications are reported, such
as that authored by Sanchez-Romate et al. [13], dealing with graphene nanoplatelet-based
epoxy composites with exhaustive electromechanical and electrothermal characterizations;
or also two review papers with particular relevance on construction and building materials:
one by Ikram et al., which covers the state-of-the art of graphene nanomaterials for water-
based drilling fluids [14], and the other review by Rehman et al., gathering significant
advances in graphene—cement composites [15]. Regarding electric or electronic applications
of graphene nanocomposites, there are also excellent pieces of work in this Special Issue,
such as that from Rendoén-Patifio and co-workers (dealing with graphene-MoS, heterostruc-
tures with excellent catalytic activity towards H, and O, evolution reactions) [16], or the
work by Rodriguez-Mas et al., who have successfully inserted a conductive polymer-coated
reduced GO layer in an organic-based LED, increasing its current density [17]. The great
potential of GO to stand as a versatile adjuvant in advanced applications is herein embodied
by the works of Petris et al. (GO-silicophosphate compounds for the optical limiting of
femtosecond lasers) [18], and that of Gonzalez-Dominguez and co-workers (dealing with
aqueous inks based on GO-nanocellulose hybrids with potential to be applied in electrode
manufacturing) [19].

Last, but not least, this Special Issue contains a unique review paper on the properties
and applications of Graphyne derivatives [20], emerging as the next stage of the current
graphene state-of-the-art.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Graphene oxide (GO) is an attractive alternative to graphene for many applications due
to its captivating optical, chemical, and electrical characteristics. In this work, GO powders with a
different amount of surface groups were synthesized from graphite via an electrochemical two-stage
process. Many synthesis conditions were tried to maximize the oxidation level, and comprehensive
characterization of the resulting samples was carried out via elemental analysis, microscopies (TEM,
SEM, AFM), X-ray diffraction, FT-IR and Raman spectroscopies as well as electrical resistance
measurements. SEM and TEM images corroborate that the electrochemical process used herein
preserves the integrity of the graphene flakes, enabling to obtain large, uniform and well exfoliated GO
sheets. The GOs display a wide range of C/O ratios, determined by the voltage and time of each stage
as well as the electrolyte concentration, and an unprecedented minimum C/O value was obtained for
the optimal conditions. FT-IR evidences strong intermolecular interactions between neighbouring
oxygenated groups. The intensity ratio of D/G bands in the Raman spectra is high for samples
prepared using concentrated HySOy as an electrolyte, indicative of many defects. Furthermore, these
GOs exhibit smaller interlayer spacing than that expected according to their oxygen content, which
suggests predominant oxidation on the flake edges. Results point out that the electrical resistance is
conditioned mostly by the interlayer distance and not simply by the C/O ratio. The tuning of the
oxidation level is useful for the design of GOs with tailorable structural, electrical, optical, mechanical,
and thermal properties.

Keywords: graphene oxide; electrochemical synthesis; oxidation level; exfoliation degree; morphology;
interlayer spacing; surface defects; electrical resistance

1. Introduction

Graphene oxide (GO), which is the oxidized form of graphene, is currently attracting a lot of
interest due to its unique chemical, optical, and electronic properties that make it suitable for a
broad range of uses including supercapacitors, solar cells, fuel cells, lithium batteries, biomedicine,
polymer nanocomposites, and more [1-6]. It presents several surface oxygen-containing groups,
mainly COOH moieties on the layer edges as well as C-O-C and OH on the basal planes (Scheme 1).
Furthermore, the hydroxyl groups can bond to form epoxy groups, which leads to a distorted
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tetrahedron with four carbon atoms on the six-membered ring of the carbon plane. This provokes the
flat graphene network to bend. Therefore, some characteristics of GO differ from those of graphene.
The oxygenated groups in GO expand the interlayer distance, which boosts its skill to retain substances.
The attached groups and lattice defects alter the electronic structure and act as scattering centers that
reduce the electron mobility. Hence, it is typically an insulating material. Furthermore, it presents
biocompatibility, surface functionalization capability, amphiphilicity, and aqueous processability [7].
Thus, after sonication in aqueous solutions, it straightforwardly exfoliates, which leads to stable
colloidal suspensions [8]. This can be used for the preparation of transparent electrodes. The presence
of oxygen functionalities also makes GO a good candidate for environmentally-related applications
such as wastewater treatment and water purification to remove both inorganic and organic pollutants
including hormones or antibiotics [9]. GO is also largely used for the synthesis of a number of
derivatives to be used in environmental and energy-related applications [10].

The adjustment of the oxidation level would be useful for the design of GOs with tailorable
structural, electrical, mechanical, thermal, and optical properties. For instance, the energy band gap of
GO increases linearly while decreasing the C/O ratio [11], which provides an efficient way to tune the
optical properties of graphene oxide-based materials. On the other hand, as the degree of oxidation
increases, both the Young’s modulus and mechanical strength will likely decrease monotonically due to
the breaking of the sp? carbon network and lowering of the energetic stability for the ordered GO [12].
However, the increase in the oxidation level of GO could be beneficial for improving the mechanical
properties of nanocomposites [13], especially in the case of matrices involving oxygenated groups
like chitosan [14] or polyamide [15]. In such cases, the mechanical strength was enhanced with the
increase in the oxidation degree due to the stronger H-bonding interactions between the GO sheets,
the polymeric matrices, and the more extended chemical interphase. Other properties including the
heat capacity, thermal conductivity, and specific capacitance could also be tailored by modifying the
oxidation degree [16,17].

@ Carbon
® Oxygen
@ Hydrogen

Scheme 1. Representation of the chemical structure of graphene oxide (GO).

In the 19th century, graphite oxide (also known as graphite acid) was first synthesized from
graphite through oxidation using KClOj3 in fuming HNOj. Since then, a lot of effort has been made
in order to obtain more oxidized and exfoliated graphite oxide. Four main approaches have been
described for the synthesis of GO [18]: Staudenmaier, Hofmann, Brodie, and Hummers. Both Brodie
and Staudenmaier routes use KClO3 and HNO3, and present an explosion hazard as well as evolution
of dangerous and carcinogenic gases such as NOx, ClO-, and ClO,. The most widely employed is
the Hummers’” method, which comprises the mixing of KMnO, with a solution of NaNO3, H,SOy,
and graphite [19]. It requires a huge quantity of concentrated acid and KMnOy to guarantee
enough oxidation. Furthermore, the previously mentioned approaches cause severe environmental
contamination and metallic impurities on the GO layers. In particular, about a thousand-fold more
water than graphite is required in the Hummers” method to get rid of the excess of HySO4 and KMnOy
subsequent to the oxidation reaction, which leads to an enormous amount of sewage water comprising
heavy metal ions and strong acids. Furthermore, they are particularly time-consuming, since they
may require more than 100 h for oxidation. Many modifications of these approaches, especially
of the Hummer’s one, have been published, with enhancements being constantly investigated to
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attain improved results at a lower cost. For example, strategies without NaNOg3 in order to avoid
the formation of toxic gasses (NO,/N,Oy) and to make the disposal of waste water easier due to the
absence of Na* and NO; ™~ ions have been reported [20]. GO can also be prepared from graphite oxide
by means of sonication, stirring, or even by rapid freezing of an aqueous solution containing the parent
oxide, which is followed by thawing of the resulting solid [21]. Sonication is a time-effective technique
for completely exfoliating graphite oxide, while it can seriously impair the graphene flakes, which
decreases their dimensions from pm to nm, and even leads to graphene platelets. Mechanically stirring
is not such a clumsy approach, even though it involves longer periods.

Recently, electrochemical processes have been employed to synthesize carbon nanomaterials
due to of their environmentally-friendliness, high efficiency, and inexpensiveness [22]. A reduced
graphene with a very high C/O ratio (25.3) and high electron mobility has been synthesized within
seconds by electrochemical exfoliation of graphite foil [23]. Analogously, GO has been produced
by electrochemical oxidation of several graphitic materials in a variety of geometries such as pencil
cores and graphite powders, foils, rods, or plates [24-27]. The reported approaches have emerged as
promising and versatile alternatives to the chemical methods. By controlling the processing parameters,
such as applied potentials and currents, exfoliation time, as well as electrolyte composition and
temperature, GOs with different defect densities, oxygen content, graphene layer numbers, and lateral
sizes have been obtained [27]. Moreover, chemical reactions with functionalizing agents can occur
during the electrochemical exfoliation to produce in situ chemically functionalized (doped) GO-based
materials [28]. However, the electrolysis process generally worsens the expansion and delamination
of the graphitic materials, which leads to products with low oxidation and exfoliation levels, with
properties that considerably differ from the GOs prepared by the conventional methods mentioned
previously. Furthermore, electrochemical exfoliation methods have demonstrated poor controllability
in the structural and physical properties of the resulting graphene materials, and typically lead to
low-yield production [29]. Overall, despite noteworthy research efforts over recent years focusing
on GO fabrication by electrochemical exfoliation from graphite, very few studies have succeeded.
Therefore, further investigation in this direction is required to develop scalable, safe, rapid, and green
methods. In this regard, there are two critical challenges that should be addressed. First, there is
still no simple electrochemical exfoliation process that can precisely control the chemical composition
and structure of the resulting graphene materials. The approaches recently reported typically lead
to heterogeneous mixtures containing traces from the raw materials such as partially oxidized and
fully oxidized flakes, and comprise layers with different defect content, lateral size, and number of
functional groups. Second, the methods also face a compromise between the yield and the property
control of the resulting materials. The development of cost-effective electrochemical exfoliation means
to fabricate GOs by targeting specific applications remains an open question.

In this context, for the first time, we have developed a straightforward, green, and inexpensive
electrochemical method that enables users to finely control the level of GO oxidation and exfoliation by
carefully modifying the synthesis conditions, which is of large interest from an application standpoint.
A wide range of experimental conditions have been tested to optimize the synthesis process in order
to obtain homogeneous GOs that preserve the integrity of the graphene flakes, without remnants
of the raw material and at a good yield. The aim is to maximize their oxidation and exfoliation
levels, which, consequently, would improve their solubility in aqueous solutions and their aptitude to
interact with hydrophilic and amphiphilic molecules such as proteins, phospholipids, DNA, and more.
The idea of the method is to split the GO preparation process into two stages: a mild intercalation
stage of SO42~ ions within the graphite layers leading to a graphite intercalation compound (GIC)
and then an oxidation/exfoliation stage of the GIC under stronger conditions. Thus, the voltage
and time of both stages as well the concentration of the electrolyte in the exfoliation step varied in
order to assess their effect on the degree of exfoliation, defect content, and level of oxidation of the
resulting GOs. An unprecedented minimum C/O value was obtained for the optimal conditions.
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The developed method provides better yields than a reference GO synthesized from graphite via a
modified Hummers’ method.

2. Materials and Methods

2.1. Materials and Reagents

High purity flexible graphite foil (FGF, da5-c = 1.00 g/em?, C: 99.5%, S <300 ppm, Cl < 50 ppm,
ash < 1%, thickness 0.1 mm) was provided by Beyond Materials, Inc. (Tucson, AZ, USA) and dried in
an oven at 60 °C for 48 h before use. Powdered graphite flakes (SP-1, dy5 °C = 1.05 g/cm3, C:99.9%,
ash < 0.5%, average size 30-150 pum) were acquired from Bay Carbon, Inc. (Michigan, MI, USA) and
subjected to identical treatment. KMnOy, H,SOy4, K;5,0g, P2Os5, HyO, (30 wt % in water), and platinum
wire (e: 0.5 mm, 99.99% trace metals basis) were obtained from Sigma-Aldrich (Madrid, Spain) and
used as received. Ultrapure water was purified by a Millipore Elix 15,824 Advantage 15 UV system
(Millipore, Milford, MA, USA).

2.2. Synthesis of Electrochemically Exfoliated Graphene Oxides (EGOs)

The EGOs were synthesized from FGF via an electrochemical process at room temperature
(25 + 2 °C) that comprised two stages. The first stage was carried out in an electrolysis cell, which had
a slice of FGF stuck onto a tungsten wire through silver glue as an anode, a Pt wire as a cathode, and
98 wt% H,SO4 diluted in 100 mL of Milli-Q water as an electrolyte. A static voltage of 1 or 2 V was
initially applied for 10 or 30 min, which led to formation of a turquoise-blue graphite intercalation
compound (GIC). This low voltage aided to wet the carbon material and induced the mild intercalation
of SO42 ions within the interlayers of FGF [30].

Prior to the second step, the synthesized GIC was drawn out and pressed to eliminate the absorbed
H,SOy. Then, the electrochemical oxidation was performed using the GIC as an anode, a Pt wire
as a cathode, and 40, 65, or 98 wt% H,SO, diluted in 100 mL of Milli-Q water as an electrolyte.
A high voltage ranging from 10 to 30 V was applied for different periods between 30 and 120 s. The
high bias caused the electrolytic oxidation of the GIC, which results in the formation of a yellowish
oxidized graphite oxide that was readily exfoliated into graphene oxide during the voltage application.
A schematic representation of the experimental setup used for the electrochemical synthesis of the
EGOs and typical images of FGF, GIC, and EGO are shown in Figure 1.

a) + - 12V b) + - 10-30V
P 9P | 1030min @ @ | 301205
GIC
FGF_ Pt EGO- Pt

Figure 1. Top: Schematic representation of the electrolytic cells used for the synthesis of GO:
(a) intercalation step, and (b) oxidation/exfoliation step. Bottom: Images of grey FGP (c), turquoise-blue
GIC, (d) and yellowish synthesized EGO (e).
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The exfoliated graphene oxide sheets were collected by filtration, cleaned with water, purified
via centrifugation at 2500 rpm to remove undesirable large particles, and further exfoliated in water
by ultrasonication for 30 min at a power of 140 W, which leads to well dispersed EGO. After
vacuum-freezing drying, the yields of the synthesized EGOs were calculated to range from 121% to
137%. The experimental conditions, namely bias voltage and time of the intercalation and exfoliation
stages, as well as concentration of the electrolyte in the exfoliation stage varied in order to determine
their effect on the degree of exfoliation, defect content, and level of oxidation of the resulting EGO
products. The different exfoliation conditions tested along with the nomenclature of the EGO samples
obtained herein are summarized in Table 1. For comparative purposes, a GO was also synthesized
from flake graphite via a modified Hummers’ method, as reported elsewhere [31], in the presence
of a mixture of concentrated K,5,0g, H,SO4, and P,Os at 80 °C for a few hours. The product was
filtered, dried, and oxidized for a second time by adding H,5O,4, KMnOy, and cold water. Excess of
KMnO, was decomposed through a subsequent addition of 30 wt% HyO, and 5 wt% HCI aqueous
solutions. Afterward, the product was filtered anew, purified, bath sonicated for half an hour at 150 W,
and vacuum freeze-dried. The calculated reaction yield was 112%.

Table 1. Nomenclature, experimental conditions of the electrochemical synthesis, and characteristics of
the different EGO samples.

Sample Voltage Time I Time II HzSO4 C/O OEDX ID/IG d(]()-l t
I/II (V) (min) (s) (Wt%) Ratio (%) Ratio (nm) (nm)
GO* _ _ _ _ 225 31.00 1.04 0.8615 13.8
EGO 1 1.0/10 10 60 65 2.09 33.12 0.41 0.8816 12.1
EGO2 1.0/10 10 120 65 1.98 35.41 0.47 0.8956 10.7
EGO 3 1.0/20 10 30 98 1.72 40.12 1.01 0.9034 7.14
EGO 4 1.0/20 10 60 40 1.91 36.11 0.59 0.9135 9.13
EGO5 1.0/20 10 60 65 1.79 38.33 0.70 0.9145 7.11
EGO 6 1.0/20 10 60 98 1.54 44.80 1.37 0.9187 3.98
EGO7 1.0/30 30 60 40 2.32 29.76 0.43 0.8594 14.4
EGO 8 1.0/30 30 120 65 2.57 26.85 0.54 0.8576 16.5
EGO9 2.0/10 10 60 65 1.88 36.69 0.79 0.9161 8.75
EGO 10 2.0/10 10 120 65 1.81 38.40 0.69 0.9356 7.37
EGO 11 2.0/20 10 30 65 1.95 35.38 0.74 0.9021 10.2
EGO 12 2.0/20 10 30 98 1.59 43.39 1.51 0.9218 4.24
EGO 13 2.0/20 10 60 40 1.80 38.33 0.77 0.9378 7.53
EGO 14 2.0/20 10 60 65 1.67 41.31 0.87 0.9595 5.84
EGO 15 2.0/20 10 60 98 1.46 47.26 1.68 0.9230 3.79
EGO 16 2.0/20 10 120 40 1.78 38.77 0.93 0.9167 7.26
EGO 17 2.0/20 10 120 65 1.69 40.82 0.99 0.9496 5.92
EGO 18 2.0/30 10 30 65 2.49 27.71 1.22 0.8583 15.8
EGO 19 2.0/10 30 30 98 248 27.82 1.71 0.8472 16.0
EGO 20 2.0/20 30 120 65 227 30.39 1.23 0.8602 14.5
EGO 21 2.0/30 30 60 40 2.88 23.96 1.30 0.8564 18.6
EGO 22 2.0/30 30 120 65 2.96 23.31 1.39 0.8499 179

* Synthesized by a modified Hummers’ method. I and II refer to the intercalation and exfoliation stages, respectively.
The C/O ratio has been calculated from elemental analysis measurements, the percentage of oxygen (Ogpx) from EDX
measurements, Ip/I; is the integrated intensity ratio of the D and G peaks from the Raman spectra, t is the average flake
thickness obtained from AFM measurements, and d is the interlayer spacing corresponding to the (001) reflection of GO
obtained from the X-ray diffractograms.

2.3. Characterization

A LECO CHNS-932 elemental analyzer was used to perform elemental analysis measurements.
Chromatograms were acquired with a 7820A Gas Chromatograph coupled with a 5975 mass
spectrometry system equipped with a 30 m X 0.25 mm X 0.25 um HP-5MS capillary column. The injector
and detector temperature were 250 and 150 °C, respectively, and the oven temperature program was
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a ramp from 50 to 100 °C for 10 min, which is followed by another ramp until 230 °C for 15 min.
The carbon/oxygen atomic ratio (C/O) was calculated according to the method described by Kaspar [32].

A SU8000 Hitachi scanning electron microscope operating at 15.0 kV and an emission current of
10 mA was employed to acquire the scanning electron microscopy (SEM) images. The microscope
is fitted with an energy-dispersive X-ray (EDX) detector that allows for qualitative and quantitative
analysis of the sample composition.

A Philips Tecnai 20 FEG electron microscope fitted with a LaB6 filament, working at 200 kV, was
used to obtain the transmission electron microscopy (TEM) micrographs with point-to-point resolution
of 0.3 nm.

Atomic force microscopy (AFM) imaging was performed using a Bruker Dimension Icon system
coupled with a Nanoscope V controller, using a Peakforce QNM imaging mode and a 100 um long
monolithic silicon cantilever.

A Bruker D8 Advance diffractometer fitted with a Cu X-ray tube and a Ni K filter was used to
carry out the X-ray diffraction (XRD) measurements, working at 40 kV and at an intensity of 40 mA.

Mid-range room temperature Fourier-transformed infrared (FT-IR) spectra were collected with
a Perkin Elmer Frontier FTIR spectrophotometer fitted with an attenuated total reflectance (ATR)
sampling unit and a diamond window. Thirty-two scans were recorded for each sample with 1 mW
laser output and a resolution >4 cm™!. Previous to the measurements, the nanomaterials were milled
and mixed with KBr, and then pressed into a pellet. Atmospheric compensation was carried out.

Raman spectra were acquired at room temperature with a Renishaw Raman microscope set with a
He-Ne gas laser with a wavelength of 632.8 nm and an output of 1.0 mW. To improve the signal-to-noise
ratio, at least 10 scans were recorded for each sample.

The room temperature electrical resistivity of the synthesized EGOs was determined under a
pressure of 600 kPa set by using an upper weight, with a KEITHLEY 2182A nanovoltmeter and a
KEITHLEY 6221 current source, respectively. Prior to the measurements, each sample was positioned
in a Teflon cylinder and compressed for 1 h between two stainless steel plates that acted as electrodes.

3. Results and Discussion

3.1. Oxidation Level of the Synthesized EGOs

Elemental analysis was used to determine the absolute amounts of C, H, N, and S elements of the
synthesized EGOs [33], and to calculate their carbon/oxygen (C/O) atomic ratio, which is indicative
of the degree of oxidation. Therefore, this shows the effectiveness of the electrochemical oxidation
process of graphite. Typical C/O atomic ratios for GO lie between 2.1 to 2.9 [34]. The reference GO
synthesized by the Hummer’s method shows a C/O ratio of 2.25, which is in good agreement with
previous studies [7]. The EGOs display a wide range of C/O ratios (1.46-2.96, Table 1), which indicates
that some of them present higher and other lower degrees of oxidation than the reference, which
corroborates the strong influence of the synthesis conditions on the level of oxidation of the final sample.
In particular, when the voltage of the second stage is higher than 20 V, the exfoliation rate should
be very fast, which results in large GO aggregates and thick flakes (i.e., >20 nm for EGO 21 and 22,
as corroborated by TEM, Section 3.2). Likely, only the lateral parts of the sheets are oxidized, which
results in lower oxidation degrees. A similar result is obtained when the low voltage is applied for a
long time (i.e., 30 min): the FGF sheets are easily broken into small pieces during the intercalation stage
and are poorly oxidized, which leads to high C/O ratios. Furthermore, too much swelling of the GIC
can occur if the intercalation time is too long, which leads to a strong decrease in mechanical strength
and conductivity, and, therefore, it is more difficult to be further oxidized. In contrast, syntheses
performed using concentrated HSO, during the second stage, result, as expected, in a very high level
of oxidation. Thus, an unprecedented minimum C/O ratio value of 1.46 has been obtained when a
low bias of 2 V was applied for 10 min and the oxidation stage was performed under 20 V for 60 s
using 98% H,SOy as an electrolyte. This particularly highly oxidized GO should have a very high

10



Nanomaterials 2020, 10, 239

content of carboxylic acid groups, which will be discussed in a following section, preferentially located
at the sheet edges, which are more easily oxidized. Nonetheless, due to its elevated oxygen content,
besides the conventional epoxy/hydroxyl groups situated on the basal planes, it could also comprise
other oxygen-containing functional groups such as ketone/quinone (C=0), carboxylates (O-C=0), and
even peroxy groups (O-O) [35]. This sample (EGO 15) also exhibits a very high level of exfoliation
according to TEM analysis. When the low voltage was decreased to 1V, and the rest of the conditions
were maintained, the C/O ratio increased to 1.54, indicating that the voltage of the first stage is also
crucial to attain a good wetting of the sample and allow the intercalation of ions within the graphite
sheets, thus promoting their exfoliation. Conversely, when the same conditions were applied, albeit
the concentration of the electrolyte in the second stage, was reduced to 65% or 40%, the C/O ratios
increased up to 1.79 and 1.91, (EGO 5 and 4, respectively), indicating a less efficient exfoliation and
oxidation, as also corroborated by TEM analysis.

Very good results (C/O = 1.67) have also been attained when a low bias of 2 V was applied for
10 min and the oxidation stage was performed under 20 V for 60 s using 65% H,SO; as an electrolyte
(EGO 14). However, when the 20 V were only applied for 30 s, the C/O ratio noticeably increased,
which indicates partial oxidation of the sheets. However, when the same voltage was applied for 120's,
the same C/O ratio was attained (1.69). This suggests that there is an optimum time for the oxidation
reaction, close to 60 s, and longer oxidation periods do not lead to higher oxidation degrees because a
saturation level in the number of functional groups located onto the basal planes and at the edges has
been attained. This is consistent with previous theoretical studies on the distribution of oxygenated
groups onto GO sheets, which reveal that epoxide and hydroxyl moieties prefer the island arrangement
rather than a homogeneous distribution [36]. In the island configuration, the functional groups are
very close to each other, which makes it difficult to incorporate more groups and leads to a saturation
level that has been calculated to be around 9 and 8 epoxide and hydroxyl units, respectively [36].
This is also in agreement with the observations made during the electrochemical syntheses: for a given
set of conditions, with increasing exfoliation time from 30 to 60 s, the yellowish areas of the EGOs
increased, and, in general, the whole surface became yellow at around 60 s. However, no color changes
were observed after 1 min. Only when mild conditions were applied (a low bias of 1 V for 10 min
followed by 10 V for 60 s and 65% H,SOy4 as an electrolyte), a slight decrease in the C/O ratio (~5.3%)
was found when increasing the exfoliation time from 60 to 120 s.

On the other hand, it is important to highlight the very good agreement found between the
C/O ratio. Hence, the percentage of C and O was detected by elemental analysis and EDX (Table 1),
despite the fact that EDX is a surface technique while elemental analysis gives the value of the whole
sample. Thus, the good consistency between the results obtained by the two techniques confirms
that the samples are homogeneous over the entire volume. It should be noted that the C/O ratio
influences structural properties like the degree of exfoliation and number of layers, amount of defects,
flake size, and concentration of functional groups, among others [37], which, in turn, would tailor
the band structure, hence the photoluminiscent behaviour, as well as the electrical and mechanical
properties. In addition, the oxygenated moieties provide anchoring points for subsequent chemical
modification [38].

3.2. Morphological Characterization of the EGOs

The surface morphology of FGF and the synthesized EGOs was investigated by SEM, and typical
images of FGF and EGO 14 are compared in Figure 2. The image of FGF (Figure 2a) reveals a dense
and compact surface structure, composed of large grains with different shapes, and a smooth and flat
surface. This fine crystal grain structure is consistent with its crystalline nature. In contrast, the EGO
(Figure 2b) shows a rough surface topography with exfoliated and well separated graphene sheets, with
thicknesses ranging from 30 to 10 nm. Furthermore, the flakes are highly-wrinkled, which indicates
a deformation of the graphene layers due to the linkage of the oxygenated functional groups after
the electrochemical process. Furthermore, the grain pattern cannot be observed, which suggests a
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reduction in the level of crystallinity, while large nanosheet sizes are preserved. Overall, the images
corroborate that the electrochemical process used herein maintains the integrity of the graphene flakes,
and enables us to obtain large area uniform GO sheets. On the other hand, the EDX maps of EGO 14
are shown in Figure 2¢,d, from which the C/O ratio was obtained (Table 1).

Figure 2. SEM images of pristine FGF (a), EGO 14, (b) and the EDX maps of the area shown in b for
carbon (c) and oxygen (d).

Further information about the surface morphology of the samples was attained by TEM, and
typical images of EGO 4, 14, 15, and 21 are compared in Figure 3. A moderate level of exfoliation can
be observed for EGO 4 (Figure 3a), which was prepared by applying mild conditions: a low bias of
1V for 10 min and 60 s of exfoliation under 20 V in 40% H,SOy, as an electrolyte. Although no FGF
is found, corroborating that it has been oxidized and exfoliated during the electrochemical process,
leads to GO flakes with thicknesses <20 nm. Some small GO aggregates can be observed, which are
indicative of a less efficient exfoliation process.

Figure 3. TEM images of EGO 4 (a), EGO 14 (b) EGO 15 (c), and EGO 21 (d).

In contrast, TEM images for EGO 14 and 15 (Figure 3b,c) clearly reveal the formation of
homogeneous and good quality GO sheets, with a clear flake structure and lack of traces from
the raw material. Very well exfoliated, uniform, and thin sheets can be detected, in particular for EGO
15, that exhibits highly wrinkled sheets with thicknesses <5 nm. Such a high degree of bending is
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consistent with the presence of a large number of oxygenated functional groups that can interact via
H-bonding [35]. Furthermore, the darker areas are somehow light transparent, which also suggests
a good level of exfoliation. Thus, the application of 20 V for 60 s with concentrated H,SO4 as an
electrolyte is demonstrated to be a very effective exfoliation approach. In the case of EGO 14, prepared
under the same conditions despite using 65% H;SOy as an electrolyte, the sheets are slightly thicker
and less bended. While they appear homogenous, their level of exfoliation is also very good and
preserves the integrity of the graphene flakes. Conversely, for EGO 21 (Figure 3d), very large blocks of
GO aggregates can be observed, and the darker areas reveal small, partly oxidized GO pieces or even
some remaining FGF precursors. Since a high voltage of 30 V was applied during the oxidation stage,
the exfoliation rate should be very fast, resulting in large GO aggregates and flakes with thicknesses
>20 nm. Analogous morphology was found for EGO 22 prepared by applying the same high voltage
during a longer time (120 s). Furthermore, during the synthesis of these samples, the low bias was
applied for a long period (30 min), which likely results in a very high level of swelling. This results
in poorer mechanical strength. Hence, the sheets are easily broken into small pieces difficult to be
oxidized. Thus, very similar morphology, albeit with smaller aggregates and slightly thinner sheets
was found for EGO 19 and 20, which were also synthesized by initially applying 2 V for 30 min.

AFM measurements were also performed to estimate the average thickness of the EGO flakes,
and the results are summarized in Table 1. Theoretically, the thickness of single layer graphene is
0.345 nm. However, it has been reported that GO layers are about 1.1 nm [39]. A wide range of
thickness values have been measured for the EGOs, which range between 3.8 and 18.6 nm. This defines
them as few-layer GO materials according to referential nomenclature [40]. The trend observed is
consistent with that obtained from both TEM and SEM observations. GOs with the highest level of
exfoliation (EGO 12 and 15) display the lowest thicknesses. In general, with an increasing C/O ratio,
upon decreasing the sample oxidation level, the thickness increases.

The average lateral dimensions of the EGOs were also estimated by AFM. The reference GO has
an average lateral dimension of 24 um. Samples synthesized by applying the low voltage for 30 min
(EGO 7, 8, 19-22) show the smallest dimensions in the range of 4-12 um. The FGF sheets could be
broken into smaller pieces during the long intercalation stage, which results in smaller layers. Samples
prepared using concentrated HySO, during the second step (EGO 3, 6, 12, 15) have lateral sizes between
10 and 22 um, while the rest of the nanomaterials show dimensions larger than 20 um.

3.3. FT-IR Analysis of the EGOs

IR spectroscopy was used to characterize the functional groups present onto the synthesized
EGOs and get some insight about their oxidation level. GO is known to contain epoxide, hydroxyl,
ketone, and even peroxy groups on the basal planes, while carboxyl moieties are located at the borders.
Note that, due to the variety of oxygenated groups and the overlapping modes below 1500 cm™!,
the interpretation of the FI-IR spectra of GO is complex and it is not possible to unambiguously
correlate specific frequencies to a particular functional group [41].

The spectrum of the reference GO (Figure 4) shows a broad peak centred at ~3735 cm ™! assigned
to the O-H stretching vibration, another at ~1740 cm™! characteristic of the C=0 stretching of the
COOH moieties [42], one at around 1630 cm~! corresponding to the C=C stretching of aromatic rings,
the other at about 1400 cm ™! that matches with the O-H bending vibration and bands at around 1270,
and 1050 cm™! associated with the C-O stretching in epoxy groups [43]. All these features are also
present in the EGOs, which suggests that they have the same oxygen-containing functional groups as
the reference GO. Nonetheless, noticeable changes in the peak positions and intensities can be observed
among the spectra of GO and the different EGOs that point toward diverse levels of oxidation. Thus,
the EGO 15 displays the wider and most intense O-H stretching band, which is in agreement with its
very low C/O ratio (Table 1). This signifies a very high content of carboxylic acid groups. Furthermore,
the band is displaced toward lower wave numbers, which is symptomatic of the presence of strong
hydrogen bonds [44]. These are more characteristic among carboxylic acid groups. The EGO 14 also
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exhibits an intense band shifted toward lower frequency, while, in the reference GO, the band appears
at slightly higher wave numbers, which suggests weaker/fewer H-bonds.

EGO 14

* Transmittance
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Figure 4. FT-IR spectra of the reference (GO*) and the indicated EGO samples.

A clearer trend can be observed from the O-H deformation band, which suggests the following
level of oxidation: EGO 21 < GO* < EGO 4 < EGO 5 < EGO 14 < EGO 15. These results are perfectly
consistent with those derived from EDX and elemental analyses. Thus, the EGO 21 prepared by
applying a very high voltage during the second stage shows the lowest level of oxidation, which is
in agreement with the presence of large aggregates and thick flakes as revealed by TEM. Analogous
spectrum, even with a weaker band, was obtained for EGO 22, prepared under similar conditions
despite applying the voltage of the second stage for a longer time and using 65% H,SO, as an electrolyte.
Conversely, EGO 14 and 15, prepared by applying a low bias of 2 V for 10 min, which is followed by
20V for 60 s using 65% or 98% H,SOy, as an electrolyte, respectively, display the most intense band,
which suggests that these are optimal conditions to attain a very high level of flake oxidation. On
the other hand, EGO 4 and 5, prepared under mild conditions, display moderately intense bands,
suggesting intermediate levels of oxidation. Nonetheless, the band intensity is stronger for EGO
5 compared to the other one, which corroborates that the concentration of the electrolyte strongly
influences the number of oxygen-containing groups formed during the second stage.

Regarding the band at ~1740 cm™! related to the C=0 stretching of the COOH groups, it is clearly
more intense for EGO 14 and 15, while it can hardly be detected in EGO 21 and it shows very low
intensity in the reference GO. A similar trend is found for the peaks assigned to epoxy groups, which
cannot be found in EGO 21, while are very intense in EGO 15. Furthermore, this sample displays a
new peak at about 1135 cm™! likely ascribed to ether groups that cannot be found in the other EGOs,
which is consistent with its high level of oxidation [45].

3.4. Raman Analysis of the EGOs

Raman spectroscopy is a useful tool to assess the number of defects in carbon nanomaterials as
well as their crystallite size and number of layers [46]. In particular, it is a widely used technique to
characterize GOs with different oxidation degrees [47]. The Raman spectrum of GO shows general
features at about 1360, 1600, and 2700 cm™! that correlate with the D, G, and 2D peaks, respectively.
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The G band corresponds to the E2g vibrational mode found in a graphite single crystal [48], which is
characteristic of sp? hybridization. The D band is associated to defects, vacancies, or lattice disorders
due to the binding of oxygen-functional groups and the 2D band is attributed to second order phonon
processes [49]. These features are observed in the spectra of all the EGO samples with differences in
the peak positions and their intensities (Figure 5). Thus, the Ip/I; ratio (the integrated intensity ratio
of the D peak and the G peak) is an indication of the quality of the GO sheets and their number of
defects [50]. One of the typical defects is the double vacancy (C2), also known as 5-8-5 defect, which
comprises one octagonal and two pentagonal rings [51]. In addition, the common 5-7-7-5 rings, also
known as Stone-Wales (SW) defects, are a key factor in graphitic-based materials.

Ip/Ig data ranging from 1.71 to 0.41 have been calculated for the synthesized EGOs (Table 1).
Clearly, EGO 19, prepared under strong oxidizing conditions (2 bias for 30 s followed by 10 V for 30 s
and 98% H,SO, during the second stage) shows the highest Ip/Ig value, which is followed by EGO
15, and is synthesized with a shorter swelling stage despite a longer oxidation step in 98% H,SO,,
This sample also displays a small shift of the G band toward higher frequency (blue-shift), which is
indicative of a high disorder [48]. A high Ip/Ig ratio was systematically obtained for all the EGOs
prepared using 98% H,SOy as an electrolyte, which is symptomatic of GO sheets with a large amount
of surface defects generated in the presence of the concentrated acid. An elevated Ip/I; value, higher
than that of the reference GO, was also obtained for EGO 21 and 22, which was prepared by applying
the low bias for a long period (30 min). This is likely related to their high level of swelling, which
results in poorer mechanical properties. Hence, the sheets are more easily damaged and generate a
larger amount of defects.
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Figure 5. Raman spectra of the reference (GO*) and the indicated EGO samples.

Among the 22 EGOs synthesized, 14 show lower Ip/Ig than the reference, which indicates a
superior quality of their GO flakes_ For instance, an intermediate Ip/I; value of 0.87 was attained for
EGO 14. Although this sample exhibits a high level of oxidation and a good degree of exfoliation,
as corroborated by TEM, its amount of surface defects is somewhat low, likely because 65% HySO4 was
used as an electrolyte. Lower ratios were obtained for EGO 4 and EGO 5, prepared by applying milder
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conditions, despite their oxidation level was also poorer. Moreover, EGO 1 prepared under the softest
conditions, shows the lowest Ip/Ig value.

On the other hand, Ip/Ig has been widely used to estimate the in-plane crystallite size (L,)
in non-ordered nanostructures [48]: L, = 2.4 x 10710 A* (Ip/Ig)~!. Thus, the larger the Ip/Ig ratio,
the smaller L,, that is, the crystalline regions would decrease in size as the structural disorder increases.
L, values ranging from 2.8 to 13.4 nm have been calculated for the synthesized EGO samples, which
indicates a strong effect of the synthesis conditions on the crystallite size. This is in good agreement
with recent works [52].

3.5. X-ray Diffraction Study of the EGOs

X-ray diffractograms were acquired to investigate possible changes in the interlayer spacing
(d) and crystallite size depending on the synthesis conditions of the EGOs (Figure 6). As known,
raw graphite shows an intense diffraction peak at 20 = 26.5°, which corresponds to a d value of 0.336 nm
taking into account the Bragg’s equation. This peak was not observed in any of the synthesized EGOs,
since it disappeared after oxidation, while a new peak appeared in the range of 9-12° corresponding to
the (001) reflection of GO [53]. The presence of this characteristic peak corroborates that all the samples
were partially or completely oxidized during the electrochemical process.
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Figure 6. X-ray diffractogram of the reference (GO*) and the indicated EGO samples.
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The d-spacing calculated for the reference GO is 0.8615 nm, about 2.6-fold bigger than the
calculated for graphite. This increase in the d-spacing is consistent with previous works [37], which
is accredited to the presence of oxygen containing groups, mainly epoxide and hydroxyl formed
during the oxidation process, laying between the GO sheets, and a change in the hybridization state
of the C atoms from sp? to sp> [54]. The values of d-spacing calculated for all the EGOs are listed in
Table 1. EGO 19 shows the smallest d value, likely due to its low oxidation level and the fact that the
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oxidation stage was carried out in strong H,SO4. Hence, most of the oxidation likely occurred on the
flake edges. Consequently, the number of oxygen-containing groups within layers is relatively small.
This explanation could also account for the fact that EGO 14 presents a lager d value that EGO 15,
despite the lager oxygen content of the latter sample calculated by elemental analysis and EDX (Table 1).
Thus, systematically, all the samples synthesized using strong HySOjy as an electrolyte display a smaller
d value than expected, according to their oxygen content. The largest interlayer spacing, close to 0.96,
was obtained for EGO 14, corroborating that the sample was almost completely oxidized. Longer
exfoliation times resulted in slightly lower interlayer spacing (EGO 17), likely because it led to more
functional groups on the flake edges. On the other hand, EGO 4 and 5, prepared under mild conditions,
present intermediate d values, which are in agreement with their moderate level of oxidation, despite
being higher than that of the reference GO.

The crystallite size was also estimated from the full width at half maximum (FWHM) of the
diffraction peak corresponding to the (001) plane, according to the Debye-Scherrer equation [55].
The values obtained ranged from 4 to 12 nm, which were in good agreement with those determined
from the Raman spectra.

3.6. Electrical Resistance of the EGOs

It is well known that there is a strong relationship between the structure of GO and its electrical
conductivity. The performance of GO in electronic devices is based on its electrical properties, which
are significantly influenced by the synthesis process, hence on the level of oxidation [56]. GO is reported
to be electrically insulating due to the sp® bonds, the elevated density of oxygenated groups, which are
electronegative, and the presence of defects and vacancies that lead to a gap in the electronic density
of states [57]. The largest contribution to the electrical resistivity comes from the contact resistance
between GO particles, which likely will have two sources: tunneling and constriction [58]. Tunneling
resistance occurs in GO since it can be depicted as a conductive nucleus delimited by non-conductive
regions. In contrast, constriction resistance is attributed to the narrowness of the conducting pathway
due to the tiny contact region between particles. This effect would likely be less important due to the
elevated aspect ratio of the GO sheets, which will tend to locate parallel to each other after the pressure
is applied.

Figure 7 compares the electrical resistance of the synthesized EGOs versus their C/O ratio, which
is their oxidation level, and their interlayer spacing. It can be observed that the electrical resistance
decreases from about 29 to 5 k() while the C/O ratio increases (Figure 7a). This is indicative of a
trend between the two parameters. Despite not being linear, the electrical conductivity is restored
while decreasing the oxidation level. However, EGO 15, which was prepared under strong oxidizing
conditions and shows the lowest C/O ratio (1.46) and the second highest Ip/I¢ ratio, hence, a very large
number of defects, does not exhibit the utmost resistance. Conversely, EGO 14 with a lower oxidation
level and Ip/IG ratio shows the highest resistance value. This suggests that, besides the oxidation level,
other factors should govern the conduction mechanism in GO. Theoretical simulations have shown
that the conductivities of few-layer graphene nanosheets are reduced when thickness is increased [59].
However, our results do not show a direct correlation between the electrical conductivity and the flake
thickness measured by AFM (Table 1).

To analyze the influence of other factors, the electrical resistance was plotted against the interlayer
spacing (d) calculated from X-ray diffractograms. There is a very clear relationship between both
magnitudes: the electrical resistance increases steadily while increasing the interlayer distance, which
indicates that the most important factor influencing the conductivity in GO is the tunneling resistance
between adjacent sheets. This is consistent with earlier investigations that studied the tunneling effect
in carbon nanomaterials [60]. In these materials, the tunneling resistance can be estimated according
to the Simmons’s formula [61], which predicts the resistance between two flat electrodes set apart
by a small insulating film. Thus, the tunneling resistance increases linearly with a growth in the
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insulating layer thickness [62]. This is in agreement with the augment found herein with increasing
interlayer spacing.

The conduction mechanisms that take place in GO sheets are not well understood yet. Frequent
charge will percolate by a hopping conduction mechanism [57], which consists of the transport of
charges via localized states. The percolation in random continua or the 2D Swiss-cheese model is a
simple way to depict GO conductivity [63]. In this model, the localized states are arbitrarily distributed
within the GO material. The model is complicated since the occupation of the localized states is
governed by the confluence of the threshold voltage and the local electric field originated by the
number of inserted carriers. Hopping between localized states occurs via thermal agitation.
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Figure 7. Electrical resistance of the synthesized EGOs versus the C/O ratio (a) and the d-spacing (b).

Experimental data reveal a certain dependence of the electrical resistance on the oxidation level.
This is consistent with theoretical statistics revealing that the presence of oxygen groups influences
the electronic density of states [57]. Thus, the epoxy moieties appearing in all the EGOs can displace
the Fermi energy, which significantly influences the electrical resistance. Furthermore, the formation
of hydrogen bonds between epoxy and hydroxyl groups could lessen the energy density close to the
Fermi level, and consequently, will rise the work function of the carbon nanomaterial [57]. Previous
experimental works reported that the work function of GO steadily augments when the C/O ratio
increases. This resembles that of graphite for C/O higher than 3 [64]. However, our results suggest that
the conductivity is likely conditioned by the type of oxygenated functional groups and their location
on the GO flakes.
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Therefore, despite that the majority of the models support that the electrical properties of GO
are influenced by the number of oxygenated groups, hence, the oxidation level, it is clear from our
experimental data that the charge transference depends mostly on the tunneling resistance between
neighbouring sheets, hence on the interlayer spacing.

4. Conclusions

GO powders with a diverse amount of oxygenated surface groups have been synthesized from
flexible graphite foil by an electrochemical two-step process: intercalation and oxidation/exfoliation.
A wide range of synthesis conditions have been studied to optimize the oxidation level, by modifying
the voltage and time of both stages as well the electrolyte concentration. For comparative purposes,
a reference GO was prepared via a modified Hummers’ method. The resulting GO samples have been
characterized by different techniques including elemental analysis, SEM, TEM, AFM, XRD, EDX, FT-IR,
and Raman spectroscopies as well as electrical resistance measurements. Elemental analysis data
confirm the strong influence of the synthesis parameters on the oxidation level. An unprecedented
minimum C/O ratio of 1.46 has been obtained by applying 2 V for 10 min followed by 20 V for 60 s using
98% H,SOy as an electrolyte. SEM and TEM micrographs reveal the formation of good quality, large,
homogeneous and well exfoliated GO sheets. FI-IR corroborates the formation of -OH, C-O-C, C=0,
and -COOH surface moieties and points toward strong intermolecular interactions between adjacent
groups. A high Ip/I¢ ratio in the Raman spectra has been obtained for all the samples prepared using
98% H3SOj as an electrolyte, which is indicative of sheets with a large number of defects. Furthermore,
a high Ip/I; is also found for samples prepared by applying the voltage of the first stage for a long
period, which is related to their high level of swelling. The interlayer distance between adjacent sheets
estimated from XRD was not directly proportional to the oxygen content. Samples prepared using
98% HS0, show smaller interlayer spacing than expected considering their oxidation level, which
signifies that a great part of the oxidation took place on the sheet edges. Electrical resistance results do
not show a clear trend with the C/O ratio nor with the flake thickness but with the interlayer spacing,
which indicates that the electrical performance depends mostly on the tunneling resistance between
neighbouring sheets. Overall, the optimal synthesis conditions to attain a high level of oxidation and a
moderate number of defects are 2V in the intercalation stage for 10 min, which was followed by 20 V in
the oxidation stage for 60 s under 65% H;SO,. Nonetheless, this sample displays the highest sheet
resistance. Overall, the level of oxidation and exfoliation can be tailored by controlling the synthesis
conditions, and should be selected depending on the specific application. The approach developed
herein provides an efficient way to tune the physical properties of GO-based materials.
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Abstract: The mass production of graphene is of great interest for commercialization and industrial
applications. Here, we demonstrate that high-quality graphene nanosheets can be produced in
large quantities by liquid-phase shear exfoliation under ambient conditions in organic solvents,
such as 1-methyl-2-pyrrolidinone (NMP), with the assistance of urea as a stabilizer. We can achieve
low-defect graphene (LDG) using this approach, which is relatively simple and easily available,
thereby rendering it to be an efficient route for the mass production of graphene. We also demonstrate
the electrochemical sensing of an LDG-modified electrode for the determination of doxorubicin
(DOX). The sensor shows an enhanced electrocatalytic property towards DOX, leading to a high
sensitivity (7.23 x 107! uM/uA) with a detection limit of 39.3 nM (S/N = 3).

Keywords: graphene; mass production; shear exfoliation; physical exfoliation

1. Introduction

Graphene can be applied to everything from electronics and pharmaceuticals to sensing, biomedical
and energy devices [1,2]. With exceptional properties derived from the atom-thick layer of graphite, it
is becoming more prevalent and more critical in industry and scientific research. Although there is
a myriad of uses for this wonder material, production can often be expensive and time-consuming.
Graphene can be prepared using epitaxial growth and chemical vapor deposition (CVD) [3,4]. Even
with the production of high-quality graphene, however, these techniques suffer from the drawbacks
of complicated procedures, the need for toxic chemicals, expensive production or limited quantity,
making it difficult to scale up to mass production for commercialization and industrial-scale application.
With respect to mass production, chemical exfoliation is the facile and cost-effective technique in
which the graphene preparation begins with the oxidation of graphite to graphene oxide (GO) and
its subsequent reduction to get reduced graphene oxide (rGO) [5,6]. However, the resulting rGO is
low-quality graphene with many of the defects of oxygen-containing functional groups.

To circumvent these issues, one of the most promising techniques is the physical exfoliation of
layered graphite to graphene, which can lead to the mass production of low-defect graphene (LDG) [7].
The mechanical forces in physical exfoliation, such as sonication [8,9], ball milling [10,11] and shear
exfoliation [12,13] can overcome the van der Waals forces that hold the graphite layers together, enabling
graphene production on a large scale at a low cost. Graphene prepared from sonication and the
ball-milling method, however, has more fragmentation and defects than expected, which is attributed
to the sonication-induced cavitation, or collisions among the grinding media during the milling process.
On the other hand, liquid-phase shear exfoliation with a high-shear mixer is easily available and
makes it relatively simple to mass-produce defectless graphene. The size and amount of graphene
produced through shear exfoliation can be controlled by the shearing speed, time, pore size, diameter
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of the rotor, stabilizers, and species of solvent [13]. In particular, the stabilizer facilitates the exfoliation
of graphite to create a single layer of graphene by penetrating into the edges of the graphite layers,
acting as “molecular wedge” and preventing the self-aggregation of the graphene in water through
the intersheet steric and/or electrostatic repulsion force [14-17]. However, the surface residuals of
stabilizers on graphene surfaces can seriously decrease the extraordinary electrical performance. Thus,
the removal of stabilizers from graphene sheets is necessary to utilize graphene in practical applications.
Recently, various chemicals have been introduced as a stabilizer for liquid-phase exfoliation, due to
their easy-to-remove and easy-to-control qualities, low cost, and safety [16,17]. However, there still
remains a challenge to improve efficiency for the scalable preparation of graphene. Meanwhile, species
of solvent are also one of the key factors for enhancing the production efficency and dispersion
homogeniety of graphene. A variety of organic solvents have been utilized for the exfoliation studies.
The most common solvents are isopropyl alcohol (IPA) [18], N,N-dimethylformamide (DMF) [19],
dimethyl sulfoxide (DMSO) [20], 1-methyl-2-pyrrolidinone (NMP) [21], etc., because they can minimize
the interfacial tension with graphene due to their surface tension being similar to that of graphene.

In this study, we demonstrated that graphite can be exfoliated to give large quantities of graphene
nanosheets by the liquid-phase shear exfoliation method, using a homogenizer in NMP as an organic
solvent, with the assistance of urea as a stabilizer, under ambient conditions. Remarkably, we could
obtain non-oxydized LDG sheets on a large scale under optimal conditions. Furthermore, the LDG
was used to modify an electrode for fabricating the electrochemical sensor of doxorubicin (DOX).
This sensor showed a good sensitivity and selelctivity for the electrochemical detection of DOX. This
approach has a great potential in the industrial-scale production of graphene with good quality for
practical applications.

2. Experimental

2.1. Chemicals and Reagents

The chemicals and materials were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA),
as follows: natural graphite powder, NMP, phosphate buffer saline (10 mM, pH 7.4), glucose, KCl,
NaCl, urea, doxorubicin HCI, tryptophan and commercial graphene. The deionized (DI) water was
prepared using water purification systems (specific resistivity > 18 MQ cm, MilliQ, Millipore Korea,
Co., Ltd., aqua Max Ultra 370 (Younglin Instrument Co., Anyang, Kyounggi-do, Korea).

2.2. Instrumentation and Measurements

The shear exfoliation was performed with an L5M-A mixer homogenizer (Silverson, Co.,
East Longmeadow, MA, USA) with a Square Hole High Shear Screen™ workhead. The absorbance
of the exfoliated LDG was measured by UV-vis spectroscopy (SINCO Co., Ltd., Seoul, Korea).
The concentrations of the LDG were calculated from the standard curve for the absorbance at 660 nm
of the commercial graphene solution. The Raman spectroscopy was performed using an EnSpectr
R532 Raman spectrometer (Enhanced Spectrometry, Inc., San Jose, CA, USA). Transmission electron
microscopy (TEM) was carried out on a JEOL 2010 device (JEOL, Inc., Peabody, MA, USA) with an
accelerating voltage 200 keV. The X-Ray diffraction (XRD) patterns were recorded using a Rigaku
SmartLab X-ray diffractometer (Rigaku Co., Tokyo, Japan) with Cu K« source. Fourier transform
infrared spectroscopy (FTIR) was performed with a NICOLET iS10 (Thermo Scientific Korea Ltd.,
Seoul, Korea). The X-ray photoelectron spectroscopy (XPS) signals were recorded using a Thermo
Scientific K-Alpha XPS system (Thermo Fisher Scientific, Paisley, UK) equipped with a micro-focused
monochromatic Al K« X-ray source (1486.6 eV). The electrochemical measurements were performed
with a CHI 660D electrochemical workstation (CH Instruments, Inc., Austin, TX, USA). A conventional
three-electrode cell was used with a Pt wire as a counter electrode, an Ag/AgCl electrode was used as a
reference electrode and a bare glassy carbon electrode (GCE, diameter = 3 mm), or modified electrode,
was used as a as working electrode at room temperature.
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2.3. Shear Exfoliation of Graphite by Using a Homogenizer

The LDG samples were prepared by the liquid-phase shear exfoliation method using a high-speed
mixer homogenizer, as shown in Scheme 1. In a typical procedure, 1 g graphite was added into the
100 mL of aqueous urea solution (100 g/100 mL). The mixture solution was sonicated in a sonication
bath (4 W) for 20 min at room temperature to dissolve the urea. After sonication, the mixture solution
was exfoliated by the mixer homogenizer at a speed of 3000 rpm for 4 h. Then, to remove the urea,
the exfoliated few-layered graphene was collected by centrifugation at 3000 rpm for 20 min, twice.
The pellet of few-layered graphene was re-dispersed in 100 mL NMP. The resultant dispersion was
mixed by the mixer homogenizer at a speed of 3000 rpm for 5 h. Finally, to obtain the exfoliated LDG,
the mixture solution was centrifuged at 3000 rpm for 20 min and the supernatant was collected for the
LDG solution. The LDG solution was evaporated under a vacuum to discard the solvent at 50 °C.

2.4. Preparation of Graphene Electrode for Electrochemical Sensor

Before the electrode fabrication, the GCE was polished with 1.0, 0.3, and 0.05 pm Al,O3 powder
and washed in an ultrasonic bath for 10 min, then rinsed with DI water thoroughly. After that, 5 uL of
1 mg/mL LDG in ethanol was drop-casted onto the GCE and dried with an infrared spectroscopy (IR)
lamp for a few minutes, then rinsed with DI water several times. Before the electrochemical sensing
experiments, the LDG-modified GCE was activated electrochemically by cyclic voltammetry (CV) in
10 mM PBS buffer solution (pH 7.4); the potential was scanned from 0 to 1.0 V (vs. Ag/AgCl) three
times with a 5 mV/s scan rate.

Few-layered
graphene

Centrifugation

Re-dispersion e ' ‘—9

Few-layered Low Defect
graphene Graphene

NMP

Scheme 1. Illustration of mass production of low-defect graphene (LDG) by the urea-assisted
liquid-phase shear exfoliation of graphite.

3. Results and Discussion

3.1. Effect of Processing Parameters on Graphene Concentration

To confirm the production of the LDG sheets, as described in Scheme 1, Raman spectroscopy was
first employed to monitor the exfoliation of graphite into graphene sheets. As shown in Figure 1A,
three peaks were observed at 1339 (D band), 1573 (G band) and 2688 cm~! (2D band) for both graphite
and LDG. Using the ratio of peak intensities Ip/Ig in Raman spectra, the level of disorder in graphene
can be characterized. As the disorder in the graphene increases, Ip/Ig displays two different behaviors,
as follows: (i) at a low-defect concentration, like pure graphite materials, Ip/Ig ~ 1L (Stage 1); (ii) at
a relatively high defect concentration, like produced graphene by chemical or physical exfoliation,
Ip/lg = L (Stage 2), where L; represents the mean distance between two defects [22,23]. The transition
between Stage 1 and 2 is usually observed at Ip/Ig =~ 3 [22]. So, in the present case, the Ip/I; value
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increased as the level of defects decreased. The exfoliation caused an increase in the Ip/Ig value to
0.39 in the LDG, which is higher than that of graphite (0.16), but considerably lower than that of
GO reported previously [24]. This should be attributed to the edge defects of the exfoliated samples
rather than the lattice destruction, meaning that very few defects existed in the as-prepared LDG [25].
In addition, the 2D band of LDG turned out to be a relatively symmetrical shape and appeared at
lower position (~10 cm™1) when compared to the 2D band of graphite. A shoulder peak on G band,
along with the D, G and 2D band, appeared at 1616 cm™~! in the LDG, which is namely D band and is
evidence of few-layer graphene. These results successfully demonstrate the reduction in the number of
graphene layers and the subsequent formation of few-layer graphene with a low density of defects [26].

To optimize the preparation procedure, we investigated the effects of the processing parameters,
such as the shearing speed, urea concentration, shearing time in urea and shearing time in NMP on the
concentration of LDG solutions and the intensity ratio of the D band and G band (Ip/I) using Raman
spectroscopy (Figure 1B-E). The processing parameters were optimized with the maximal concentration
and the highest Ip/I¢ value of LDG, indicating the lowest level of defects. To test the influence of the
processing parameters, only one parameter was varied, while the other parameters were kept constant.
Figure 1B shows the effect of the shearing speed in the urea solution on the concentration and the
Ip/Ig value of LDG dispersions. As the shearing speed increased in the range of 1000 to 5000 rpm, the
concentration of LDG also increased. However, the I/l of LDG dispersions reached its maximum at
3000 rpm and decreased after that. This indicates that the highest LDG concentration with the lowest
level of defects was obtained at a shearing speed of 3000 rpm. Therefore, 3000 rpm was selected as
the optimal shearing speed for the preparation of LDG dispersion. A similar trend was observed
in the test for the effect of the shearing speed in NMP, showing the highest Ip/I¢ value of LDG at
3000 rpm, although the concentration increased with increasing shearing speed (Figure 1C). This is
because the graphene size was reduced with the increase of edge defects and agglomeration, as the
shear force increased with the shearing speed. Thus, 3000 rpm in NMP was enough to achieve a high
yield of good quality. The effect of the urea concentration on the exfoliation efficiency of graphite
was also examined (Figure 1D). The concentration and the Ip/I; value of LDG dispersions increased
with increasing concentrations of urea. This result suggests that the urea molecules could expand the
interlayer space of graphite to overcome the van der Waals force between graphite layers and, thus,
LDG concentration significantly increased due to the presence and adsorption of more concentrated
urea molecules. A suitable concentration of urea was chosen to be 100 g/100 mL, due to the solubility
of urea (107.9 g/100 mL in 20 °C). The effect of the shearing times in aqueous urea solution and NMP,
respectively, were further evaluated in the range of 1 to 5 h (Figure 1E,F). The highest concentrations
and Ip/Ig values of LDG dispersions were achieved at 4 h in urea and 5 h in NMP and, thus, they were
chosen as the optimal shearing times. Interestingly, the graphene prepared without urea assistance
showed a lower concentration and Ip/Ig value than those of LDG (Figure S1, Supplementary Materials),
proving the role of urea as a stabilizer and a molecular wedge in shear exfoliation. Taken together,
these results show that the highest concentration of LDG with high quality can be prepared under the
following processing parameters: (i) the shearing speed in urea solution is 3000 rpm; (ii) the shearing
speed in NMP is 3000 rpm; (iii) the urea concentration is 100 g/100 mL; (iv) the shearing time in urea is
4 h; (v) the shearing time in NMP is 5 h.
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Figure 1. (A) Characterization of LDG by Raman spectroscopy. The influences of the processing
parameters on the concentration (Left y-axis) and the Ip/Ig ratio in Raman spectroscopy of the LDG
solutions (Right y-axis). (B) The shearing speed in urea, (C) the shearing speed in NMP, (D) the urea
concentration, (E) the shearing time in urea, and (F) the shearing time in NMP.

3.2. Characterization of Low-Defect Graphene

The XRD patterns of the LDG and graphite powder were utilized to confirm the exfoliation of
the graphite to graphene sheets (Figure 2A). While the XRD pattern of the graphite showed a sharp
diffraction peak at 20 = 26.5°, corresponding to a d-spacing of 0.34 nm, the LDG showed a broad peak
around 24° and very weak diffraction peak around 26.5°, which indicates the exfoliation of graphite.
The LDG also exhibited a broad peak around 10°, demonstrating that the interlayer spacing was
expanded during the exfoliation [27,28]. As shown in Figure 2B,C, both TEM and SEM images also
revealed the microstructures of the exfoliated graphene sheets in the LDG dispersions. The reduction
in the thickness of the graphene sheets (mono-, bi- and tri-layer, Figure 2B) and their lateral size
(~1000 nm) is evident compared with the graphite flakes, confirming the high degree of exfoliation of
the process. The SEM image of the LDG clearly shows a thin planar structure with curled and irregular
edges (Figure 2C). According to statistical analysis based on the SEM and TEM images of the LDG
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sheets, lateral size and layer distribution were measured in Figure S2. By measuring ~90 graphene
sheets, a lateral size histogram (Figure S2A) displays that more than 84% of the graphene sheets
are larger than 3 pm, which is much higher than that of liquid phase exfoliated graphene sheets by
sonication [14,29]. The layer distribution (Figure S2B) shows that monolayer graphene accounts for
48.8% of the graphene sheets in the dispersion. We believe that the large sheet size and high exfoliation
efficiency are related to the intercalation of urea molecules into the graphite and the liquid phase
shear exfoliation process. These results suggest the successful preparation of well-exfoliated and
non-oxidized graphene sheets with high quality, verifying that this approach is a nondestructive and
efficient method to produce LDG sheets on a large scale.

(A)
26.4 — Graphite
—LDG
3
&
2
0
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=
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20 (degree) 100 nn SEM SEI 10.0KV X50,000 WD 8.0mm 100nm
Figure 2. Characterization of LDG by (A) X-ray diffraction spectroscopy, (B) TEM, and (C) SEM.

XPS was performed to probe the chemical composition and binding states of the exfoliated LDG
(Figure 3, Figure S3 and Table S1). The XPS survey curves of LDG, commercially available graphene
and graphite show a pronounced peak at 285 eV and a weak peak at 533 eV, except for graphene
oxide (GO), which displayed considerable peak heights at both 292 and 538 eV, due to the oxygen
functionalities derived from chemical exfoliation (Figure 3A). Based on the results from XPS, the
oxygen content of the LDG powder was estimated to be 6.4 atomic %, thus being higher than that
of the graphite precursor (3.0%), but considerably lower than that of GO (32.5%) and even that of
commercially available graphene (11.1%), as summarized in Table S1. The overall oxygen of LDG is
associated with the edge defects of LDG in the form of oxide groups, which is in agreement with the
results from Raman and XRD spectra, and consistent with the aforementioned higher crystalline size
of graphene sheets [30]. The calculated C/O ratio of the LDG (14.6) is significantly higher than that
of commercially available graphene (8.0) and that of GO (2.1). Figure 3B-D show the C 1s core-level
spectra of graphite, LDG, and commercially available graphene, respectively. The pattern of LDG
(Figure 3C) exhibits a similar structure to that of graphite (Figure 3B), revealing that the intrinsic
in-plane crystal structure of graphite remains intact during the shear exfoliation treatment. The XPS
data of the C 1s profiles also prove that the LDG (Figure 3C has fewer oxygen-containing functional
groups (such as C-O, C=0, and COO-) than GO (Figure S1) and even commercially available graphene
(Figure 3D).
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Figure 3. (A) XPS survey of LDG powder, commercially available graphene, graphene oxide and
graphite with high-resolution C 1s spectra of (B) graphite, (C) LDG, and (D) commercially available
graphene, respectively.

3.3. Electrochemical Detection of Doxorubicin with LDG Electrode

To assess the performance of LDG as a sensing material for practical applications, we fabricated
the LDG-modified GCE (LDG-GCE) for the detection of DOX. DOX, as one of the clinically important
anti-cancer drugs, has been extensively used in the treatment of various cancers. However, long-term
clinical use of DOX is limited due to its side effects, such as systemic toxicity, drug resistance, and
life-threatening heart damage. Therefore, the development of highly sensitive analytical techniques for
DOX detection is of great significance in clinics and pharmaceutics.

Before the electrochemical sensing experiments, CV and electrochemical impedance spectroscopy
(EIS) were performed to investigate the charge transfer ability of LDG-GCE in 0.1 M KCl solution
containing 3 mM of K3Fe(CN)g. As shown in Figure 4A, both LDG-GCE and GCE show a pair of
well-defined redox peaks. However, the peak potential difference (AE, = 70 mV) of LDG-GCE is
smaller than that of bare GCE (119 mV), while the peak currents for LDG-GCE are significantly higher,
indicating that the LDG-GCE electrode exhibited a better electrochemical performance. The EIS
experiments also showed better electron-transfer characteristics for LDG-GCE. The charge transfer
resistance (R.¢) of LDG-GCE was estimated to be 25.9 Q) from the diameter of a semicircle in the
high frequency region of a Nyquist plot (Figure 4B), which was much smaller than that of the GCE
(Rer = 168.8 Q2). This suggests that rapid electron transfer occurred on the LDG-GCE surface.
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Figure 4. (A) CV curves of GCE (black) and LDG-GCE (red) in 0.1 M KCl containing 3 mM of K3Fe(CN)s.
Scan rate: 50 mV/s. (B) The Nyquist plots of the GCE (black) and LDW-GCE (red) in 0.1 M KCl
containing 3 mM of K3Fe(CN)g, using a frequency range of 0.1 to 10° Hz, a bias potential of +0.214 V
and an AC amplitude of 10 mV. (Inset: Randles equivalent circuit model).

The electrochemical detection of DOX was performed with differential pulse voltammetry (DPV)
and chronoamperometry in 10 mM PBS solution (pH = 7.4) containing various concentrations of
DOX, using LDG-GCE. Figure 5A shows the typical DPV curves in which only one broad peak was
observed at 0.366 V. Upon the addition of DOX in the range of 0.3 to 5.0 uM, the LDG-GCE exhibited
an increase in the oxidation peak currents. The corresponding calibration plots for DOX showed a
good linear relationship between the DPV peak currents and the concentration of DOX in the range
of 0.3-3.0 uM. As is to be expected from the electrochemical performance of LDG-GCE, the sensor
shows better sensitivity when compared with bare GCE (Figure 5B). The calculated sensitivity for
the electrochemical detection of DOX was 7.23 X 10~ uM/uA with LDG-GCE, which is higher than
bare GCE (3.54 x 10~! uM/uA). Moreover, the limit of detection (LOD) for LDG- GCE (39.3 nM) at
an S/N ratio of 3 was also much better than that of bare GCE with LDG-GCE (254 nM) and bare
GCE. These results suggest that the LDG-GCE exhibited an excellent performance with respect to
the detection of DOX. To evaluate the practical applications in DOX analysis, chronoamperometric
measurements were carried out in 0.1 M PBS (pH 7.4). Figure 5C shows the amperometric current-time
(i-t) plots of the LDG-GCE at 0.366 V in response to the successive addition of DOX the PBS solution.
The corresponding calibration curves are displayed as i (nA) = 1.06 x 108 +0.00828 C (uM) in Figure 5C
inset. The relationship between DOX concentration and the corresponding current is a linear one in
the range of 0.3-2.7 uM with a LOD of 653 nM (5/N = 3). Table S2 summarizes and compares the
analytical parameters of the LDG-GCE sensor with other electrodes, revealing that the proposed sensor
shows a high sensitivity with a low LOD and suitable linear range. The selectivity experiments were
performed by comparing the amperometric responses to DOX with potential interfering compounds
found in biological fluids, such as glucose, urea, tryptophan, KCl, and NaCl. As shown in Figure 5D, no
significant interference was observed during the amperometric detection of 3 tM DOX in the presence
of 30 uM glucose, urea, KCl, NaCl, and tryptophan. This result underlines the suitable selectivity
of LDG-GCE.
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Figure 5. (A) Differential pulse voltammetry (DPV) curves of LDG-GCE in 10 mM PBS solution
(pH = 7.4) containing various concentration of DOX (0.3, 0.5, 1.0, 3.0 and 5.0 uM. (B) The calibration
plots of ip vs. concentration of DOX from DPV at LDG-GCE and GCE, respectively. The average
values and standard deviations were obtained based on three results. (C) The amperometric responses
of LDG-GCE to the successive addition of DOX from 0.3 uM to 3.6 uM at 0.366 V vs. Ag/AgCl
(Inset: The calibration plot from the amperometric measurements) (D) The amperometric responses of
LDG-GCE to the successive addition of 3 uM DOX, 30 uM glucose, 30 uM urea, 30 uM KCl, 30 uM
NaCl, and 30 uM tryptophan. at 0.366 V vs. Ag/AgCl.

4. Conclusions

We have demonstrated the scalable production of graphene sheets with high quality by a simple
and facile method, via NMP-mediated shear exfoliation of graphite with the assistance of urea.
The successful production of LDG on a large scale was possible using a high speed mixer homogenizer
by optimizing the processing parameters for the shear exfoliation, such as shearing speed, urea
concentration, and shearing time by comparing the produced graphene concentration and Ip/Ig
value from the Raman spectra. The characterization experiments confirmed that the graphene sheets,
produced by shear exfoliation with optimized parameters, are single layered, or few-layered at least,
with negligible defects. In addition, using the LDG as a modification material for an electrode, we have
fabricated an LDG-GCE electrochemical sensor for DOX, demonstrating sensitive and selective DOX
analysis. Therefore, the proposed approach is promising for the industrial production of graphene for
numerous applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/2/267/s1,
Figure S1: Comparison of (A) the concentration and (B) the Ip/I; ratio in Raman spectroscopy in graphene solution
prepared with (black square dot) and without (red square dot) assistance of urea., Figure S2: (A) lateral size and (B)
layer distribution of LDG calculated from 95 isolated sheets in SEM and TEM images., Figure S3: High resolution
Cls spectra of GO., Table S1: XPS data of graphene oxide (GO), graphite, commercially available graphene and
LDG., Table S2: Comparison of the analytical performance of LDG-GCE with other electrodes for DOX detection.
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Abstract: Evidence by selected area diffraction patterns shows the successful preparation of large
area (cm X cm) MoS,/graphene heterojunctions in coincidence of the MoS, and graphene hexagons
(superlattice). The electrodes of MoS,/graphene in superlattice configuration show improved catalytic
activity for Hy and O, evolution with smaller overpotential of +0.34 V for the overall water splitting
when compared with analogous MoS,/graphene heterojunction with random stacking.

Keywords: superlattice; 2d materials; electrocatalytic

1. Introduction

There is considerable interest in developing noble metal-free electrodes that could efficiently
perform water splitting due to the current change from fossil fuels to renewable electricity [1-4].
In this context, it has been reported that MoS; could be an efficient electrocatalyst for the oxygen
evolution reaction (OER) replacing IrO, and Pt [5,6]. MoS; also shows electrocatalytic activity for
hydrogen evolution reaction (HER) [7-9] and, therefore, it could be an ideal material to perform both
redox processes of overall water splitting.

Regarding the use of MoS, as electrocatalyst, it has been shown that the assembly of this
chalcogenide with graphene improves its performance as electrodes [10-12]. Graphene introduces
electrical conductivity favouring electron transfer from the catalytic site on MoS; to the external circuit.
For this reason, there has been considerable interest in developing different procedures for the
preparation of MoS,/graphene heterojunctions to be used in electrolysis [13-15]

In this context, a procedure consisting in the one-step formation of MoS; strongly interacting
with graphene has been recently reported. The process is based on the pyrolysis of (NH4)2MoS,
and chitosan as precursors of MoS, and N-doped defective graphene, respectively [16]. One of
the advantages of this procedure was that chitosan allows for the formation of nanometric films
on arbitrary, non-conductive substrates, such as quartz or ceramics, which, after transformation on
(N)G, becomes electrically conductive and can be used as electrode [17,18]. Also related to the present
study is a recent report from us on the formation of large area boron nitride/graphene heterojunctions
with superlattice configuration [19].

Since both boron nitride and graphene are two-dimensional (2D) materials with very similar
lattice parameters, the term superlattice refers to the coincidence of the hexagons of boron nitride
overlapping those of graphene. Fundamental studies have shown that superlattice configuration of
2D materials heterojunctions can give an assembly with tunable electrical conductivity in contrast
to the random heterojunctions of the two materials [20,21]. This modulation of the electron mobility
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through the graphene layer by the underlying boron nitride could be reflected in some unique
properties of the superlattice heterojunction, particularly those that are related to electrochemistry
and electrocatalysis [22-24]. In view of these precedents, it would be of interest to determine the
electrocatalytic behaviour of MoS,/graphene heterojunction in superlattice configuration, particularly
when considering the well-known activity of MoS, for important reactions, such as HER, OER,
and oxygen reduction reaction (ORR) processes [5].

This manuscript reports a novel procedure for the preparation of large area (cm X cm) films of
MoS,/graphene heterojunction in superlattice configuration. It will be shown that this fl-MoS,/graphene
material (fl meaning few layers) exhibits much lower onset potential for HER and OER than an analogous
electrode prepared with random MoS,/G heterojunction, illustrating the advantages of lattice matching
to improve the electrochemical performance.

2. Materials and Methods

2.1. Methods-Exfoliation MoS, and Preparation of MoS,/fl-G

Molybdenum sulfide exfoliation was carried out while using polystyrene as an exfoliating agent
(ALDRICH). The polystyrene was dissolved in dichloromethane at a concentration of 3 mg/mL and
powdered Molybdenum sulfide was mixed at a concentration of 1.5 mg/mL. The sample was sonicated
while using a Sonic tip (FisherbrandTM Model 705 at 50% 700W for 5 ho per sample with a on/off
sequence consisting in 1 s off and 1 s pulse and an ice bath was used to prevent solvent evaporation).
After sonication, the dispersion was centrifuged at 1500 rpm for 45 min (Hettich Zentrifugen EBA
21(Hettich, Westphalia, Germany)).

The supernatant was preconcentrated and deposited on quartz films by rotation coating on
2 x 2 cm? quartz substrate to prepare the films (APT-POLOS spin-coater(SPS-Europe B.V., Putten,
The Netherlands): 4000 rpm, 30 s). The pyrolysis of polystyrene treatment was performed using an
electric oven and using the following heating program: heating at 5 °C/min at 900 °C for 2 h.

For the preparation of films with random configuration, commercial MoS, (Aldrich, St. Louis,
Missouri, USA) at a concentration of 1.5 mg/mL and commercial graphene with an area of 700 m?
(STREM CHEMICALS, Newburyport, MA, USA) at a concentration of 7.5 mg/mL were added to a
30 mg/mL polystyrene solution (Aldrich, St. Louis, MO, USA) in dichloromethane and the suspension
submitted to ultrasounds using a Sonic tip at 700 W for 5 h. After sonication, the dispersion was
centrifuged at 1500 rpm for 46 min. and the supernatant used to prepare films of randomly configured
MoS,/G heterojunction following the same procedure indicated above.

2.2. Methods-Catalytic Measurements

Electrochemical measurements were made in a conventional three electrode electrochemical cell
while using a Pt disc pseudo-reference electrode and a Pt wire auxiliary electrode that accompanies the
graphene modified glassy carbon (GCE) working electrode (BAS, MF 2012, area geometric 0.071 cm?).
Voltammetric experiments were carried out with a potentiostatic device CH 920c (Cambria Scientific,
Llwynhendy, Llanelli, Wales, UK), using HySO4 1.0 M saturated with air as an electrolyte. The working
electrodes were the MoS,/fl-G films that were deposited on graphite. The graphite was deposited on
the quartz films using the automatic carbon coater (sputter coater BALTEC_SCD005 (BAL-TEC AG,
Schalksmiihle, Germany) with carbon evaporation supplied BALTEC-CEA035).

3. Results

Upper and bottom layers of S atoms sandwiching and internal Mo IV layer constitute the crystal
structure of MoS,. The geometrical arrangement of the three layers is such that top views define
hexagons with alternating edges S and Mo atoms that are located at different planes. These hexagons
are similar in size to those of G and, therefore, a superlattice configuration can be possible for MoS,-G
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heterojunctions when there is a coincidence of the two hexagonal arrangements. Figure 1 illustrates an
ideal model of MoS; structure and graphene layer assembled in the superlattice configuration.

ST

SR v N
WA NPANIASIFAS

Figure 1. Models showing the structures of graphene and MoS, and their heterojunction in
superlattice configuration.

There are precedents in the literature showing the possibility to obtain MoS,/Graphene
heterojunction with lattice matching geometry [25,26]. It was the leading hypothesis of the present
study that the adaptation of this method could also serve to obtain MoS,/G superlattice since it has been
previously reported the preparation of large area films of BN/G heterojunctions as superlattice [19].

Scheme 1 illustrates the procedure followed in the present study. As it can be seen there, the process
starts with commercial MoS; crystals that are subsequently exfoliated in viscous halogenated solvent
while using polystyrene as promoter. After exfoliation, the residual bulk MoS, crystals can be removed
from the single and few layers MoS, sheets by decanting the supernatant. Figure 2a presents AFM
(Atomic Force Microscope) images of films of polystyrene containing MoS,. As expected in view of the
plastic characteristic of polystyrene, these films were smooth and have a thickness about 200 nm (see
profile in panel C of Figure 2). The presence of MoS; in these films was not apparent from AFM at
this moment due to the thickness. In a subsequent step, these films of polystyrene embedding MoS,
were submitted to pyrolysis in the absence of oxygen at 900 °C. These conditions have been previously
reported to transform polystyrene into thin films of few layers defective of graphene [27]. One of the
main advantages of the present procedure is its reproducibility and the possibility to prepare large
surface areas.

_
]

B =
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Scheme 1. The preparation procedure of MoS,/G in superlattice configuration. Starting from bulk
MoS, particles and a solution of polystyrene (Ps) in CH,Cl,. Sonication of the dispersion followed by
sedimentation of bulk MoS, particles results in a dispersion of exfoliated MoS, and Ps in CH,Cl, (i).
Subsequent pyrolysis results in fl-MoS,/G (ii).
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A considerable shrinkage in the film thickness accompanies this transformation, as it can be seen in
Figure 2b, where films of about 4 nm thickness corresponding to graphene can be seen (Figure 2d). The
frontal image of MoS,/G film shows also the presence of MoS, particles on this continuous graphene
film. Measurement by AFM of a statistically relevant number of MoS, particles on graphene indicate
that the lateral size distribution ranges from 20 to 140 nm with an average about 80 nm and the thickness
of the MoS; is from 2 to 8 nm, with an average about 2. Figure S1 in the supporting information
illustrates the corresponding histograms of the lateral dimension and height. When considering
that the interlayer distance of MoS; is 0.615 nm, this average thickness corresponds to less than four
MoS; layers.

a)

232.0 nm

6.5nm

0.0 1: Height 1.0m

nm

nm 100 200 300 400 500 nm

Figure 2. AFM image of Ps film on quartz containing MoS, before (a) and after (b) pyrolysis. The profiles
c and d show the variation in height along the white lines drawn in a (¢) and b (d).

The SEM images of these films show a smooth surface with low apparent roughness and without
cracks or pinholes. Figure 3a shows one of these representative SEM images. The TEM of these films
were obtained by scratching a bit of these films. As an example, Figure 3b shows a representative TEM
image of MoS,/G film after detachment from the quartz support.

The composition of MoS, was confirmed by EDS elemental mapping, determining an overlap
of Mo and S in 1:2 atomic ratio. Figure S2 in the supporting information provides a summary of
the Mo, S, O (from graphene defects), and C elemental distribution for a representative TEM image.
These TEM images show a graphene layer larger than hundreds of nm having dark spots corresponding
to smaller MoS, particles of size from 20-140 nm. High resolution TEM images show the expected
hexagonal arrangement characteristic of graphene and MoS; (Figure 3c). Importantly, selected area
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electron diffraction at every point of the TEM image shows bright hexagonal spots corresponding to
graphene. Coincident with those spots, there were also other points due to MoS,. The coincidence of
the electron diffraction patterns between two 2D materials (Figure 3d) is taken as the best evidence for
the superlattice configuration.

a)

Figure 3. (a) SEM image of a M0S,/G film on quartz. (b) TEM image of a piece of the MoS,/G film
detached from the quartz support. The darker spots in the image correspond to MoS, particles and the
large, low contrast sheet is the graphene layer. (c) High-resolution TEM image of MoS,/G visualizing
the hexagonal arrangement. (d) Selected area diffraction patterns of MoS,/G sample showing two sets
of coincident spots corresponding to MoS; and G in superlattice configuration.

It is similarly proposed here that the existing MoS, sheets resulting from bulk MoS, exfoliation
are templating during the pyrolysis the formation of the nascent graphene layers in such a way that
the growing graphene is replicating the existing MoS, sheet resulting in lattice matching throughout
the heterojunction, as in the precedent reporting the BN/G superlattice heterojunction.

XRD and Raman spectroscopy convincingly evidence the presence of both components, graphene
and MoSy, in the heterojunction. Figure S3 in the supporting information shows the XRD pattern
recorded for MoS,/G. This XRD shows a sharp peak at 20 14.60 corresponding to the 0.0.2 facet of MoS,.
Other peaks of much lesser intensity correspond to other MoS, planes. In addition to the peaks of
MoS,, a broad diffraction band at 24° due to few layer defective graphene is also recorded [12].
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Figure 4 shows the corresponding Raman for the MoS,/G heterojunction. At high wavenumbers,
the expected broad peaks at 2840, 1540, and 1355 cm™! corresponding to the 2D, G, and D peaks
characteristic of defective graphenes are recorded. Two very sharp lines at 383 and 408 cm™! that
are characteristic of MoS, are also seen. No changes in the position of the MoS; or G bands is
observed, indicating that the superlattice configuration does not alter the lattice constants of MoS,
or G, in agreement with the lattice match. The difference in wavenumber of these two peaks indicates
the single layer (18 cm™) or few layers structure of MoS; (25 cm™ ). In the present case, the difference
between the Alg and Eag vibration modes of MoS, was 24 cm~!, which agrees with the case of few
layers MoS,. This configuration of MoS, as few layers platelets is also in accordance with the previously
commented AFM measurements of MoS, particles that were supported on graphene.

25001
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Figure 4. Raman spectrum recorded for MoS,/G. The peaks two-dimensional (2D), G, and D marked
on the plot correspond to G, while the sharp intense peaks denoted as 1Ezg and Ay are due to MoS,.

Catalytic Activity

The main purpose of this study is to determine the possibility of preparing large area films of
superlattice MoS,/graphene (s-MoS,/G, s-meaning superlattice and corresponding to the material
prepared, according to Scheme 1) heterojunctions that are suitable for electrocatalytic characterization
and compare their electrochemical properties with those of a random MoS,/graphene (r-MoS,/G,
r-meaning random) heterojunction, as stated in the introduction. Aimed at this purpose, an additional
sample of -MoS,/G was prepared by introducing commercial preformed graphene during the process
of exfoliation of bulk commercially available MoS, (Aldrich). Supporting information provides
characterization data of r-MoS,/G sample used for the comparison, including a set of TEM images
and EDS analysis with the corresponding elemental mapping. (Figure S6) Importantly, selected area
diffraction patterns show the spots corresponding to hexagonal patterns of MoS; and graphene not
overlapped and clearly distinguishable for each 2D material, as expected for samples lacking the
superlattice configuration (Figure S5, frame d).

Electrochemical measurements were performed with a conventional three-electrode single cell
with Pt as auxiliary electrode accompanying the MoS,/G electrode and a reference electrode. The quartz
plates used for preparation of electrodes were previously modified by subliming carbon before MoS,/G
film preparation, thus improving the electrical contacts, in order to increase the electrical conductivity
of MoS,/G electrodes. Prior controls with sublimed carbon quartz plates lacking MoS,/G electrocatalyst
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did not exhibit any peak in cyclic voltammetry. Experiments were carried out for air-saturated, 1.0 M
aqueous HpSO; solution as electrolyte. Figure 5 shows the cyclic voltammetry corresponding to
$-Mo0S,/G and r-MoS,/G under these conditions n. As it can be seen there, for s-MoS,/G a cathodic
peak at 0.8 V vs. Ag/AgCl corresponding to ORR is recorded before a step peak corresponding to
HER with onset being determined by extrapolation of the current density plot at —0.70 V. In the anodic
region, the s-MoS,/G electrode exhibits the expected OER process with an onset potential of 0.87 V.
For comparison, Table 1 compiles reported electrochemical data [28,29] for Pt/C and MoS, electrodes
together with the new data herein obtained for s-MoS,/G.
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Figure 5. Cyclic voltammograms measured for s-MoS,/G (a) and r-MoS,/G (b) plotted as semiderivative
of the current density vs. the applied voltage. Conditions: three electrode configurations; Pt counter
electrode; Electrolyte: air-saturated 1.0 M H,SOj. The peaks corresponding to hydrogen evolution
reaction (HER), oxygen evolution reaction (OER), and oxygen reduction reaction (ORR) have been
indicated in the plot, as well as the corresponding onset potentials.

Table 1. Electrochemical data for the catalytic HER process of reference electrodes in comparison to
5-MoS,/G. From linear potential scan voltammograms of material-modified graphene modified glassy
carbon (GCE) electrodes in contact with 0.50 M H,SOy; potential scan rate 10 mV s~'. The exchange
current density (jo) was calculated from Tafel graphs using the current extrapolation method.

Material Ve (m\T/a;eelr%(e’E:de) (mA o2
Pt/C 0.0 30 7.1x 1071
MoS, -0.24 101 9.1x107*

$-Mo0S,/G -0.60 54 7.9 %1073

4. Conclusions

In summary, it has been shown that the exfoliation of bulk MoS, crystals using polystyrene as
promoter, followed by film casting and pyrolysis is a suitable procedure for obtaining few layers
MoS; deposited on few layers defective graphene in superlattice configuration. The procedure allows
for obtaining large area films that are suitable for electrochemical characterization. By comparing
the performance of two MoS,/G electrodes, one with lattice matching and another with random
configuration in the heterojunction, it has been observed that the electrocatalytic activity of MoS,/G
improves significantly in the superlattice configuration. This probably reflects the favourable orbital
overlapping and electron migration in the MoS,/G heterojunction when the two lattices match one on
top of the other. The present results show the far-reaching potential of superlattice assembly of 2D
heterojunctions for application in electrocatalysis.

41



Nanomaterials 2020, 10, 839

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/5/839/s1,
Figure S1: Lateral size (a) and height (b) of MoS, nanoparticles present on MoS,/G, Figure S2: EDX analysis of S,
Mo, C and O for the MoS,/G particles shown in the TEM image (left frame); Figure S3: XRD spectrum of MoS,/G;
Figure S4: Frontal view (a and b) and height profiles (c and d) along the white lines of r-MoS;/polystyrene (a and
¢) and r-MoS,/G (b and d); Figure S5: TEM at different magnifications and selected area electron diffraction of
r-MoS,/G; Figure S6: TEM image (left) and EDS analysis of C, S and Mo for r-MoS,/G.
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Abstract: The use of nano-additives is widely recognized as a cheap and effective pathway to improve
the performance of lubrication by minimizing the energy loss from friction and wear, especially in
diesel engines. In this work, a simple and scalable protocol was proposed to fabricate a graphene
additive to improve the engine lubricant oil. Graphene nanoplates (GNPs) were obtained by a
one-step chemical exfoliation of natural graphite and were successfully modified with a surfactant
and an organic compound to obtain a modified GNP additive, that can be facilely dispersed in
lubricant oil. The GNPs and modified GNP additive were characterized using scanning electron
microscopy, X-ray diffraction, atomic force microscopy, Raman spectroscopy, and Fourier-transform
infrared spectroscopy. The prepared GNPs had wrinkled and crumpled structures with a diameter of
10-30 um and a thickness of less than 15 nm. After modification, the GNP surfaces were uniformly
covered with the organic compound. The addition of the modified GNP additive to the engine
lubricant oil significantly enhanced the friction and antiwear performance. The highest reduction of
35% was determined for the wear scar diameter with a GNP additive concentration of approximately
0.05%. The mechanism for lubrication enhancement by graphene additives was also briefly discussed.

Keywords: modified graphene nanoplates; graphene additives; antifriction; engine lubricant oil
additives; antiwear

1. Introduction

The worldwide urgency to minimize the effect of greenhouse gases and climate change requires
new measures to improve engine efficiency [1]. The freeload and friction losses of diesel engine vehicles
account for approximately 10% of the total energy in fuel [2]. The reduction in these losses is crucial
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for energy efficiency. Techniques such as system design and handling (reducing the size, electrification,
and boosting), the addition of systems for the recovery of heating waste, the reduction in friction
in the engine, and the improvement in the combustion efficiency have been successfully utilized to
improve engine efficiency. In order to theoretically find suitable methods to enhance engine efficiency,
the open-source software framework called PERMIX can be employed [3]. Among these techniques,
friction reduction has been receiving significant attention from scientists around the world as a key and
cost-effective method to maximize the energy efficiency of diesel fuel. One of the major approaches
to reducing friction is the use of lubricants, which can be widely applied in automotive, mechanical,
and other parts. Lubricants reduce the friction between the interface of two metal parts in relative
motion [4]. Additives are commonly added to the blend of lubricants to improve the lubricating
efficiency [5-7].

Since emerging as a technique to fabricate advanced materials, nanotechnology has provided
properties superior to those of traditional bulk materials, and nanomaterials have been intensively
used as additives for enhancing lubricant performance. Many nanomaterials such as copper [8],
MoS; [9], PbS [10], WS, [11], Zinc borate [12], ZrS, [13], boric acid [14,15], and SiO, [16], have been
employed for this purpose. Carbon nanomaterials with many allotropes have remarkable lubricating
properties and have also been utilized as additives to improve the performance of lubricant oils.
These carbon nanomaterials consist of carbon nanotubes [17,18], porous carbon [19], fullerence [20,21],
and graphene [22-24].

Graphene, a two-dimensional (2D) carbon material with substantial mechanical, electrical, and
thermal properties, has been extensively used in a wide range of industrial applications in the fields of
engineering, chemistry, and physics [4,25-30]. Additionally, the 2D structures easily slide together,
making graphene an effective additive for lowering the friction in mechanical parts and vehicle
engines [31-34]. For example, Zhang et al. successfully fabricated graphene nanosheets from graphene
oxides and modified them with oleic acid to be used as additives in lubricant oil to reduce the friction
coefficient and wear scar diameter by 17% and 14%, respectively [35]. In another study, Azman et al.
blended graphene with 95 vol % synthetic based oil (PAO 10) and 15 vol % palm-oil trimethylolpropane
(TMP) ester to reduce the wear scar diameter by 15% [36]. Several works have used graphene as an
additive in engine lubricant oil; however, these works either used an expensive graphene-fabricating
method (hummer methods) or a low dispersion of graphene in the lubricant oil, which hinder the
widespread use of graphene as an additive in the lubricating industry. Furthermore, in order to
effectively employ the graphene in practical applications, the dispersion and modification of graphene
in any solution are crucial factors.

Herein, we adopt a new and facile method, continuing from our previous work, for the mass
production of graphene nanoplatelets (GNPs) by the simple one-spot chemical exfoliation of natural
graphite. The resultant GNPs are well-dispersed in water with the assistance of a surfactant. The surfaces
of the GNPs are modified to easily and homogeneously disperse the GNPs in the targeted engine
lubrication oil with a high stability over a long period of storage time. The prepared and modified GNPs
are thoroughly characterized. The enhanced lubricating performance of the GNPs additive-containing
lubricant is investigated and discussed.

2. Materials and Methods

2.1. Materials

Natural graphite flakes were purchased from VNgraphene. Dried acetone, concentrated sulfuric
acid (98%), ethanol, sodium dodecyl persulfate (SDS), sodium persulfate (NapS,Og), and oleic acid
were obtained from the Van Minh Company Ltd., Hanoi, Vietnam. The commercial HD-50-based oil
was obtained from the petrol station. All chemicals were used as received without further purification.

46



Nanomaterials 2020, 10, 877

2.2. Synthesis of Graphene Nanoplatelets

The fabricating protocol for graphene nanoplatelets (GNPs) was adopted from our previous
work [37]. Natural graphite flakes were added to a 1000-mL reactor containing concentrated sulfuric
acid and stirred for 30 min. Sodium persulfate was gradually added into the reaction mixture and
further stirred for 3 h at room temperature. The resultant reaction mixture was directly filtered using
a glass sintered filter and thoroughly rinsed three times with dry acetone and water to remove any
residual reactants. The GNP powder was dried at 60 °C in air and stored for further processing.

2.3. GNP Modification

Figure 1 illustrates the modification procedures for the graphene nanoplatelets. The GNP powder
was first dispersed in an aqueous solution using a combined high shear mixer/probe sonicator system
with the assistance of a sodium dodecyl persulfate (SDS) surfactant for 12 h. The homogeneous GNP
dispersion in the water with a GNP content of 5% w/w was used for further modification with oleic
acid. For the modification, 15 g of oleic acid was gradually added to 300 mL of GNPs in water with a
high shear mixer at 7000 rpm and 80 °C for 3 h. The resultant solution was thoroughly dried at 140 °C,
and the oleic acid-modified GNP additive was obtained. The modified GNP additive was added to the
HD-50 lubricant base oil with various concentrations ranging from 0.005-0.1% w/w to evaluate the
effectiveness of the additive for enhancing the properties of the lubricant oil.

GNPs GNPs@SDS GNPs@SDS@0Oleic

Figure 1. Modification procedure of graphene nanoplatelets with surfactant and organic compound.
2.4. Characterization

Scanning electron microscopy (SEM), FEI Nova NanoSEM (Hillsboro, OR, USA), was utilized
to investigate the morphology of the GNPs obtained from the exfoliation of the graphite flakes.
The thickness of the prepared GNPs was measured with an AFM (Bruker Multimode 8 with PF TUNA,
CA, USA). Fourier transform infrared (FTIR) measurements were performed on a PerkinElmer D100
spectrometer (Ohio, USA) in attenuated total reflectance mode. Raman spectra were obtained with a
PerkinElmer Raman Station 200F (Ohio, USA). Bruker AXS D8 Discover instruments (Texas, USA) with
a general area detector diffraction system using Cu Ka source were utilized to obtain X-ray diffraction
(XRD) patterns of the prepared samples. A tribological test was performed on the four-ball tribometer
(MRS-10A, Shandong, China). The test was carried out at room temperature under a load of 400 N
with a speed of 1450 rpm.

3. Results

The graphene nanoplatelets were facilely fabricated by employing our reportedly improved
approach that obtained GNPs from the direct chemical exfoliation of graphite [37]. This method is
environment friendly and can be utilized at industrial scale, which is critical for practical applications.
The morphology of the natural graphite and prepared GNPs in this work was observed by SEM
(Figure 2). The natural graphite flakes have a thick plate structure with dense stacks of graphene layers
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(Figure 2a). After chemical exfoliation with an oxidant, the graphene layers were detached from a
thick plate of graphite flakes, as seen in Figure 2b and Figure S1. The GNPs have a wrinkled structure
and a diameter of 10-30 pum. The wrinkled and crumpled morphology indicates that the obtained
GNPs consist of a few layers of graphene in each stack, as had been demonstrated previously [38,39].
Additionally, the GNPs’ sheets are semi-transparent to the electron beam (Figure 2b), which is clear
evidence that the GNPs contain less than 30 layers of graphene [40—42].

Figure 2. Scanning electron microscopy (SEM) images of (a) natural graphite and (b) graphene
nanoplatelets (GNPs).

The crystalline nature of natural graphite and GNPs was determined, and the X-ray-diffraction
(XRD) analysis and the results are shown in Figure 3a. The XRD pattern of graphite showed a sharp
characteristic peak at 26.9°, which is a 002-diffraction signal [43]. Interestingly, in the XRD pattern of
the GNPs, this peak shifts to 26.4° with a significantly broadened and weakened intensity compared to
that of graphite, indicating a less orderly structure with multi-layered graphene [37]. This result is
consistent with the aforementioned SEM images. The continuous graphene layers as plate structures in
natural graphite flakes no longer exist [37]. The multi-layered nature of the resultant GNPs was further
investigated using Raman spectrum excited at the wavelength of 633 nm (Figure 3b). The graphite
Raman spectrum shows a characteristic G peak at 1580 cm~! and a band at ~2700 cm™!, which belongs
to the graphite samples [44]. The Raman spectrum of the GNPs has two characteristic peaks at 1336
(Dband) and 1581 cm™! (G band), which correspond to the defects in carbon networks and sp2 bonding
in carbon elements, respectively [45]. The intensity of the D band peak is significantly lower than that
of the G band peak, indicating that the obtained GNPs have fewer defects and a lower oxidant degree
when fabricated using this approach. Moreover, the appearance of a peak at 2658 cm™ (assigned to
the 2D band), with an intensity significantly lower than that of the G band, indicates that the GNPs are
multilayered. The broad photo luminescent band in the Raman spectrum of the GNPs might be due to
the amorphous nature of the graphene nanoplatelets. This is consistent with SEM and XRD results.
In the Raman spectrum of the oleic-modified GNPs, it can be clearly seen that along with the presence
of characteristic bands of GNPs, the CD-stretching vibrations with maximum band intensities around
2100 and 2195 cm™! belong to the oleic acid [46].
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Figure 3. (a) X-ray diffraction (XRD) patterns of natural graphite (black line) and graphene nanoplatelets
(red line) and (b) Raman spectrum of graphite (black curve), graphene nanoplatelets (red curve), and
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oleic-modified graphenenanoplatelets (GNPs, blue curve).

The relative thickness of the GNPs can be calculated by atomic force microscopy (AFM) as
shown in Figure 4a. The GNPs are not flat because of their crumpled structure that causes the upper
graphene layers to protrude from the surface of the Si wafer (Si wafer is substrate to deposit GNPs for
AFM measurement) [37]. Figure 4b and Figure S2 exhibit the topographic AFM image of graphene
nanoplatelets the height profile derived from the AFM image. The height profile between the GNPs and
the Si substrate is utilized to relatively determine the thickness of the GNPs. The average calculated
height is approximately 15 nm, which is approximately less than 30 layers considering the gaps
between layers. This result is consistent with the aforementioned SEM, Raman, and XRD results on the
multilayer nature of the resultant GNPs.

Figure 4. (a) Atomic force microscopy (AFM) images of graphene nanoplatelets and (b) the height

profile calculated from AFM imagery.
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The successful oleic modification of the GNP surface was investigated by FTIR spectra and XRD
patterns (Figure 5). In the IR spectrum of the GNPs, the absorption peaks at 3424 and 1629 cm™!
are assigned to the vibration band of the -OH stretching group from moisture, which is physically
absorbed on the surface of the GNPs [47]. The remaining absorption peaks at 2369 and 1055 cm™! are
attributed to the vibration of COO- and C-O stretching, respectively, which could be ascribed to the
absorbed CO, [48]. This indicates that the prepared GNPs were virtually not oxidized during the
synthesizing process. This is also supported by the X-ray photoelectron spectrometry (XPS) spectrum
of C 1s as shown in Figure S3, which shows only one peak of binding energy at 284.5 eV (C—C bonds)
indicating that the final product is pure GNPs, and the absence of peaks at 285.5 eV or 286.6 eV is
evidence of no oxidizing species. Interestingly, all absorption peaks in the IR spectrum of the GNPs are
remarkably weaker, or almost absent, in the IR spectrum of the oleic-modified GNPs, indicating that
the surface of the GNPs is uniformly coated by oleic acid. In the IR spectrum of the oleic-modified
GNPs, the absorption peaks at 2929 and 2855 cm™ are characteristic of the symmetric and asymmetric
vibrations of -CH, (which belongs to the long alkyl chains of oleic acid) stretching, respectively [49].
The sharp absorption peaks at 1710 and 1285 cm™! are assigned to the C=0 and C-O stretching
vibrations of the carboxylic group, respectively [50]. The band at 1461 cm~! is attributed to the bending
vibration of (CH2-) [51]. This result confirms that the entire surface of the GNPs was covered by
oleic acid. The bonding between the GNPs and the oleic acid is probably due to 7— interactions [52].
The XRD patterns were further employed to confirm the coverage of oleic acid on the graphene surface
(Figure 5b). The characteristic peak at 26.4° for graphene nanoplatelets can be clearly seen in the XRD
pattern of the GNPs. After modification with oleic acid, this peak virtually disappeared, indicating
that the modified GNP surface is uniformly covered with oleic acid.
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Figure 5. (a) Fourier transform infrared (FTIR) spectra, (b) X-ray diffraction (XRD) patterns of graphene
nanoplatelets (red line) and oleic-modified GNPs (black line), and (c) the stability of the oleic-modified
GNP additive with 0.01% w/w in the lubricant oil.

The homogeneous dispersion stability of modified GNPs in engine lubricant oil (the oil base is
HD 50) was evaluated by observation tests to examine the time period in which graphene can remain
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in the lubricant oil after the mixing process. The concentration of GNPs in the lubricant oil is 0.01%
by weight (Figure 5c). Virtually no sediment is observed after 30 days of storage in static conditions.
Additionally, clear straight laser beams were employed to further evaluate the stability of the modified
GNPs additive in lubricant oil (Figure S4). The Tyndall effect of lubricant oil with the modified GNPs
concentration of 0.01% after one day and 30 days of storage clearly indicate that the modified GNPs
additive was well-dispersed in the lubricant oil. Therefore, the modified GNP additive is highly stable
in blended engine lubricant oil.

The wear scar diameter (WSD) is a critical parameter to determine the antiwear performance
of lubricant oil. The WSD was evaluated using a four-ball tribometer (MRS-10A, more information
about the instrument). The tribological test was performed at room temperature under a load of
400 N and a speed of 1450 rpm. An optical microscope was utilized to measure the diameter of the
wear scar on the ball (Figure 6). The WSD is significantly reduced after the addition of the modified
GNP additive with a concentration of 0.005% to 0.01% w/w, indicating that the addition of a small
amount of graphene can remarkably enhance the antiwear performance of the lubricant oils. Further
increasing the modified GNP concentration from 0.01% to 0.05% w/w reduced the WSD, which reached
a minimum diameter of 0.65 mm with an additive concentration of 0.05% w/w, representing a 35%
reduction in comparison with the WSD using controlled HD-50 base oil. The WSD of the HD-50
with the addition of the oleic-modified GNPs additive is smaller than that of previous works that
used graphene as additives for engine lubricant oils (Table 1), most likely caused by better dispersion
of the modified graphene in the lubricant oil. An additional increase in the modified GNP content
decreases the antiwear properties of the GNP additive for lubricating oil. Thus, the maximal modified
GNPs concentration with the highest antiwear properties is approximately 0.05% by weight. Thus, the
GNPs additive concentration of less than 0.05% could be selected as the optimal content inside the
lubricant oil. The enhanced antiwear performance upon the addition of small amounts of graphene
can be explained by the formation of a protective graphene layer on the steel surface. However, when
the graphene content increases, the accumulation of the discontinuous graphene film decreases the
antiwear properties and causes friction drying [35].
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Figure 6. The tribological performance of the engine lubricant oil upon addition of various modified
GNPs concentrations.
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Table 1. Comparison of the tribological performance between the modified GNPs and those of
previous works.

Decreased in Wear Scar Diameter (%) References
18 [53]
14 [35]
12.6 [32]
Up to 32 [54]
Up to 18.9 [55]
Up to 35 This work

In order to evaluate the thermal stability of lubricant oil upon addition of the modified GNPs
additives, the open cup flash points of fabricated oil were determined following ASTM-D92 standard.
The results showed that the open cup flash points of the lubricant oil with and without the addition of
modified GNPs were 175 °C and 172 °C, respectively, indicating that the GNPs-added lubricant oil
was highly stable under the operation condition of diesel oil.

The morphologies of the wear scars’ surfaces using lubricants with various modified GNPs
contents were investigated by optical microscopy as shown in Figure 7. It can be clearly seen from the
figure that when using only base oil, the wear scar is large and the surface is rough with deep narrow
trenches. Upon addition of a small amount of the modified GNPs (0.005%), the diameter of the wear
scar is reduced and surface becomes smoother, but there still remain deep furrows. However, when
the content of the modified GNPs additives was increased to 0.01%, the diameter of the wear scar is
significantly reduced to approximately 0.7 mm and the surface becomes much smoother (Figure 7e,f).
Further increases in additive contents witness negligible reduction in WSD and smoothness of the
wear scar surface. Thus, 0.01 wt % of the modified GNPs additive for lubricant oils was selected as an
economically optimized concentration.

Figure 7. The surface morphologies of the wear scars observed by optical microscopy using different
lubricant: (a,b) base oil, (c,d) 0.005%, (e,f) 0.01%, and (g,h) 0.05%.

In terms of practical application, the price of materials is essential for commercialization. In the
market, the average price of graphene nanoplatelets (analytical and industrial grades) ranges from
USD 0.6 to 140 per gram (Figure S5). Meanwhile, the GNPs fabricated from the present approach
have a price of around USD 1.2 and 15 per gram for the industrial and analytic grades, respectively,
including all the expenditures, which is comparative with available commercial GNPs on the market.
When it come to the modified GNPs additives for lubricant oils, the determined price of the additive is
approximately USD 0.9 per gram. Considering the significant WSD enhancement with only 0.05 w/w %
of the GNPs additives in the lubricant oils, the additional cost calculated for 1 kg of lubricant oil is
around USD 0.45, which is reasonable in terms of a 35% lubricating enhancement using the prepared
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GNPs additives. Compared with other available nano-additives for lubricant oils in the literature, the
modified GNPs content of 0.05 w/w % is much smaller than that of other nanoparticles (Table 2).

Table 2. Optimal concentrations of nano-additives for different lubricant oils.

Optimum Concentrations,

Nano Additives References
wW/wW %

ZnO 05 [56]
CuO 1 [57]
MoS; 1 [57]
SiO, 0.05-0.5 [16]

Cu-coated carbon 0.5 [58]
ZrO, 0.5 [59]
TiO, 03 [60]
GNPs 0.05 This work

4. Conclusions

In conclusion, graphene nanoplatelets were successfully fabricated from natural graphite by
direct chemical exfoliation. The resultant GNPs were well-dispersed in an aqueous solution with
the assistance of a surfactant and a combination of a high shear mixer and a probe sonicator system.
The surface of the graphene was then modified with an organic compound. The as-prepared GNPs
were less than 15 nm thick and 10-30 wum in diameter. The results indicate that the modified GNP
surface was uniformly covered with oleic acid after modification. The modified GNP additive is
facilely dispersed in lubricant oil with remarkable stability, and the GNPs remained in the oil for more
than 30 days without settling. The addition of the GNP additive to lubricant oil shows a significant
improvement in the tribological performance with a maximal wear scar diameter reduction of 35% at a
modified GNP concentration of 0.05% w/w. The formation of a protective graphene layer on the steel
surface is responsible for the enhancement of antiwear performance when using the GNP additive in
lubricant oil. This remarkable enhancement of the lubricating efficiency (more than 35% enhancement)
uses small amounts of the modified GNP additive (approximately 0.05%) that are cost-effectively
fabricated and will diversify the practical applications of graphene in the reduction in energy losses
from friction and wear in mechanical processing and automotive components.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/5/877/s1,
Figure S1: SEM images of prepared graphene nanoplatelets; Figure S2: Topographic AFM image of graphene
nanoplatelets and the height profile taken across the white line on the AFM image; Figure S3: XPS spectrum of C 1s;
Figure S4: The Tyndall effect of lubricant oil with modified GNPs concentration of 0.01% after 1 day and 30 days;
Figure S5: The market price comparisons of graphene nanoplatelets from US, UK, and Chinese companies.
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Abstract: Nanocarbon materials present sp?-carbon domains skilled for electrochemical energy
conversion or storage applications. In this work, we investigate graphene oxide nanofibers (GONFs)
as a recent interesting carbon material class. This material combines the filamentous morphology of the
starting carbon nanofibers (CNFs) and the interlayer spacing of graphene oxide, and exhibits a domain
arrangement accessible for fast transport of electrons and ions. Reduced GONFs (RGONFs) present
the partial removal of basal functional groups, resulting in higher mesoporosity, turbostratic stacking,
and surface chemistry less restrictive for transport phenomena. Besides, the filament morphology
minimizes the severe layer restacking shown in the reduction of conventional graphene oxide sheets.
The influence of the reduction temperature (140-220 °C) on the electrochemical behaviour in aqueous
0.5 M H,SO, of RGONFs is reported. RGONFs present an improved capacitance up to 16 times
higher than GONFs, ascribed to the unique structure of RGONFs containing accessible turbostratic
domains and restored electronic conductivity. Hydrothermal reduction at 140 °C results in the
highest capacitance as evidenced by cyclic voltammetry and electrochemical impedance spectroscopy
measurements (up to 137 F-g1). Higher temperatures lead to the removal of sulphur groups and
slightly thicker graphite domains, and consequently a decrease of the capacitance.

Keywords: carbon nanofibers; reduced graphene oxide nanofibers; hydrothermal reduction; capacitance

1. Introduction

Carbon nanofibers (CNFs), composed entirely of graphite stacks of small lateral size in a
1D filament morphology, present a unique structure that combines properties such as electronic
conduction, thermal and chemical resistance, low mass density and good specific surface area,
which are essential for a wide range of potential applications. In this sense, CNFs have been used for
many different applications, such as heterogeneous catalysis, conversion or storage of electrochemical
energy, sensors, electronic devices, and structural and conductive composite materials [1-7]. In the
case of electrochemical energy storage, the high electrical conductivity of CNFs in combination with
their accessible porosity allows satisfactory charge accumulation but lower than that offered for
graphene materials [8,9]. Graphene is the basic structural unit of the most conductive nanocarbon
materials including graphite and carbon nanofibers and nanotubes since it exhibits a free movement
of m-electrons along with the 2D network of conjugated sp2-carbon, allowing it to achieve ultrahigh
electrical conductivities (105-10° S'm™') [7,10]. Graphene has already been used in all possible
electrochemical devices with remarkable results [11], whereas expanded graphite presented a large
volumetric capacitance (177 F-em™) in aqueous acid media [12]. Likewise, graphite intercalation
compounds have even offered conductivities higher than metallic copper, showing notable performance
in batteries motivated by rapid diffusion of species between its stacks of distanced graphene layers [13].
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In this direction, graphene oxide (GO) has been tentatively investigated for energy conversion
and storage applications but oxygen interrupts the free electron movement compromising the electrical
conductivity of the graphene layers [14,15]. On the other hand, functionalization enhances the
hydrophilicity of nanocarbon materials, which leads to an improved electrochemical capacitance in
aqueous electrolytes. GO is conventionally obtained from graphite by chemical oxidation routes,
which involve the use of a strong oxidant in acid medium, such as the Hummers method [16],
which besides to the creation of oxygen functionalities, including in-plane (hydroxyl and epoxide
groups) and edge groups (carbonyl and carboxylic groups) [17,18], results in the generation of
sulphur-containing groups [19,20]. As a result of the oxidation, lattice defects (vacancies, holes) are
generated in the graphene network which may alter the interaction of the carbon surface with the
electrolyte, and thus the electrochemical behaviour.

Graphene oxide nanofibers (GONFs) arise as a new alternative for catalytic and electrochemical
applications offering a combination of the best characteristics of CNFs and GO materials: filamentous
configuration, accessible microporosity, and tuneable functionalization. Promising approaches in
the recent literature related to the combination of GO and CNFs in nanocomposites [21-23] or CNFs
produced from GO precursors by electrospinning [24], by templating procedures [25], or by controlled
assembly [26], with interesting synergies within phases, have been reported. Only a few recent works
are found to report the oxidation and exfoliation of CNFs as a procedure to result in GONFs [27,28].
The innovative aspect of this article is that GONFs are a result of the chemical exfoliation of CNFs at
the surface level, representing a novel approach to the best of our knowledge. The main advantage is
that the controlled oxidation of CNFs allows keeping the filament morphology. An extended oxidation
of CNFs causes its downsizing to few-layer graphene sheets and graphene quantum dots [29].

In the present work, the hydrothermal reduction of GONFs and the effect of the temperature on
their physicochemical and electrochemical properties are studied. Stoller and co-workers reported
an enhancement of the electrochemical behaviour of GO materials by removal of the large amounts
of oxygen groups that diminish the electrical conductivity and hinder the access of species through
its porosity [30]. However, oxygen removal gives place to the severe and irreversible restacking of
individual graphene sheets (higher L. and number of layers per stack), which decreases the specific
capacitance of RGO (reduced GO) with respect to the expected theoretical values for graphene
(550 F~g‘1) [31]. In that sense, layer restacking causes that a large surface area of RGO becomes
inaccessible for charge storage [32]. In case of processing reduced GONFs (RGONFs), the filamentous
arrangement of GO stacks largely inhibits this restacking (stacks with a number of layers below
10), offering the possibility of obtaining carbon nanofibers with domains of turbostratic graphite,
structure more accessible for fast transport of electrons and reactants than hexagonal graphite.
Likewise, particles of nanofilaments simulate the inverse structure of a porous support preserving
mesoporosity, which prevents any mass or electron transfer limitations [33]. Finally, the partial
reduction of this material barely alters its hydrophilicity, so important for electrochemical applications
in aqueous media [34]. The electrochemical capacitance and the electrode/electrolyte interface of the
resultant RGONFs are analysed by cyclic voltammetry and impedance electrochemical spectroscopy in
acid medium (0.5 M H,SOy,). Herein, the electrochemical properties of RGONFs are studied for the
first time and correlated to their physicochemical features.

2. Materials and Methods

2.1. Preparation of Fishbone GONFs and RGONFs

GONFs were obtained by chemical oxidation, using the modified Hummers method [16,35,36],
and ultrasound-assisted exfoliation of fishbone CNFs according to our optimized method [29], where the
synthesis method of the starting CNFs is also described. Briefly, 3.0 g of CNFs, 3.0 g of NaNO; (99%),
and 138 mL of HySO4 (96%) were mixed in an ice bath. After that, 26 g of KMnOy4 was very slowly added
to the solution under vigorous stirring. The temperature was kept below 20 °C during mixing, then at
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30 + 5 °C for 2 h and at room temperature overnight, always under stirring. Then, 240 mL of deionized
water was slowly added to prevent the temperature from rising above 70 °C. Subsequently, the solution
was stirred for 60 min and diluted with 600 mL of deionized water. Then, 26 mL of H,O, (33%) was added
dropwise, turning the solution to yellowish-brown. This solution is finally sonicated in an ultrasounds
bath for 60 min to achieve the exfoliation of the oxidized material. This GO suspension contains GONFs
(40% of the initial weight of CNFs), completely exfoliated materials like few-layer graphene oxide flakes
(FLGOs) and GO quantum dots (GOQDs) and other inorganic salts and thus, separation and posterior
washing of phases were necessary. Product was washed by centrifugation at 9500 rpm with HCI (10%)
first and deionized water until neutral pH. The clean precipitate was dispersed in deionized water and
separated from the rest of the GO products (FLGOs and GOQDs) as the precipitate of its centrifugation at
4500 rpm. More details about the whole process by differential degressive centrifugation can be found
elsewhere [29]. Finally, fractions were reduced in suspension by the hydrothermal reduction method [37]
in a 40 mL autoclave placed in the oven at 140, 180 and 220 °C for 6 h. In this case, 1 g of GONFs (obtained
after drying the GONF solution at 60 °C in a vacuum oven), was dispersed in 25 mL of deionized water.
After reduction, products were dried at 60 °C in a vacuum oven overnight. Reduced materials will be
indicated hereafter as RGONF-140, RGONF-180, and RGONF-220.

2.2. Physicochemical Characterization

Characterization of GONF and RGONF samples was carried out by X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), elemental analysis (EA), and N, and CO, physisorption at
77 K and 273 K, respectively. GONF dispersions were dried at 60 °C overnight for its characterization.

XRD patterns of GONFs and RGONFs were acquired in a Bruker D8 Advance Series 2 diffractometer
(Bruker AXS, Karlsruhe, Deutschland). The angle range scanned was 3-55° using a counting step
of 0.02° and a counting time per step of 4 s. XRD data were fitted using the structure analysis
software TOPAS (Bruker AXS, Karlsruhe, Deutschland). The mean interlayer spacings (d-spacing)
were evaluated from the position of the corresponding peak applying Bragg’s Law [38], while the
mean crystallite sizes along c axis (L) were calculated using the Scherrer formula, with a value of
K =0.89 [38]. From these, the number of graphene layers (1) was calculated as (Lc/dog2) + 1.

The bulk and surface chemistry was analysed by EA and XPS, respectively. The ESCAPlus
OMICROM spectrometer (Omicron, Houston, TX, USA), equipped with a hemispherical electron
energy analyser, was operated at 18.75 kV and 12 mA (225 W), using a monochromatic AlKo X-ray
source (hv = 1486.7 V) and under vacuum (<5 x 10~ Torr). A survey scan between 1000 and 0 eV
was acquired using steps of 0.5 eV and 200 ms of dwell, while C 1s region was acquired each 0.1 eV
for 500 ms. Analyser pass energies of 50 and 20 eV were used for survey scans and 20 eV for Cls
region, respectively. Elemental analysis of GONFs and RGONFs was performed in a CHNS-O Analyser
Thermo FlashEA 1112 (Thermo Fisher Scientific, Waltham, MA, USA).

The textural properties were measured using a Micromeritics ASAP2020 apparatus for N, and
CO; physisorption at 77 and 273 K, respectively. The specific surface area (Sggr) was calculated by
the BET method applied to the N, adsorption isotherm. The total pore volume (V) was calculated
from the N, adsorbed volume at a relative pressure of p/py > 0.994. In addition, micropore surface area
(Smic) and the total micropore volume (V ;) were calculated by the Dubinin-Radushkevich equation
and the adsorbed volume at p/py > 0.031 (pores < 0.8 nm), respectively, using the CO, adsorption data.

The morphology of carbon nanofilaments was visualized by transmission electron microscopy
(TEM; Tecnai F30, FEI company, Eindhoven, The Netherlands).

2.3. Electrochemical Characterization

Electrochemical measurements were carried out in a three-electrode electrochemical cell and an
Autolab PGSTAT302 (Metrohm, Utrecht, Netherlands) potentiostat-galvanostat was used to record the
data. A carbon rod and a reversible hydrogen electrode (RHE) were used as counter and reference
electrodes, respectively. All potentials in the text are referred to the RHE. Working electrodes were
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prepared by depositing a layer of a carbon ink on glassy carbon (diameter = 7 mm), resulting in a mass
loading of the active material of 1 mg-cm™2. Carbon inks were obtained by dispersing 2 mg of the
corresponding material in a deionized water/isopropyl alcohol 50/50 (v/v) solution containing 15 wt. %
Nafion® (Sigma Aldrich, 5 wt. %). The inks were sonicated for 30 min.

Working electrodes were introduced in the base electrolyte (0.5 M H,SO,) saturated with nitrogen.
Cyclic voltammetries were performed from 0.2 to 0.8 V vs. RHE at several scan rates: 5, 10, 20, 50, 100,
and 200 mV-s~!. Specific capacitances, C (F-g™!), were obtained by integration of the area enclosed in
the cyclic voltammograms (CV), according to Equation (1) [39,40]:

_ $rav
T 2mvV

clrg] M
where [ is the current (A), V is the potential (V), AV is the potential window (V), v is the scan rate
(V-s71), and m is the mass of the active material in the working electrode (g).

A frequency response analyser (FRA) was employed to record the electrochemical impedance
spectroscopy (EIS) measurements. A frequency range from 100 kHz to 0.01 Hz was always used with a
10 mV r.m.s. AC amplitude around 0.5 V vs RHE.

3. Results and Discussion

3.1. Changes in the Physicochemical Properties of GONFs after Reduction

GONFs, characterized by preserving the filamentous structure of the CNFs used in the synthesis
but with a higher degree of interlayer spacing (4 > 0.75 nm), presented a higher electrochemical
capacitance than the bare CNFs [28]. In this work, GONFs were used as the starting material to study
the effect of the hydrothermal reduction temperature (140, 180, and 220 °C) on the physicochemical
and electrochemical properties of RGONFs. The 1-D morphology of GONF and RGONFs was revealed
by TEM as images in Figure 1 shown. These structures presented fishbone arrangement, inherited from
the original CNFs, where the graphite/graphene stacks form an oblique angle to the longitudinal
growth axis [41]. GONF (Figure la,b) showed disordered arrangements of graphene layers due
to the intercalated basal oxygenated groups (hydroxyl and epoxide). In this case, a non-oxidized
core preserves the main structure of the nanofilament. As a result of the hydrothermal reduction,
RGONFs (Figure 1c-h) presented more compact structures and better definition of layers and edges.
Regarding the effect of the temperature used in the hydrothermal reduction, the higher the temperature,
the greater the restacking of the graphene layers. In Figure 1h, a height profile of graphene layers in a
turbostratic stack of the RGONF-220 sample is shown, with a regular interlayer distance of 0.34 nm.

(b)

Figure 1. Cont.
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Figure 1. TEM images of: (a,b) graphene oxide nanofibers (GONF); and reduced GONFs (RGONFs)

obtained at (c,d) 140, (e,f) 180, and (g,h) 220 °C. Height profile of graphene layers in a turbostratic stack

is included in (h).

XRD patterns of GONF and RGONFs and their associated structural parameters such as d-spacings,
Lc and the number of layers are depicted in Figure 2 and listed in Table 1, respectively. GONF showed
the presence of two main diffraction peaks corresponding to the basal plane (002) of the graphite
stacking at 25.9° (20) and the shifted (002) plane (labelled with *) at lower angles (around 10.9°),
corresponding to d-spacings of 0.344 and 0.810 nm, respectively. A crystal arrangement of 0.81 nm
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corresponds to the distance between layers with oxygen intercalated graphite/graphene domains that
conform to this fishbone-type nanofilament and is in line with typical values for GO materials [42].
The presence of (002) and (002)* planes is a consequence of the partial oxidation that takes place
from the outside towards the inner axis of the starting CNF and is essential in GONF materials as
they maintain their tubular structure [29]. After the reduction process, the (002) plane (25.6-25.8°)
is recovered at the expense of the (002)* plane motivated by the graphene layers approaching after
the removal of oxygenated groups [43]. Only RGONEF-140 showed a residual broad band of (002)*.
All RGONF samples presented a slightly higher interlayer spacing (about 0.345-0.347 nm) than that in
theoretical graphite (0.3354 nm), as confirmed by XRD and in line with TEM images, as is consistent
with a non-graphitic or turbostratic arrangement [44,45]. In fact, a deconvolution of this asymmetric
peak permits differentiate between turbostratic and hexagonal graphite and to qualitatively calculate
the graphitization degree achieved [43,45,46]. At 220 °C, the average number of graphene layers
(Le/doop + 1) was increased from 7.0 in GONF (L. = 2.1 nm) to 9.5 layers in RGONF-220 (L. = 2.9 nm).
These slightly thicker graphite domains are due to the light restacking of the graphene layers by
strong 77 interactions and Van der Waals forces between graphene layers and intercalated water
molecules [32,42,47 48].

GONF (100-101)
RGONF-140

=]

oy

E RGONF-180

it

= \\// \“k
RGONF-220

55
20 (°)

Figure 2. X-ray diffraction (XRD) patterns of GONF and RGONFs obtained at 140, 180, and 220 °C.

Table 1. Structural parameters of GONF and RGONFs obtained at 140, 180, and 220 °C determined

by XRD.
Sample d (nm) L. (nm) n
(002) * (002) (002) * (002) (002) * (002)
GONF 0.810 0.344 1.5 2.1 2.9 7.0
RGONF-140 - 0.347 - 2.1 - 7.0
RGONF-180 - 0.345 - 2.3 - 7.6
RGONF-220 - 0.346 - 2.9 - 9.5

* For shifted (002) peak.

The bulk and surface compositions of GONF and RGONFs were analysed by elemental analysis
and XPS, respectively, as presented in Figure 3 and Table 2. XPS survey spectra of the samples
(Figure 3a) showed an inverse behaviour in the trends of C and O which increased and decreased,
respectively, as the reduction temperature increased. Surface O content decreased from 18.4 at. %
in GONF to a minimum of 12.4 in RGONF-220 (or 32.5 and 17.8 wt. % for the bulk composition,
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respectively). C/O atomic ratios of RGONFs ranged from 5.3 and 5.4 for RGONF-140 and RGONE-180
to 7.0 for RGONF-220, and they were within typical values for reduced GO obtained by hydrothermal
processes [49-51]. N and S contents are derived from the use of NaNOj3; and H,SO, during GONF
synthesis. The evolution of the different oxygen-containing groups was followed by deconvolution
of the C 1s high-resolution regions (Figure 3b and Table 2). Details about C 1s deconvolution can be
found elsewhere [9,29]. C 1s was fitted to the components: sp2 (C=C) and sp3 hybridized carbon (C-C),
C-O bonds in hydroxyls and epoxides (in-plane)s and C-S in sulfonic acid and organosulfates [9],
C=0 bonds in carbonyls and carboxyls (edge groups), and the —* shake-up satellite belonging to
aromatic and unsaturated bonds. All samples showed both in-plane and edge oxygen functionalities
disrupting the sp? graphene network. Reduction removed both, although only RGONF-220 reached a
significant variation for edge functional groups. More evident was the restoration of the saturation in
RGONFs as incremented the contribution of 7t—mt* transitions.
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Figure 3. (a) X-ray photoelectron spectroscopy (XPS) Survey; and spectra of the (b) Cls region of GONF
and RGONFs obtained at 140, 180, and 220 °C.

Table 2. Bulk and surface composition measured by elemental analysis and XPS, respectively.

EA (wt. %) XPS—Survey (at. %) XPS—C 1s (%)
cC O N S H C o N S (CO Csp> CO C=0 mn-m*

GONF 559 325 01 16 24 801 184 03 12 44 622 237 104 37
RGONF-140 674 229 01 18 13 823 155 03 19 53 564 237 9.8 100
RGONF-180 677 219 01 19 13 829 154 03 14 54 568 230 94 108
RGONF-220 742 178 01 1.1 12 864 124 03 10 70 589 229 80 10.1

Sample

Although the hydrothermal reduction only causes the partial oxidation of the starting GONFs,
it is enough to modify some physicochemical properties, such as layer restacking or texture.

Figure 4 shows the N, and CO, isotherms of GONF and RGONF samples. Likewise, textural parameters
are listed in Table 3. Based on the results of N physisorption, GONF and RGONFs exhibited type IV
isotherms (according to the TUPAC [52]), typical of mesoporous solids, with a H3 hysteresis loop closing at p/pg
= 0.45. This hysteresis type corresponds to non-rigid aggregates of plate-like particles, where condensation
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takes place between parallel plates or open slit-shaped capillaries [52]. The sharp step-down located
in desorption branch at p/py = 0.43-0.53 is attributed to pore blocking in pore necks [52]. BET surface
areas (Sggr in Table 3) obtained using the adsorption branch of the N, physisorption decreased from
21.7 m?-g~! for GONF to 14.3 m?-g ™! after hydrothermal reduction at the lowest tested temperature (140 °C).
Higher temperatures resulted in an increase of Sggt (25.1 and 46.3 m2~g_1 for RGONEF-180 and RGONF-220,
respectively). Oxygen and sulphur functional groups contained in GONFs hinder the access for N to certain
type of pores. After reduction, these groups are partially removed and the graphene layers are approached.
Consequently, the development of porosity in RGONFs is mainly due to the mesopores generated in
their more difficult compaction as V; values indicated. RGONF structures, where the layer restacking
occurred, are more rigid than GONFs. On the other hand, due to the importance of micropores in GO
samples, which are ascribed to the cuneiform pores between the graphenes (slit type pores), CO, adsorption
measurements were also carried out in order to know the surface area of GONF and RGONFs including
narrow micropores (from 0.4 nm). The micropore surface areas (Sp;c) offered the same evolution as observed
for Sggr but showing values much higher than those. In this case, the progressive removal of surface
functional groups resulted in the clear recovery of the micropore surface area. An even higher development
of micro- and mesoporosity could be hydrothermally obtained at more severe conditions [43].
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Figure 4. (a) Isotherms of Nj at 77 K and (b) CO, at 273 K for GONF and RGONFs.

Table 3. Textural parameters of GONF and RGONFs obtained at 140, 180, and 220 °C.

N CO,
S 1
ample SBET Vi Smic ° Vi mic ¢
(m?-g-1) (cm®-g~1) (m?.g-1) (em®-g1)

GONF 21.7 0.032 101.8 0.029
RGONF-140 14.3 0.047 43.6 0.014
RGONF-180 25.1 0.070 36.4 0.010
RGONF-220 46.3 0.109 79.5 0.022

2 Total pore volume at p/py = 0.994 (maximum pore size of 495 nm); b5 i using the Dubinin-Radushkevich equation;
¢ Total pore volume at p/py = 0.031 (maximum pore size of 0.8 nm).

3.2. Electrochemical Characterization of GONF and RGONFs

Cyclic voltammograms (CV) were recorded in deaerated 0.5 M H,SOj at six different scan rates:
5,10, 20, 50, 100, and 200 mV-s~! for GONF and RGONFs. Figure 5 shows the current density-potential
behavior for every carbon material at the different scan rates. As expected, the increase of scan rate
is associated with an increase of the charge. A quasi rectangular shape is observed for all of them,
accounting for the influence of double layer capacitance, together with a small redox contribution
with peak current density at about 0.6 V vs. RHE in the positive-going scan and 0.4 V vs. RHE in the
negative-going one.
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Figure 5. Cyclic voltammograms (CV) from 0.2 to 0.8 V vs. reversible hydrogen electrode (RHE) at
several scan rates (5, 10, 20, 50, 100, and 200 mV-s~!) of (a) GONF; and RGONFs obtained at (b) 140;
(c) 180; and (d) 220 °C. Aqueous electrolyte: 0.5 M HpSOy.

Specific capacitances were obtained following the Equation (1). Figure 6a shows an example of
the specific capacitance-potential curves obtained at 20 mV-s~ for GONF and RGONFs, while the
capacitance values as function of the scan rate are given in Figure 6b. In spite of the partial removal of polar
oxygen groups upon hydrothermal reduction treatments (oxygen groups may enhance the hydrophilicity
and thus the available electrochemical surface area), an important increase of the double-layer current
(see Figure 6a) was observed for RGONFs with specific capacitances from 8- to 16-times higher than that
obtained for GONF (~6 F-g~!). RGONFs exhibit a much higher capacitance than GONF, with a good
capacitance retention (Figure 6b), despite the relatively low surface area of RGONFs, as evidenced by N,
and CO; physisorption experiments. Although the morphology and structure of RGONFs are different
to those reported in the literature regarding reduced graphene oxide, carbon nanofibers decorated with
reduced graphene oxide or hybrid materials [53-57], other graphene-based materials have exhibited
similar values of specific capacitances in the order of 100 F-g~! with BET surface areas of same order of
magnitude than RGONFs reported in this work [21,58].
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Figure 6. (a) Specific capacitance vs. potential curves at 20 mV-s~! of GONF and RGONF samples.
(b) Specific capacitance as a function of the scan rate. Aqueous electrolyte: 0.5 M HpSOy.

The samples reduced at 140, 180, and 220 °C present capacitance values up to 104, 75, and 55 F-g~!,
respectively. RGONFs present fishbone arrangement (from the original CNFs) with turbostratic
stacks forming an oblique angle to the longitudinal growth axis (Figure 1). These highly crystalline
structures consisting on few-atom-thick stacks with sp?-hybridized carbon and lateral dimensions
less than 100 nm are expected to exhibit unique properties due to edge effects, quantum confinement
and structural defects [58,59]. Consequently, these structures may confine energy band gaps and
delocalized charge carriers, resulting in high specific capacitance. On the other hand, other authors have
reported an enhanced capacitance of reduced graphene oxide in comparison to graphene oxide [60,61].
The latter can be related to: (i) an increase of the electrical conductivity upon hydrothermal reduction,
which favours the electron mobility at RGONF electrodes [61-63], and/or (ii) the particular porous
texture and turbostratic structure of RGONFs, which is less restrictive for ion/electrolyte transport.
In this context, an important recovery of the —* shake-up satellite contribution was observed by
XPS (Table 2) upon hydrothermal reduction, as well as a progressive removal of oxygenated species,
which may lead to an improved carbon conductivity [7]. On the other hand, a significant decrease
of the narrow microporosity was observed after reduction treatments (Table 3, CO, physisorption).
These narrow micropores may hinder the access of the ions to the surface of carbon electrodes.
Additionally, reduction of GONFs is expected to reduce the band gap and to increase the electron-hole
pairs, which leads to an enhancement of the quantum confinement [64].

Interestingly, as the reduction temperature decreases, a larger electrochemical capacitance was
obtained. These results indicate that the material reduced at 140 °C presents balanced characteristics
for charge storage. Higher temperatures resulted in the increase of narrow microporosity as well
as some slight restacking of the graphene layers (as confirmed by XRD), which may result in a
more restricted quantum confinement effect [32]. Whereas the bare GONF exhibits poor electrical
conductivity hindering the electron mobility. Additionally, RGONF-140 presented the highest surface
S content (XPS, Table 2) and the largest O concentration among RGONFs. Sulphur and oxygen species
have also been reported to present a positive effect on the capacitance of carbon materials in both
acid and alkaline electrochemical environments, as a result of Faradaic reactions (pseudocapacitive
contribution) and/or a lower affinity to adsorb water by changes in the charge distribution on carbon
atoms [34,65-68].

In order to gain further insights on the relative influence of pseudocapacitive contribution to the
total specific capacitance, current density was deconvoluted in two components as in Equation (2),
as reported in [69]:

1) = kv + kp v2 )
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where [ is the current (A), k; and k; are scan rate independent constants and v is the scan rate
(V-s71). The component associated to k; (proportional to v) encompasses electrochemical double layer
charging (non faradaic), while k, (proportional to v/2) is related to diffusion limited charge from the
faradaic contribution of pseudocapacitance, as derived from the Randles—Sevcik equation [39,70,71].
By linearization of Equation (2), a simple linear regression can be applied to the representation of W12
against v'/2 as follows in Equation (3):

1) = kv + &y 3)
Figure 7a depicts the variation of i/v!/2 with the square root of v for all the materials, including both
positive- and negative-going values of current at 0.5 V vs. RHE, together with their linear regression.
In RGONF materials, the intercept with the y-axis increases as reduction temperature decreases,
indicating a larger pseudocapacitive contribution in the nanofibers treated at lower temperature.
Double layer capacitances and pseudocapacitances were calculated from these linear regressions for all
the samples, as represented in Figure 7b. The double layer contribution to the total specific capacitance
accounts for 87-100% according to this methodology. The largest pseudocapacitance was observed for
RGONF-140 (Figure 7b), which is related to the larger extent of O and S groups on the structure of
the former material in comparison with the other two RGONFs. The relative contribution of redox
processes to the total capacitance is depicted in the inset graph of Figure 7b as a function of the C/O
ratio, determined by XPS. As expected, an increase of oxygen surface groups (decrease of C/O ratio) in
the form of quinone/hydroquinone (C=0 species, XPS, Table 3) results in an increase of the relative
pseudocapacitive effect.
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Figure 7. (a) Dependence of i/v'/? with v/ for GONF and RGONFs at 0.5 V vs. RHE. (b) Specific
capacitances determined from the deconvolution in Figure 7a separated in pseudocapacitance
(red, oc v1/2) and double layer capacitance (black, o v), for the positive- and negative-going scans
being the left and right column, respectively, for each material; the inset represents the percentage of
pseudocapacitance as a function of C/O ratio from XPS.

In order to study the overall resistance and the electrolyte ion transport, alternative current EIS
measurements were carried out at 0.5 V vs. RHE with 10 mV amplitude (r.m.s.). Figure 8a shows the
Nyquist plots, while the Bode-impedance and Bode-phase plots are given in Figure 8b,c, respectively,
for all the materials. The Nyquist plots of RGONFs exhibit a sharp increase of the imaginary component
of impedance (Z”) with the decrease of frequency, which is indicative of their almost ideal capacitive
behaviour, together with a small semicircle at high frequencies [55]. Interestingly, RGONFs present a higher
slope at low frequencies than GONF indicating faster ion movement [53,72]. Therefore, RGONF materials
present a low charge-transfer resistance with high electrolyte diffusion. The intersection point with the
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real axis in the Nyquist plot corresponds to the equivalent cell series resistance (Rs), which is in the range

1.5-2.4 Q-cm~2. The latter is also evident in the Bode-impedance plot at high frequencies (Figure 8b).
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Figure 8. (a) Nyquist impedance plots with a 10 mV AC amplitude around 0.5 V of GONF and RGONFs.
(b) Frequency-dependent impedance modulus Bode plots with a 10 mV AC amplitude around 0.5 V.
(c) Frequency-dependent phase angle Bode plots with a 10 mV AC amplitude around 0.5 V. (d) Specific
capacitance vs. frequency curves with a 10 mV AC amplitude around 0.5 V of GONF and RGONFs.
Aqueous electrolyte: 0.5 M HpSOy.

Figure 8d shows the dependence of the specific capacitance (F-g~!) with the frequency,
where capacitance values were obtained by Equation (4):

“Awz)

As expected, an increase of the capacitance as the frequency decreases is evident for all materials.
At the lowest frequencies (0.01 Hz), the curves reach a plateau at the maximum capacitances. In line
with the results obtained by CV, improved capacitances were obtained for RGONFs (76-137 F-g~1)
in comparison to GONF (16 F-g~!). On the other hand, RGONF-140 presented the highest capacitive
performance (137 F-g™!). As the severity of the reduction conditions increases, a lower capacitance
was obtained for RGONF-180 (98 F-g!) and RGONF-220 (76 F-g~!), following the same trend
already observed by CV experiments. Although superior capacitance values were obtained by EIS
measurements in comparison to those calculated by CV, comparable results were observed at 0.5 V
vs. RHE (see Figures 8d and 7b). On the other hand, a decrease of the capacitance determined by EIS
measurements was evident at 0.2 and 0.8 V vs. RHE. For example, values of 72 and 58 F-g~! were

*)
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recorded at 0.2 and 0.8 V vs. RHE for the carbon RGONF-180 (Figure 9), whereas a higher capacitance
(98 F-g~1) was observed at 0.5 V. This is ascribed to the contribution of the pseudocapacitive component
observed in CV experiments at potentials close to 0.5 V vs. RHE, and related to reversible redox
processes from oxygen surface groups, most probably quinone-hydroquinone redox pair.
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Figure 9. Specific capacitance vs. frequency curves with a 10 mV AC amplitude around 0.2, 0.5,
and 0.8 V of RGONF-180. Aqueous electrolyte: 0.5 M H,SOy.

This work reveals that hydrothermal reduction of GONF leads to an enhancement of the specific
capacitance, with reduction temperature playing an important role in the morphology and structure of
the RGONF materials and also on the electrochemical performance. These results are of interest to
design electrodes with potential applications in electrochemical energy conversion and storage, such as
supercapacitors, batteries or fuel cells. However, further electrochemical characterization would be
necessary to achieve the requirements of commercial devices. For instance, optimization of the mass
loading and thickness of the electrode and long-term stability studies.

4. Conclusions

In this work, the influence of hydrothermal reduction at different temperatures (140, 180, and 220 °C)
of fishbone graphene oxide nanofibers was carried out, obtaining a novel material with enhanced
electrochemical capacitance. After reduction, the resultant carbon presented the partial removal of
basal functional groups on graphene/graphite domains, resulting in accessible turbostratic domains
and restored electronic conductivity. In particular, RGONFs showed an improved double-layer current
with capacitance values from 8- to 16-times higher than GONF, which is ascribed to the unique structure
of RGONFs. Hydrothermal reduction at 140 °C led to the highest capacitance as evidenced by cyclic
voltammetry and electrochemical impedance spectroscopy (up to 137 F-g~1). A rise in the hydrothermal
reduction temperature resulted in a removal of S- and O-containing functional groups and an increase of
microporosity, leading consequently to a lower specific capacitance. Additionally, XRD evidenced the
presence of slightly thicker graphite domains for the materials treated at 180 and 220 °C, which might
decrease the quantum confinement effect, reducing capacitance values.

The proposed approach represents a novel strategy for the production of reduced graphene oxide
nanofibers with tuneable properties. The reduced materials exhibit a unique structure and morphology
with an enhanced capacitance in comparison to GONFs.
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Abstract: Graphene cryogels synthesis is reported by amine modification of carboxylated graphene
oxide via aqueous carbodiimide chemistry. The effect of the amine type on the formation of the
cryogels and their properties is presented. In this respect, ethylenediamine (EDA), diethylenetriamine
(DETA), triethylenetetramine (TETA), were selected. The obtained cryogels were characterized by
Fourier Transformed Infrared spectroscopy, thermogravimetric analysis, X-ray spectroscopy, and
Scanning electron microscopy. The CO, adsorption performance was evaluated as a function of
amine modification. The results showed the best CO, adsorption performance was exhibited by
ethylenediamine modified aerogel, reaching 2 mmol g~! at 1 bar and 298 K. While the total N content
of the cryogels increased with increasing amine groups, the nitrogen configuration and contributions
were determined to have more important influence on the adsorption properties. It is also revealed
that the residual oxygen functionalities in the obtained cryogels represent another paramount factor
to take into account for improving the CO, capture properties of amine-modified graphene oxide
(GO)-based cryogels.

Keywords: graphene oxide; amine; cryogel; CO, capture

1. Introduction

The developments in nanotechnology and innovations in graphene research indicated graphene
cryogels as a novel class of three-dimensional (3D) architecture with prodigious potential in varying
applications including CO, capture, energy storage or pollutant adsorption. The myriad of applications
arise from the outstanding properties of these cryogels such as their low density, high specific area,
mechanical strength and electrical conductivity [1-4].

The most effective approach to integrate graphene into such bulk materials is the self-assembly
of graphene oxide (GO) sheets [5-7]. In this respect, one of the most used and preferred methods is
the hydrothermal one, due to its low cost and easy implementation. By applying the simultaneous
reduction and self-assembly of GO in the presence of amines and a subsequent freeze-drying procedure,
aerogels could be synthesized to tackle the urgent environmental matter of highly selective and efficient
CO; capture [8-14].

The practical implementation of amine bulk sorbent materials generally requires a high surface
area, high pore volume, high amine content, amine stability, etc. [15-17]. However, there are
large discrepancies in the most affecting parameters towards tailoring the CO, capture properties.
For example, while the specific surface area of a polyethyleneimine-modified GO was reportedly low,
its CO, adsorption capacity reached values as high as 1.9 mmol g~! at 298 K and 1 bar [18].

Nanomaterials 2020, 10, 1446; d0i:10.3390/nano10081446 www.mdpi.com/journal/nanomaterials
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The approaches to improve the structure and adsorption properties of these macroscopic materials
mainly refer to adjusting the properties of GO and to the control of the functionalization degree.
Concerning GO, approaches such as narrowing of GO size distribution [19] by employing different
mesh size of the parent graphite for oxidation or the control of the oxidation degree were studied [20].
Our group has previously reported on the effect of simple hydrothermal synthesis conditions on the
gelation and formation, as well as the effect of GO synthesis conditions on the CO, capture properties
of ethylenediamine (EDA)-impregnated GO-based 3D monoliths [8,9]. Other studies considered the
impregnation with amines such as EDA for obtaining 3D monoliths with improved conductivity and
mechanical properties [21].

Concerning the functionalization of GO, the incorporation of nitrogen atoms is commonly
applied in order to generate various active sites. The nitrogen content was reported to be greatly
influenced by the choice of solvent [16,17], which is usually an organic one. Various reports indicated
the N configuration has marked effect on CO, conversion and uptake, selectivity and activity of
doped material [8,9,22-27]. The type of N configuration could be tailored by suitable synthesis
conditions. On the other hand, the residual oxygen functional groups in the graphene aerogels were
shown to participate, as well, to the interaction with CO,, influencing their adsorption capacity and
selectivity [28,29].

The preferred approaches to modify the GO surface with amine molecules include impregnation
or covalent functionalization [30]. Despite its simplicity, time and cost efficiency, the physical
immobilization of amines achieved by the simple wet impregnation route mostly rely on weak
interactions between the amine and GO which could compromise the stability and lifetime of the
sorbent. This approach could also affect the level of amine loading, which is known to be directly
linked to the CO, adsorption capacity [31]. As amine leaching is an aspect that needs to be considered
for long-term viability as a CO, capture agent [19,32,33], the synthesis conditions and operating ones,
such as high temperatures must be carefully selected. A proposed approach to improve the loading
and amine stability is to exploit the reactivity of the oxygen groups on GO to covalently functionalize
the GO surface, similarly to other sorbents [20,34-36].

Therefore, control of the GO functionalization results essential for the design of aerogels with
improved CO, adsorption properties. It should be noted that the different protocols employed for
GO preparation were reported to induce inhomogeneity between the studied samples. As the GO
is decorated with different oxygen groups, varying simultaneous derivatization reactions, including
epoxy ring opening and the amidation of carboxylic acids of GO, may be induced [15] and, as such, the
efficiency evaluation of such reactions is a difficult task. Under these aspects, the carboxylation of GO
was suggested as a suitable approach to obtain a precursor material with a similar oxidation degree
for the functionalization [37]. Moreover, the amine grafting ability of the oxygen groups on GO was
shown to be higher for carboxyl ones [38].

On the other hand, a high nitrogen content and desired nitrogen configuration could be
achieved by adjusting the chain length and the number of functionalities in the amine employed
for functionalization [16]. These parameters were shown to affect the CO, uptake performance also
in terms of suitable space between the functionalized GO layers for the reaction with the gas [39].
For example, EDA resulted in better uptake reaching 1.46 mmol g~! than its counterparts functionalized
with butanediamine and hexanediamine [40]. The type of amine is another important aspect as well,
with the secondary types being indicated as a compromise between primary and tertiary ones in terms
of sorbent regeneration [20].

In this work, a systematic study on the amine modification of GO cryogels is presented to
enhance the understanding on the effect of functional groups in amine-modified graphene cryogels
on their CO, capture performance, namely residual oxygen functionalities and nitrogen bonding
configuration. In general, the literature reports GO covalent modification with amines in harsh
conditions of temperature or by complicated processes. Due to this aspect, a more simple approach is
highly desired. In this work, the amidation reaction was achieved by simple carbodiimide chemistry
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as non-toxic alternative and aqueous solvent medium was considered in order to avoid auxiliary
procedures, high costs and generation of large chemical wastes. To this purpose, GO was subjected to
a carboxylation process and further modified with varying amines, namely ethylenediamine (EDA),
diethylenetriamine (DETA), and triethylentetraamine (TETA) in order to introduce varying nitrogen
content and configuration into the cryogels. A variation of GO with increased oxidation degree
was tested in order to confirm the results on the effect of residual oxygen groups. The results show
that the CO, capture performance is greatly influenced by the N configuration and residual oxygen
functional groups.

2. Materials and Methods

2.1. Materials

Aqueous slurry of GO nanosheets (3.73 mg mL™") was provided by Graphenea (Donostia, Spain).
The improved oxidation degree GO dispersion (1.5 mg mL~!) was supplied as well by Graphenea.
Further information on the characteristics of the dispersions is available on the provider website.
Chloroacetic acid (CICH,COOH, >99.7%), hydrocloric acid (HCl, 37%), sodium hydroxide (NaOH,
>98%), ethylenediamine (EDA, 99%), diethylenetriamine (DETA, 99%), triethylenetetramine (TETA,
>97%), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, >98%) and N-hydroxysulfosuccinimide
(S-NHS, >98%) reagent grade were purchased from Sigma Aldrich (Valencia, Spain) and used
as received.

2.2. Carboxylation of GO

Prior to use, the GO aqueous dispersions (2 mg mL~!) were prepared from the aqueous slurry by
ultrasonic bath treatment for 1 h. Carboxylated GO nanosheets (named GO-COOH hereafter) were
obtained through reaction with chloroacetic acid under strong basic conditions, to convert oxygen
containing groups of GO to carboxylic groups [41]. Briefly, 10 g of chloroacetic acid and 12.8 g of
NaOH were added in a 100 ml of a 2 mg mL~! GO dispersion and ultrasonicated in a water bath for 3 h
at room temperature. The resulting solution was neutralized with HCl and then purified by repeated
rinsing with distilled water and filtration. The product obtained was finally dried in an oven at 50 °C.
The improved oxidation degree GO was subjected to the same carboxylation process and employed for
further use.

2.3. Functionalization of GO-COOH with Amines

The schematics of the synthesis of the cryogels can be found in Figure S3 in the Supplementary
Materials. For the amine functionalization of GO-COOH by carbodiimide chemistry, the EDC was
employed to activate the COOH groups and further form the succinimide ester by reacting with S-NHS.
First, 40 mg of GO-COOH was suspended in 20 mL of deionized water and ultrasonicated in a bath for
1h. Then 40 mg of EDC and 40 mg of S-NHS were added to the above suspension and mixed. Next, the
amine modifier was incorporated under magnetic stirring in a 1:5 wt. GO-COOH/modifier ratio and
was left overnight with continuous stirring in ice bath. Then suspension was heated in an oven at 85 °C
for 4 h and hydrogel was obtained. The same preparation procedure was used to functionalize the
GO-COOH with EDA, DETA and TETA amine modifiers. Finally, the hydrogel was rinsed thoroughly
with distilled water and ethanol.

2.4. Methods

Three-dimensional porous cryogels were obtained from their respective hydrogels by freeze-drying
at —80 °C under a high vacuum at 0.05 mbar in a LyoQuest freeze-drier (Telstar, Madrid, Spain) with
three-directional cooling with a rate of about 12 degrees min~! followed by sublimation at 20 °C for
48 h at 0.015 mbar.
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The apparent density of the cryogels considered their weight and volume. The cryogel volume
was measured with a calliper with an accuracy of 0.05 mm (measurement error +10%.).

The FTIR spectra were acquired on a FT/IR-6200 (Jasco, Madrid, Spain) spectrometer in the spectral
window of 4000-400 cm ™! in attenuated total reflectance ATR mode, using a resolution of 4 cm ™! and
32 scans.

Thermogravimetric analysis (TGA) was performed on a TGA Q50 thermogravimetric analyzer
(TA Instruments, Cerdanyola del Valles, Spain). Samples (5-10 mg) were weighed in titanium crucibles
and heated under nitrogen atmosphere from 50 to 800 °C at a heating rate of 10 °C min~?.

X-ray photoelectron spectroscopy (XPS) measurements were performed on the powder samples
using a spectrometer (VG-Microtech Multilab 3000) equipped with a monochromatic Al X-ray source
(1486.6 eV) (Thermo Fisher Scientific Inc., Waltham, MA, USA). The calibration for the surface
charging of the binding energy was performed with reference to the Cls peak binding energy. Curve
deconvolution for atomic composition was performed using CASAXPS 2.3.17 software (Casa Software
Ltd. Wilmslow, Cheshire, UK) by applying a Shirley baseline subtraction and a Gaussian-Lorentzian
(70%:30%) peak shape.

The nitrogen and CO, adsorption/desorption isotherms were performed on ASAP 2420 analyzer
(Micromeritics, Norcross, GA, USA). The samples were outgassed under vacuum at 80 °C for 24 h
before adsorption measurement. The Brunauer-Emmett-Teller (BET) approach was employed to
obtain the specific surface areas of modified cryogels from the nitrogen adsorption isotherms measured
at 77 K. The CO, adsorption isotherms of the modified cryogels were recorded up to 1 bar at varying
operating temperatures.

3. Results and Discussion

3.1. Synthesis and Characterization of GO-COOH

A carboxylation procedure was applied to the parent GO nanomaterial. This approach was
applied to normalize the content of oxygen in the GO subjected to amine modification. Moreover, this
process was indicated to improve aqueous dispersion stability with respect to GO [42,43], which is
highly desirable for the solvo-thermal synthesis of 3D GO-based aerogel structures. Figure 1A shows
the TGA curves recorded for GO-COOH and GO nanomaterials. GO starts its decomposition at about
170 °C and continues up to about 300 °C. A second pronounced weight loss occurs around 500 °C.
GO-COOH on the other hand starts its decomposition earlier at about 120 °C and loses around 20% of
its mass up to 170 °C. Then, a slight but gradual weight loss appears. Both materials show an initial
weight loss associated with some structural water evaporation and thermal decomposition of more
labile oxygen-containing functional groups [44—46]. In the case of GO-COOH, this decomposition
starts at a lower temperature due to the higher density of carboxylic acid functional groups attached to
its surface. The slight gradual weight loss above 200 °C is attributed to the degradation of more stable
oxygen functionalities. Furthermore, at about 500 °C a significant weight loss is observed [47,48].

Figure 1B shows FTIR spectra of GO and GO-COOH, in both spectra the characteristic peaks
associated with graphene oxide can be seen. The peak for C=0O stretching in carboxylic acid appears at
1728 cm~! and the C=C stretching in aromatic rings occurs at 1618 cm™~!. Peaks related with C-O-C
from epoxy and C-OH from carboxylic groups at 1032 and 1357 cm™! are also showed. Finally, at
3148 cm™! and 2780 cm™! it can be observed a broad band from the stretching vibrations of O-H
and C-H bonds [49,50]. From Figure 1B, we can see how the peaks associated with the carboxyl
groups at 1728 and 1357 cm™! show a clear increase in intensity. Furthermore, the peak related to
the aromatic domains of GO at 1618 cm™! also increases its relative intensity with respect to the
rest. The carboxylation process appears to result in the partial removal of some oxygen groups and
most probably their transformation. However, the GO-COOH exhibited good dispersion stability, in
agreement with other reports [42,43].
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Figure 1. Thermogravimetric curves (A) and FTIR spectra (B) for graphene oxide (GO) and GO-COOH.

XPS analysis was further employed to determine the species modified by the carboxylation
process. The evolution of the survey and C 1s spectra of GO with carboxylation are presented in
Figure 2. The fitting curves employed for the deconvolution of the C 1s peak have a binding energy
located at about 284.6, 286 and 288.6 eV and are assigned to C=C/C-C, C-OH/C-O-C and O=C-0O,
respectively [51]. As can be observed from the corresponding contributions of the deconvoluted C 1s
peak, the carboxylic carbon contribution increased upon carboxylation of GO from 7.5 at% to 13.1 at%
while some oxygen groups got lost, which resulted in about a 23% increase in C/O ratio, from 2.1
to 2.6 for the GO and GO-COOH, respectively. Thus, the conversion of oxygen groups into others
is suggested.
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Figure 2. XPS C 1s spectra of GO and GO-COOH.

3.2. Formation of Amine-Modified GO-COOH Cryogels

The effect of functionalization with amines of the GO-COOH was further studied on the volume
and density of the modified cryogels and it is depicted in Figure 3. It can be seen that both the volume
and the density increase with the molecular mass of the amine incorporated in the cryogel, showing
the trend EDA < DETA < TETA for the two properties studied. Digital images of the obtained cryogels
are available in Figure 54 in the Supplementary Materials.
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Figure 3. Modified cryogel volume and density with the amine functionalities.

To explain the obtained trend, two effects associated to the amines must be taken into account.
On the one hand, there is the thermal and chemical reduction induced by the amine [14,52] that leads to
GO-COOH stacking. On the other hand, there is the effect of the amine molecules introduced between
the GO-COOH sheets, which prevent their stacking by acting like spacers [53-55]. In this sense, EDA
offers the best reducing capacity and, at the same time, is the smallest molecule with the lowest weight.

3.3. Characterization of Amine-Modified GO-COOH Cryogels

The analysis of the effect of the molecular structure of the amines on the morphology of the modified
cryogels is further depicted in Figure 4. The SEM measurements indicated that the homogeneity of
the distributed sheets decreased, while their stacking increased with the amine functionalities of the
modifier, which suggest an improved porosity in the EDA-modified GO-COOH cryogels, while the
DETA and TETA-modified ones show enlarged, irregular pores.

Figure 4. SEM images of GO-COOH cryogels modified with: (A) ethylenediamine (EDA)
(B) diethylenetriamine (DETA) and (C) triethylenetetramine (TETA).
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Figure 5 shows the TGA curves of amine modified GO-COOH-based cryogels. It can be seen that
the amine-functionalized GO-COOH displays a similar profile to that of pristine GO-COOH, while
also displaying an improved thermal stability. The amine-functionalized cryogels show a shift towards
higher temperatures in the main weight loss compared to pristine GO-COOH, starting decomposition
at about 200 °C and going up to 400 °C. However, above 400 °C, only EDA-modified cryogel exhibits
enhanced thermal stability, while DETA and TETA-modified GO-COOH show less stability than
pristine GO-COOH. The weight loss around 200 °C can be attributed to the degradation of the less
stable oxygenated functional groups, as well as to the amine bond [41,42]. Above this temperature,
the weight loss is very small and it can be associated with the more stable functional oxygen group
decomposition [47,48]. The cryogel functionalized with EDA presents a more improved stability than
the rest, indicating a greater number of molecules linked by covalent bonding to the carboxyl groups,
forming amide bonds [56]. It was shown that EDA acts as a more efficient reducer for the oxygen
functionalities of GO-COOH [49,50]. DETA- and TETA-modified cryogels show a similar and lower
thermal stability.

Weight (%)

100 200 300 400 500 600 700 800
Temperature (°C)

Figure 5. Thermogravimetric curves of GO-COOH before (A) and after functionalization with EDA
(B), DETA (C) and TETA (D).

The XPS analysis of the modified GO-COOH-based cryogels confirmed the successful
functionalization with the amines. Figure 6 depicts the C 1s and N 1s spectra for the GO-COOH
upon modification with EDA, DETA and TETA, respectively. The results indicated higher atomic C
content and lower O atomic content of the cryogels, thus resulting in increased C/O ratio, reaching
the values 3.6, 3.8 and 5.1 for the cryogel modified with EDA, DETA and TETA, respectively. This
could be explained by the partial reduction in GO-COOH upon modification with the amines [15]
and the increased functionalization degree with the modifier, as the amine functional groups increase.
The deconvolution of the C 1s peak presented in Figure 6A indicated that the carbon atoms are present
in the form of aromatic rings, with the binding energy of the peak located at 284.6 eV, C-OH/C-O-C
compared to the binding energy located at about 286 eV, which is also attributed to the C-N peak due to
functionalization, C=0 with a binding energy at 287.8 eV and O=C-O with a binding energy located at
about 288.6 eV [51,57]. The carboxyl content in the amine-modified cryogels decreased with respect to
the GO-COOH material, which is attributed to the functionalization with amines. The EDA-modified
cryogel appears to exhibit a peak assigned to C=O which is absent in the other cryogels.

On the other hand, the degree of N-doping and nitrogen configuration were studied by XPS,
as depicted in Figure 6B,C. The results showed that both total nitrogen content and configurations
were strongly dependent on the modifier’s molecular structure. The total N content increased with
molecular structure of the modifier, in agreement with the increase in amine functionalities. The N
content evaluated by EDAX measurements showed a similar trend, namely it decreased in the order of
EDA < DETA < TETA, namely 21.7 < 23.1 < 28.1 (spectra available in the Supplementary Materials).
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Moreover, the C/(N+O) ratio increased to 2.5 < 2.7 < 2.9 for the GO-COOH cryogels modified
with EDA<DETA<TETA, respectively. It is suggested that, simultaneously with the aqueous
functionalization with the amines, the functionalities such as epoxides, hydroxyls and carbonyls
on GO-COOH transform into carboxylic acids, which further suffer decarboxylation; thus, a partial
reduction takes place in the applied temperature conditions [58].

The N 1s XPS peak was deconvoluted in varying bonding configurations, as shown in Figure 6B,C
depicting the evolution of N configuration and their contributions with amine type. The deconvolution
of N 1s peak generally exhibits 5 peaks, namely N, or pyridine-N (398.5 eV), N}, or nitrile (399.5 eV), N,
or pyrrolic-N (400.6 eV), Ng or graphitic-N (401.5 eV) and N, or pyrridinic oxide-N (403 eV) [59-66].

The modification with EDA was observed to result in a dominant contribution from pyrrolic-N
followed by the graphitic one, while the DETA and TETA-modified GO-COOH cryogels exhibited
much lower contributions from such configurations. Except for the nitrile contribution, the other
ones in the N configuration decreased in the order of pyrrolic-N > graphitic-N > N—-oxide and in the
order EDA > DETA > TETA in the modified GO-COOH cryogels. The lower pyrrolic and graphitic N
contributions are most probably induced by the occurrence of N-H bonds, which are expected given
the structure of the corresponding amines that have increased amine functionalities with respect to
EDA [67,68].
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Figure 6. XPS C 1s spectra (A), N 1s (B) and N configuration contribution (N;/N¢) and total N content
(N, at%) for modified cryogels with amine type (C).

3.4. CO, Adsorption Properties of Amine Modified GO-COOH Cryogels

The cryogels modified with amines by aqueous carbodiimide chemistry were further employed
for CO, capture measurements. For exemplification, the effect of the molecular structure of the modifier
on the CO, uptake at 298 K is depicted in Figure 7A. As can be observed, the modified cryogel performs
the best when its molecular structure contains less amine functionalities, that is, in the order of EDA >
DETA > TETA, as in other reports [69]. Moreover, as Figure 7B shows, the modified cryogels exhibited
an increase in the CO, capture properties with operating temperature, from 273 K to 298 K. The increase
in CO; adsorption with the increase in operating temperature from 273 K to 298 K, irrespective of the
amine type, could be attributed to enhanced gas molecule mobility, improved pore filling and the
activation of active sites in the amine-modified cryogels with the temperature [9].
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Figure 7. The CO, adsorption isotherm at 298 K (A) and evolution of CO, uptake with temperature
(B) for the amine-modified cryogels.

The CO, uptake evolution with the amine functionalities could be attributed to various factors.
On one hand, the homogeneity properties of the cryogel obtained a lower amine group content as a
consequence of the improved dispersion and interaction with oxygen functional groups decorating the
GO-COCQCH sheets, as indicated by SEM results. Many reports linked the active surface area to the
improved the adsorption performance [70-72]. The surface area obtained from the nitrogen adsorption
isotherms at 77 K by the BET theory are presented in Table 1. As can be seen, the surface area increased
with the increase in amine functionalities. One may note that the apparent BET surface area values
of the cryogels are low and they can be attributed to the low temperature degassing that is used in
order to avoid a reduction in GO [73]. Therefore, the BET values could not be directly related to the
adsorption properties. Instead, the surface area-normalized uptake (calculated from adsorbed amount
at 1bar, 298K divided to BET surface) may be employed to describe the extent of CO, uptake [9,74,75].
It is observed that the surface area utilization factor increases with lower amine functional group
content in the modifier, reaching an eight-fold increase for EDA compared to TETA.

Table 1. BET surface area and surface area utilization factor at 298 K, 1 bar of GO-COOH cryogels with

amine modifier type.

Modifier BET Surface Area, m? g~1 Surface Area Utilization Factor, mmol CO; m—2
TETA 42,54 0.012
DETA 25.78 0.029
EDA 21.37 0.094

The N content is known to influence the adsorption properties, not only in terms of configuration
type, but also as contribution values to the total N content [76]. In this respect, the pyrrolic or
pyridinic-N configurations were identified as the most important in improving the CO, adsorption,
based on the increase in the basicity character of the aerogel surface due to their presence [77]. However,
there are contradictory theories in this regard, pointing either to pyrrolic-N [78] or to pyridinic-N [65]
as the most favorable configuration. Moreover, CO, adsorption was attributed to take place not only
by electrostatic interaction (due to pyrrolic-N and pyridinic-N) but also by dispersion interaction (due
to graphitic-N) [79]. In our work, it is shown that the introduction of N atoms into the GO-COOH
surface in terms of predominant pyrrolic and graphitic-N greatly enhances the CO, adsorption, with
the uptake increasing with their contribution, as indicated by XPS results, showing the evolution
as pyrrolic-N > graphitic-N > N—oxide with the increase in amine functionalities in the molecular
structure of the modifier, namely EDA > DETA > TETA. Moreover, the obtained results show that the
CO; capture performance decreased with the increase in the reduction degree of the modified cryogel
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expressed not only as C/O, but also as the C/(N+O) ratio, suggesting the marked influence not only of
N content, but also of the residual oxygen functionalities on improving the adsorption properties, in
line with other reports on the effect of the extent of the reduction degree on improving the adsorption
properties [28,29].

In order to obtain more insight into the effect of oxygen functionalities in improving the adsorption
properties, the oxidation conditions of GO were modified so as to introduce more oxygen functionalities.
In this respect, the same graphite (previously expanded) was employed as it enhances the accessibility
of the oxidizing agents. Table 2 indicates the C/O ratio decreased upon using an expanded graphite, as
the oxygen content improved. Although the -COOH% of the higher oxidation degree GO is similar
to the previous GO, there is a higher contribution from C-OH/C-O-C that could be successfully
exploited to increase the -COOH content upon carboxylation of the new material. As a matter of fact,
the carboxylation of the higher oxidation degree GO introduced a 2-fold -COOH contribution with
respect to GO-COOH as well as a higher dispersion in the contributions of C~-OH/C-O-C and C=0.
However, -COOH contribution diminished by functionalization with EDA. A reduction took place, as
previously shown, which resulted in a C/O ratio higher than its EDA-modified GO-COOH counterpart.
This result could be attributed to the increased functionalization degree, as well as lability of the other
oxygen functionalities that underwent transformation and decarboxylation.

Table 2. Evolution of C% and O% atomic composition, -COOH contribution and C/O ratio for higher
oxidation degree GO before and upon carboxylation and further EDA modification (XPS based).

Sample C% 0% -COOH% C/O
Higher oxidation degree GO 63.9 34.6 7.6 1.84
Upon carboxylation 65.6 344 21.7 1.9
Upon modification with EDA 75.6 17.1 21 4.44

Figure 8A depicts the evolution of C 1s spectra for the higher oxidation degree GO and its
corresponding carboxylated derivative. The deconvoluted C 1s peak shows similar peaks with
previous GO-derivatives, namely the C=C/C-C, the C-OH/C-O-C (286.3 eV, which incorporates
contribution from C-N induced by functionalization), C=0 (287.6 eV), O=C-O (288.5-288.8 eV) and
the 7-7t * shake-up satellite peak (291.5 eV, due to the sp?-hybrized C atoms) [58,80,81]. The N
1s spectra of the EDA-modified cryogel obtained from the higher oxidation degree GO is further
depicted in Figure 8B. The deconvolution of the N 1s peak indicates the domination of nitriles, as
the number of amine groups increased due to enhanced functionalization degree. The occurrence
of the nitrile configuration lowers the contributions from pyrrolic and graphitic N to the total N
content in comparison to the corresponding counterpart, namely EDA-modified GO-COOH cryogel.
The decrease in the pyrrolic and graphitic-N contributions is expected to result in lower CO; capture.
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Figure 8. XPS C 1s spectra (A) for the higher oxidation degree GO before (x), and after carboxylation
(y) and furthermore modification with EDA (z); N 1s spectra upon modification with EDA (B).
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The CO, uptake at 298 K, 1 bar for the EDA-modified new cryogel was obtained as 0.8 mmol g™,
as depicted in Figure 9. The performance is lower with respect to the corresponding GO-COOH
counterpart. The evolution of the CO, adsorption could be attributed to the lower oxygen functionalities,
and decreased contributions from pyrrolic and graphitic-N to the total N content.
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Figure 9. The CO, adsorption isotherm of the cryogel obtained from carboxylation and further
modification with EDA of the higher degree GO, at 298 K.

4. Conclusions

Varying amine functionalization by aqueous carbodiimide chemistry was employed to modify
and introduce N content into the structure of carboxylated GO cryogels in order to study the effect of N
bonding configuration on the properties and CO, capture performance. The FTIR, TGA and XPS results
indicated an increased carboxylic functionality content in the GO-COOH, as the other oxygen groups
suffered transformation and partial removal. The functionalization with varying modifiers containing
an increased number of amine groups resulted in the further removal of oxygen groups, simultaneous
with the introduction of increasing N total content. The XPS analysis revealed a marked influence of
the residual oxygen groups and the pyrrolic and graphitic-N bonding configurations of the modified
cryogels on their CO, uptake—that is, the best performance was obtained by the cryogel with the
lowest C/O and C/(N+O) ratios and highest contribution to total N content from the pyrrolic-N as the
dominant configuration followed by graphitic-N, namely the EDA-modified GO-COOH based cryogel.
The active surface utilization factor confirmed the decrease in CO, uptake performance in the order of
EDA > DETA > TETA. The results obtained in this work show promising alternatives in addressing
the task of improving the CO, capture performance of novel amine-modified graphene aerogel.
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Abstract: The development of graphene-based materials for optical limiting functionality is an active
field of research. Optical limiting for femtosecond laser pulses in the infrared-B (IR-B) (1.4-3 pum)
spectral domain has been investigated to a lesser extent than that for nanosecond, picosecond and
femtosecond laser pulses at wavelengths up to 1.1 um. Novel nonlinear optical materials, glassy
graphene oxide (GO)-based silico-phosphate composites, were prepared, for the first time to our
knowledge, by a convenient and low cost sol-gel method, as described in the paper, using tetraethyl
orthosilicate (TEOS), H3PO4 and GO/reduced GO (rGO) as precursors. The characterisation of
the GO/rGO silico-phosphate composite films was performed by spectroscopy (Fourier-transform
infrared (FTIR), Ultraviolet-Visible-Near Infrared (UV-VIS-NIR) and Raman) and microscopy (atomic
force microscopy (AFM) and scanning electron microscopy (SEM)) techniques. H3PO, was found to
reduce the rGO dispersed in the precursor’s solution with the formation of vertically agglomerated
rGO sheets, uniformly distributed on the substrate surface. The capability of these novel graphene
oxide-based materials for the optical limiting of femtosecond laser pulses at 1550 nm wavelength was
demonstrated by intensity-scan experiments. The GO or rGO presence in the film, their concentrations,
the composite films glassy matrix, and the film substrate influence the optical limiting performance
of these novel materials and are discussed accordingly.

Keywords: graphene oxide; sol-gel; silico-phosphate composite films; optical limiting functionality;
ultrashort laser pulses
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1. Introduction

The rapid progress in high-power laser sources and the numerous civilian and military applications
based on them has led to an appropriate development of optical devices for protection of the human
eye and sensitive optical systems.

Passive optical limiting (OL) functionality is based on the nonlinear optical (NLO) absorption
process specific to certain NLO materials. Such an OL material shows a linear increase in the transmitted
intensity/fluence of the laser beam with the incident one below a certain threshold, while above it,
the transmitted intensity/fluence remains constant and independent of that of the incident laser beam.
The OL functionality is schematically shown in Figure 1 for an ideal optical limiter (red curve) and for
a real one (blue curve).

Linear
regime

Ideal luniter

mter Optical limiting

(Nonlinear regime)

Onput light power / intensity

Threshold Input light power / intensity

Figure 1. Optical limiting functionality.

In Figure 1, a linear dependence of the transmitted light power/intensity on the same energetic
parameters incident on the sample defines a sample characterized by a linear transmittance (green line),
withno OL capability. The value of the linear transmittance, T}, is given by the slope of the corresponding
linear dependency.

For a real optical limiter, the desired experimental dependencies of the transmitted light
(power/intensity) on the values of the same parameters of the incident beams are not linear.
The behaviour is graphically described by the blue line. This type of dependency defines the NLO
transmittance, Ty, characterized by a saturation-type curve.

A wide variety of organic and inorganic materials are being studied to achieve efficient OL [1-3].
Graphene has been identified by many industry sectors as a key material that will drive future
product development in flexible electronics, smart textiles, biosensors, drug delivery, water filtration,
supercapacitors and more, as stated by the Graphene Report 2020 [4]. Lately, graphene has shown
great potential as an ideal material for modern photonic, optoelectronic and electronic devices due
to its ultrafast carrier relaxation dynamics and ultra-broadband NLO response as a consequence of
its extended 7-conjugate system and the linear dispersion relation holding for its electronic band
structure [5-14].

The optical limiting in carbon-based materials, in particular, in graphene and in its derivatives,
has been extensively investigated in the last years [14-17]. The optical limiting functionality of these
materials, as suspension, film or bulk, has been mainly studied for visible and near-infrared nanosecond
and picosecond laser pulses (for wavelengths shorter than 1100 nm) [18-21] and, to a lesser extent, for
femtosecond laser pulses (mostly at 800 nm wavelength) [22-26]. Very few papers have investigated
the nonlinear optical absorption and optical limiting of femtosecond laser pulses in the IR-B band
(range, 1.4-3 um), which includes the wavelength of 1550 nm, important for communications [27,28].

In this range of wavelengths, the solvents (water, alcohols and mixture of them) usually used
for suspensions of graphene and of its derivatives have larger absorption than in the visible range,
favouring the unwanted effect of bubble formation in the cells that optically limit the high-intensity
laser beams.
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From a practical application point of view, the transformation of the OL properties of
graphene-based materials from liquid suspensions to solid-state films with a large NLO effect, low OL
threshold, high damage threshold, fast response, broadband spectral response and environmental and
mechanical stability is a challenging task [14,29,30].

The progress in graphene-based NLO devices, such as optical limiters, requires the preparation of
optically transparent films with controlled thickness and graphene concentration [31,32]. To avoid laser
damage to the system, graphene should be embedded into oxide or organic-inorganic matrices because
they exhibit a higher damage threshold with respect to organic/polymers [2,33]. Sol-gel chemistry is the
most suitable route for preparing homogeneous nanocomposite films from a liquid phase. A significant
advantage of the method is the low material synthesis temperature. However, the design of an appropriate
synthesis method for doped films via sol-gel is challenging, since the uncontrolled aggregation of the
doping moieties often occurs in the precursor sol. A sol-gel synthesis route was reported for the
preparation of different graphene-based silica gel glasses with optical limiting properties [29,30,34-36].

H3POy as a phosphor precursor for silica-phosphate films was reported to form Si-O-P bonds
during the sol-gel process [37]. The presence of P,Os in the reduced graphene oxide (rGO)-doped
films prepared by sol-gel was reported to yield a more compact graphene-based composite layer [38].

In this paper, we describe the preparation, for the first time to the best of our knowledge, of novel
graphene oxide-based silico-phosphate composite glassy materials by the sol-gel method, together with
the morphology and structure characterization of the obtained films. We experimentally demonstrate,
by intensity-scan experiments, the OL functionality of these NLO materials for ultrashort (~150 fs)
laser pulses at the important telecommunication wavelength of 1550 nm, for which there are very
few OL reported results. The influence of GO or rGO presence and of their concentrations in the
silico-phosphate composite films, of the silico-phosphate matrix as well as of the film substrate, on the
linear transmittance and optical limiting performance of these novel materials is discussed. We compare
the OL in our samples with several OL results obtained in literature with ns, ps, and fs laser pulses at
visible and near infrared wavelengths.

2. Experimental

2.1. Preparation of Silico-Phosphate Films

The sol-gel chemicals for graphene oxide-based silico-phosphate film preparation were as follows:
tetraethyl orthosilicate (TEOS, 99% purity, Sigma-Aldrich, Redox Lab Supplies Com S.R.L. Bucharest,
Romania) as a precursor for SiO,, phosphoric acid (H3POy, 85 wt. % in H,O, Sigma-Aldrich, Redox
Lab Supplies Com S.R.L. Bucharest, Romania) as a precursor for P,Os5, and rGO/GO (as powders,
supplied by Abalonyx AS, Oslo, Norway). The compositions of the starting solutions, presented in
Table 1, were calculated, aiming to have different concentrations of rGO/GO in the 5iO,-P,0Os films.

Table 1. Composition and denomination of samples.

Matrix Composition

Sample Denomination Dopant Material Si0,/P,05 (tGO or GO)/X (SiO; + P,05)
(wt. %) (g/100 g)
1%rGO-Si0,-P,05 rGO 60/40 1
1.1%rGO-SiO, rGO 100/0 1.1
4%rGO-5i0,-P,05 rGO 60/40 4
1%GO-5i0,-P,05 GO 60/40 1
1.1%GO-SiO, GO 100/0 1.1
4%GO0O-Si0,-P,05 GO 60/40 4

The appropriate amount of rtGO/GO was dispersed in ethanol and immersed in an ultrasonic bath
for 20 min. Then, TEOS was added to the suspension and magnetically stirred for 2 h before adding
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H3POj. The reaction mixtures were magnetically stirred for another 24 h and afterwards spin coated
onto glass and Indium Tin Oxide (ITO)-coated glass at 2000 rpm for 30 s. The thin films were thermally
treated in an oven, first for drying at 200 °C with a heating rate of 5 °C/h and kept for at 200 °C and
afterwards sintered at 350 °C with a heating rate of 500 °C/h and kept for 30 min at 350 °C.

A proposed schematic representation of the reactions for the graphene oxide embedment into the
Si0,-P, 05 glassy film is presented in Figure 2.

Ethanol H,C_OH

Figure 2. Schematic representation of the process reactions.

The phosphoric acid is involved in more reactions schematically presented as follows:

Hydrolyzation of TEOS: O=P(OH)3., + RO-Si- = =P—(OH),.,(0Si) + R-OH; -Si-O-P- + H,0 =
-Si-OH + HO-P-

Condensation of reaction’ intermediates: -P-OH + -P-OH = -P-O-P- + H,0O; -P-OH + -Si-OH
= -P-O-Si- + H,O

Reaction with rGO/GO: -C-COOH + H3PO, = -C-C=0 + H,0 + H,PO4~

2.2. Material Characterization

The chemical structure of the samples was investigated using FTIR spectroscopy (with a Spectrum
100 spectrophotometer provided with Universal Attenuated Total Reflectance (UATR) accessory (Perkin
Elmer, Llantrisant, UK), in the range 550-4000 cm™!, with a resolution of 4 cm~! and 10 scans, with
Atmospheric Vapour Compensation (AVC), and Raman spectroscopy (Nicolet Almega XR, UK-Thermo
Fisher Scientific, Oslo, Norway) with an excitation source of A = 488 nm, a spot of 3 um diameter and a
power of 5 mW at the sample surface. For morphological investigations, atomic force microscopy (AFM)
(XE-100 type from Park Systems, Europe GmbH, Mannheim, Germany, non-contact mode) and scanning
electron microscopy (SEM) with energy-dispersive X-ray (EDX) analysis using a FEI Inspect F50 system
(FEI Europe B.V. Eindhoven, Netherlands) were used. The spectral dependence of the transmittance
was investigated using a UV/VIS/NIR spectrophotometer (Perkin Elmer, Lambda 1050, Llantrisant, UK).

The OL capability of the graphene oxide-based silico-phosphate films was investigated by intensity
scan (I-scan) experiments [39-43] using ultrashort laser pulses of an Er-doped fibre laser (FemtoFiber
Scientific FFS, TOPTICA Photonics AG, Munich, Germany, 1550 nm wavelength, ~150 fs pulse duration).
The experimental setup is presented in the Results and Discussion section. In the OL experiments
performed on different samples, the transmittance curves (transmitted pulse peak intensity vs. incident
one) were determined for a range of average powers incident on the sample increasing up to the
maximum value provided by the utilized laser source.
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3. Results and Discussion

3.1. FTIR Spectroscopy

The FTIR spectra are presented in Figure 3 and summarized in Table 2.
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Figure 3. The FTIR spectra of the deposited reduced graphene oxide (rGO)-/GO-containing thin films.

Table 2. Summary of absorption bands in the FTIR spectra of the investigated samples.

Wave Number

(cm-1) 1.1%rGO-Si0» 4%1rGO-Si0,-P,05  4%GO-Si0,-P,05  SiO,-P,05 Assignment
v(O-H) from
Broad band H-OH adsorbed,
3400 Broad band Broad band Broad band pronounced C-OH, CO-OH,
Si-OH, P-OH
(O-H) vibrations of
water molecules
~1650 - Less intense - Broad band attached to P-O
and GO/rGO
bonds, v (C=C)
Si—-OH stretching
~910 with shoulders:
Shoulders at: Broad band with ~ Broad band with Broad band with Broad band with Vys (TO)Si-O-P
~1060 shoulders shoulders shoulders shoulders v (TO)Si-O-Si
~1100 ~1200 vs (LO) Si-O-Si +
vs O-P-O
768 Pronounced band ~ Pronounced band Pronounced band Pronounced band Vs (Si-O-Si)

The broad peak in the region 2670-3770 cm™! centred around ~3400 cm™~! was observed in all
the samples, most pronounced for the sample (SiO,-P,0s5) without rtGO/GO, less pronounced for
1.1%rGO-Si0O; and even less so for samples containing P,Os. This absorption band was assigned to O-H
stretching vibrations of hydroxylic, phenolic, carboxylic, P-OH groups and absorbed water molecules.
For films containing P,Os, an explanation could be that H3PO, removes the oxygen-containing
functional groups (-OH, C-O and C-OH groups) from the rGO/GO structure, where the main pathway
is the protonation of the OH groups followed by H,O elimination. This explanation is in overall
agreement with the report from Er and Celikkan [44].

The two small broad peaks near ~2920 and ~2846 cm™! observed in the samples with GO
(4%GO-5i0;,-P05) and in the ones without P-O (1.1%rGO-SiO,) were attributed to the stretching
vibrations of C-H in -CH-OH and -CH-COOQOH belonging to graphene oxide and overlapping
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with the hydrogen-bonded OH groups of dimeric COOH groups and intra-molecular-bonded O-H
stretching of alcohols, respectively [45]. Additionally, small peaks at ~1560 and ~1595 cm™! visible
in the FTIR spectrum of the same samples (4%GO-5i0,-P,05 and 1.1%rGO-5i0,) were attributed to
the deformation modes of absorbed water molecules” 5(H-O-H) and O-H groups linked to the -C=0
stretching vibration of carboxylic and/or carbonyl moiety functional groups and of skeletal vibrations
from un-oxidized graphitic domains from rGO or GO [45-47].

The carboxyl stretching vibrations (C=0) at 1736 cm™! belonging to the rGO/GO were not noticed
in any of the samples. However, in the 4%rGO-SiO,-P,05 sample, the large band at ~1640 cm™!
could be due to the shift of the C=0 band towards higher wavelengths overlapping with C=C
stretching vibrations.

In the 4%rGO-SiO,-P,Os5 sample, the vibrational bands at 2920-2846 cm™! were not clearly solved
and a broad band centred at ~2900 cm™! was noticed and attributed to the hydrogen inter-layer bonds
with water molecules [48].

The large band at ~1650 em~! in the SiO,-P,O5 sample was attributed to OH vibrations of water
molecules attached to P-O bonds.

For all the samples, the characteristic vibration bands for SiO,-P,Os amorphous films were
observed in the FTIR spectra: Si-O-5i symmetric stretching (~760 cm™1), Si-OH stretching (~910 cm™1)
with shoulders corresponding to (TO) Si-O-P asymmetric stretching (~1060 cm™'), (TO) Si-O-Si
symmetric stretching (~1100 cm™1) and (LO) Si-O-Si symmetric stretching overlapping with O-P-O
symmetric stretching (~1200 cm™) [49].

3.2. Atomic Force Microscopy

A selection of AFM images is presented in Figures 4-9, and the values of the root-mean-squared
roughness (Rq) of the films deposited on glass and ITO-coated glass are summarized in Table 3.
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Figure 4. AFM image of 1%rGO-5i0,-P,Os/glass film: (a) morphology, (b) region histogram.
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Figure 5. AFM image of 1%rGO-5i0,-P,Os5/ITO film: (a) morphology, (b) region histogram
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Figure 6. AFM image of 1.1%rGO-5iO,/glass film: (a) morphology, (b) region histogram.
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Figure 7. AFM image of 1.1%rGO-5iO,/ITO film: (a) morphology, (b) region histogram.
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Figure 8. AFM image of 4%GO-5i0,-P,Os/glass film: (a) morphology, (b) region histogram.
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Figure 9. AFM image of 4%GO-5i0,-P,O5/ITO film: (a) morphology, (b) region histogram.
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Table 3. The root-mean-squared roughness (Rq) and peak-to-valley (Rpv) from atomic force microscopy
(AFM) investigations.

Sample Rq-Rpv (nm) for 20 um Square Surface
On glass On ITO-coated glass
1%rGO-Si0,-P,05 15-157.5 2.4-100.3
1.1%rGO-SiO, 45-729 2.2-70.5
4%G0-5i0,-P,05 31-461.2 2.25-70.5

The prepared films were all homogenous, with the standard deviations of the height value
(Rq(nm)) being in the intervals of 15-45 nm on the glass substrate and 2.2-2.4 nm on the ITO-coated
glass. However, the Rpv values (Rpv is the peak-to-valley of the selected region, that is, the difference
between the minimum and maximum values in the selected region) for the samples deposited on glass
varied in the interval 157.5-729 nm, meaning that the pores present in the selected regions were deeper
and larger for the samples without phosphor content. A more homogenous distribution of pores for
the 1%rGO-5i0,-P,05 samples could be seen from the distribution histograms.

For the films deposited on ITO-coated glass, the roughness was similar for samples with rGO
regardless of the presence of phosphor, and the values for Rpv were similar for 1.1%rGO-SiO,
and 4%GO-5i0,-P,05 and up to 100.3 nm for 1%rGO-Si0,-P,Os. As expected, the films deposited
on ITO-coated glass were more compact than the ones on the glass substrate, due to the more
homogeneously distributed surface-active sites of the ITO. The glass substrate is a borosilicate glass,
which has a surface with low network connectivity, of the glass network formers Si and B, with the
coexistence of different types of boron coordination states and with defects (i.e., a nonbridging oxygen,
two-membered ring, and three-coordinated silicon) [50,51].

3.3. Scanning Electron Microscopy

A selection of SEM images is presented in Figures 10-12. The 1.1%rGO-5iO,/glass film was less
homogeneous than 1%rGO-SiO,-P,0s/glass one, as presented in Figures 10-12, giving evidence of
phosphorus pentoxide contribution in the distribution of rGO in the silico-phosphate matrix. This is in
agreement with the AFM studies.

The existence of P was noticed in all samples containing P,Os, while C was noticed in the composite
films more concentrated in rGO/GO, a lower GO/rGO content being under the detection limit of the
equipment. This is demonstrated in Figure 13. The detailed SEM image of the 4%rGO-SiO,-P,O5/ITO
sample and the respective EDX spectra are presented in Figures 12 and 13.
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Figure 10. SEM image of 1.1%rGO-5iO,/glass.
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Figure 12. SEM image of 4%rGO-5i0,-P,Os5/ITO.
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Figure 13. EDX spectra of 4%rGO-5i0,.P,Os5/ITO film corresponding to the SEM image from Figure 12.

3.4. UV-VIS-NIR Spectroscopy

The UV-VIS-NIR transmission spectra of the composite sol-gel films prepared on glass and on
ITO-coated glass, collected with air as reference, are presented in Figure 14 and in Figure 15, respectively.
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Figure 14. UV-VIS-NIR spectra of the sol-gel films deposited on glass substrate.
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Figure 15. UV-VIS-NIR spectra of the sol-gel films deposited on ITO-coated glass substrate.

The substrate had a strong influence on the UV-VIS-NIR spectra of the prepared samples, as
revealed by comparison of the transmission spectra for the films deposited on the glass substrate
(Figure 14) with the ones for the films deposited on the ITO-coated glass substrate (Figure 15).

As a general remark, in the visible domain, the transmission of the rGO/GO doped samples on
glass was higher than 70%, while on the ITO-coated glass, it was higher than 80%. These films are thus
suitable for the protection of sensitive equipment against a NIR laser beam, being transparent enough
to see through them.

For films deposited on the glass substrate (Figure 14), the samples containing rGO/GO exhibited a
transmission above 85% for A longer than 1100 nm and followed the general trend of the SiO,P,O5-glass
sample. For wavelengths longer than this value, the transmission decreased with increasing rGO
content. For the same concentration of 4%, the film with the rGO content exhibited a higher absorbance
than that of that with GO, as expected. The transmittance of the two samples with quite similar rGO
content (1 and 1.1%) was higher for the sample that contained phosphorus pentoxide (P,Os) than for
the sample without P,Os, for all wavelengths. The difference between the two spectra tends to be
negligible for wavelengths longer than 1200 nm.

The transmittance of all the samples deposited on the ITO-coated glass substrate (Figure 15)
followed the trend line of this particular type of substrate. For longer wavelengths (1100-1800 nm),
the increase in rGO content induced a decrease in transmittance, as can be seen from the two spectra of
the samples containing P>Os, with 1%rGO and with 4%rGO, respectively. In the same spectral range
(1100-1800 nm), the transmittance of the two samples with quite similar content of rGO (1% and 1.1%)
was higher for the sample without P,Os, (1.1%rGO) than for the sample with P,O5 (1%rGO), and the
difference was larger for longer wavelengths. For both films on ITO-coated glass (1.1%rGO, without
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P,05) and (1%rGO, with P,0Os), the transmittance did not decrease under 60% in the considered NIR
spectral range.

3.5. Raman Spectroscopy

The Raman spectra of the synthesized films presented in Figure 16 show the characteristic peaks
for graphene derivatives, namely, the G band at approximately 1600 cm™! originating from the in-plane
vibration of sp? carbon atoms and the D band associated with edge planes, defects and disordered
structures of carbons found in graphene sheets at 1350 cm~!. The broad D peak suggests a highly
disordered regime including the structural imperfections created by the attachment of hydroxyl and
epoxide groups on the carbon basal plane [52-55].
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Figure 16. Raman spectra of a selection of the sol-gel films deposited on ITO-coated glass substrate.

Higher D bands were observed in samples 4%rGO-SiO,-P,05 and 1.1%rGO-SiO;,-P,05 as
compared to that in sample 1%rGO-5iO;, indicating a decreased disorder associated with a decreased
concentration of oxygen-containing functional groups under the action of H3PO4, which contributes to
a further reduction of rGO embedded in the silico-phosphate matrix. The observation is in accordance
with the FTIR and AFM results.

3.6. Optical Limiting Capability

The experimental setup used to investigate by intensity scans (I-scan) the OL capability of the
synthesized graphene oxide-based silico-phosphate composite films is shown in Figure 17, and it is
described below.

Detector
Laser + —
A=1550 nm PC

Figure 17. Schematic of the experimental setup for optical limiting (OL) studies.

The laser source is an Er-doped fibre laser (Toptica), which generates ultrashort pulses (~150 fs
pulse duration) with a repetition rate of 76 MHz, at the wavelength A = 1550 nm. The maximum
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average power is ~230 mW, and the corresponding peak power and the pulse energy of the generated
laser pulses are ~19 kW and ~3 nJ, respectively. The lens L; (focal length = 2.54 cm) focuses down
the laser beam on a spot of 13 um diameter on the investigated sample, which is placed in its focal
plane. The intensity of the laser beam incident on the sample is varied by changing its power only with
neutral density filters (Fxp) (Thorlabs, Munich, Germany), with the transmission specially calibrated
by us at the wavelength of the laser (A = 1550 nm). Using the lens L,, the spot size of the transmitted
laser beam is adjusted relative to the aperture of the detector used to measure the beam average power.
The lenses L; and L, and the sample are mounted on micrometric translation stages for the fine tuning
of their positions. The average powers of the incident and of the transmitted beams were measured
using a FieldMax II-TOP power meter (Coherent, Portland, OR, USA) with a type OP-2IR detector
(Coherent, Portland, OR, USA). All the measured powers, the incident and the transmitted ones, were
corrected for Fresnel reflections. Neutral density filters were also used in front of the detector in
order to keep the power of the measured light signal below the maximum power measurable with the
detector. The incident average laser powers in the available range are below the values for which the
laser-induced damage could appear, as seen in investigations with an optical microscope.

The maximum value of the incident peak intensity in our I-scan experiments was limited by the
maximum available average power of the laser source, lower than ~9 GW/cm?. At these incident peak
intensities, no optical damage was observed in the investigated samples.

In order to investigate the OL capability of the GO/rGO composite glassy films, the values
of the transmitted peak intensities, Ijyus(peak), were measured as a function of the incident peak
intensities, I, (peak), for the entire range of I, (peak) of the available laser source. A deviation from
the linear transmittance towards lower values of transmittance is indicative of the optical limiting
behaviour [27,28,56].

The values of the experimentally determined transmitted peak intensities, Irns (peak), for incident
peak intensities, I, (peak), lower than ~0.5 GW/cm?, were fitted with a linear dependence, and from its
slope, the linear transmittance, T}, of each sample was determined.

The entire set of experimentally measured transmitted peak intensities, for each investigated
sample, was fitted with a saturation-type function of the form:

Tr - Liyc (peak)

1+ [Iinc(peak) /Isat] @

Itrans (Peak) =
where I, is the saturation peak intensity. This equation gives information about the overall optical
limiting capability of a sample, without considering the nonlinear optical processes involved in this
functionality and their contribution to the overall optical response.

As a general remark regarding the rGO/GO composite films deposited on the two considered
substrates (glass and ITO-coated glass, respectively), we mention that the samples that consist of
composite films deposited by spin coating on glass substrates have a higher linear transmittance in
NIR than those deposited in the same conditions on ITO-coated glass substrates.

This is possible to see from the experimental transmittance results, considering the incident
and the transmitted peak intensities of the laser pulses, shown in Figure 18 a,b (samples with rGO)
and in Figure 18c,d (samples with GO), by comparing the linear transmittances and T;, (slopes of
linear dependencies) of the corresponding sample sets. This is consistent with the transmittances at
1550 nm from the transmission UV-VIS-NIR spectra shown in Figures 14 and 15, respectively. The small
differences could be due to the different incident powers (very low in the case of the spectrometer’s
light source) and to the very different sizes of the illuminated areas in the two cases.
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Figure 18. The transmitted peak intensities vs. incident ones for two sets of corresponding composite

samples: with rGO deposited on glass (a) and on ITO-coated glass (b); with GO deposited on glass (c)
and on ITO-coated glass (d).

For both considered substrates, the linear transmittance is appropriate for OL functionality. OL in
samples of different materials with comparable [57,58] or even much lower [56] linear transmittance
has been reported.

The maximum incident peak intensities are slightly varying in the graphics shown in Figure 18a—-d
due to the fact that the individual optical limiting experiments were performed at different moments
in time with a slightly readjusted internal optical alignment of the fs laser system, which influenced its
maximum average power.

On the other hand, the OL experiments revealed the fact that the silico-phosphate composite films,
based on rGO or on GO, deposited on ITO-coated glass substrates limit better (a larger deviation of the
saturation-type fit of the experimental data from the straight line corresponding to linear transmittance)
than those deposited on glass substrates, as observed from Figure 18a,b (samples with rGO) and in
Figure 18c,d (samples with GO) of the corresponding sample sets.

The better limiting in films deposited on the ITO-coated glass substrate is probably due to the
already-mentioned fact that these films are more compact than the ones deposited on the glass substrate
since the active sites on the ITO surface are more uniformly distributed. For the glass substrate,
the phosphorus pentoxide content in the films contributes to the decrease in the pore size of the
deposited composite films.

In order to compare the influence of the rGO and GO, respectively, and of their concentrations,
and to assess the influence of the silico-phosphate matrix on the OL performance of the composite

films, in the following, we will show and analyse the results obtained on the composite films deposited
on ITO-coated glass substrates only.

103



Nanomaterials 2020, 10, 1638

The experimental transmittance results, considering the incident, I;;,. (peak), and the transmitted,
Iirans (peak), peak intensities of the laser pulses, are shown in Figure 19a—f, for the films deposited
on ITO-coated glass substrates for the two categories of the investigated silico-phosphate composite
samples, with rGO (Figure 19a—c) and with GO (Figure 19d—f), respectively.
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Figure 19. The experimental transmittance results for the films deposited on ITO-coated glass substrates,

for the two categories of the investigated silico-phosphate composite samples: with rGO (a-c) and with
GO (d—).

Both the linear fit (considering the experimental points at low incident intensity; linear
transmittance) and the fit with the saturation-type function from Equation (1) (considering the
entire set of experimental points for each sample; nonlinear transmittance) are shown in Figure 19a—f.

In Table 4 are summarized the linear transmittances, T, and the saturation intensities, Iy, obtained
by the fitting of the experimental points. T} is given by the slope of the linear fit of the experimental
points corresponding to low incident peak intensities, and Is; is obtained from the nonlinear fit of all
experimental points with the saturation-type function from Equation (1), respectively.
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Table 4. The linear transmittance and the saturation intensity derived from Figure 19.

Sample Denomination Linear Transmittance (%) Lzt (GW/cm?)
1%rGO-5i0,-P,05 ITO (Figure 19a) 70 20
1.1%rGO-5i0; ITO (Figure 19b) 63 40
4%rGO-5i0,-P,05 ITO (Figure 19¢) 65 32
1%GO-5i0,-P,05 ITO (Figure 19d) 70 30
1.1%GO-SiO, ITO (Figure 19e) 38 50
4%G0O-5i10,-P,05 ITO (Figure 19f) 63 45

The comparative analysis of the OL results shown in Figure 19 and in Table 4 reveals that the
samples with rGO (Figure 19a—c) limit better (lower Is;) than the corresponding (the same concentration)
samples with GO (Figure 19d—f), for all considered concentrations (1, 1.1 and 4%) of rGO/GO.

From the sets of figures Figure 19a,c and Figure 19d,f, respectively, it is possible to see that the
samples with P,O5 with a lower concentration of tGO/GO (1%) limit better than the samples with higher
concentration of rGO/GO (4%). Additionally, the linear transmittance of the samples with a lower
content of rGO/GO is higher than that of the samples with a higher content of rGO/GO. Regarding the
linear transmittance of the samples with the same concentration of rGO/GO, it is practically similar,
excepting the samples without P,Os (Figure 19b,e). In this last-mentioned case, the lower linear
transmittance of the sample with GO compared to that of the one with rGO could be attributed to the
larger content of H,O that can be hydrogen bonded to the OH moieties from the surface of GO.

The comparative analysis of all the results shown in Figure 19a—f also reveals the favourable
effect on the OL capability of the phosphoric acid used in the preparation of the sol-gel matrix.
H3POy4 contributed to the properties of the films in several ways: (i) the graphenization of GO as
a result of the water elimination reaction in the presence of H3POy [14]; (ii) the modification of the
interlinkage of the rGO sheets (collective strength of interlayers) due to the modification of the network
of hydrogen bonds mediated by oxygen-containing functional groups and water molecules and,
accordingly, the change in the materials’ properties [48]; (iii) a more homogeneous distribution of the
rGO sheets in the precursor mixtures and in the obtained films.

The OL trend in the silico-phosphate glassy films with rGO on the ITO-coated glass substrate is
similar to that reported in isolated fullerene-rich thin films at the wavelength of 532 nm [57]. In our
case, the onset of OL (defined as the point on the transmittance curve at which it starts to diverge from
the linear transmittance [19]) is much lower (<0.5 mJ/cm?) than the values (60-140 mJ/cm?, for different
samples) reported in [57].

The OL trend in our samples is also comparable to those reported in aqueous GO suspensions at
1064 nm, for 35 ps and 4 ns laser pulses [19]. The onset of OL is again much lower in our case than the
ones (~0.50 J/cm?) reported for the two pulse durations.

The minimum value of the normalized transmittance, obtained by dividing the transmittance
(Itrans (peak ) [Iiyc (peak)) corresponding to the maximum incident intensity by the lowest, linear
transmittance is in the case of the sample 1%rGO-SiO,-P,O5 ITO equal to ~0.67, which is similar to that
obtained in non-covalent functionalized rGO and rGO functionalized with various concentrations of
Ag nanoparticles (~0.65), at 800 nm wavelength with 100 fs laser pulses [25]. The minimum normalized
transmittances reported in [25] were obtained at incident intensities of ~2 x 107 W/m?, a value that is
orders of magnitude higher than our maximum incident peak intensity, 8 x 101> W/m?.

The normalized transmittance reported by Ren et al. [24] in electrochemical GO samples, at 800 nm
wavelength, with 85 fs laser pulses, reached a minimum value of 0.88 at the incident fluence of
200 mJ/cm? and of 0.67 at the incident fluence of 400 mJ/cm?2. In our sample 1% rGO-5i0,-P,05
ITO, the minimum normalized transmittance ~0.67 was obtained at a much lower incident fluence of
~1.3 mJ/cm?.
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In the range of the incident peak intensities from our I-scan experiments, no optical damage was
observed in the investigated samples, of which surface was visualized by microscopy before and after
exposure to laser radiation (Figure 20).

Figure 20. The images of the 1%rGO-5i0,-P,O5 sample, deposited on glass, obtained by differential
interference contrast (DIC) microscopy (a) before exposure to laser radiation and (b) after exposure to
laser radiation with I, (peak) = 7.7 GW/cm?.

The surface of the investigated samples was analysed with an optical microscope (Axiotech Vario
microscope, Carl Zeiss, Jena, Germany) using DIC microscopy.

4. Conclusions

We have demonstrated the preparation of graphene oxide-based silico-phosphate composite films
for the optical limiting of ultrashort (fs) laser pulses in the NIR spectral domain, by a low cost and
environmentally friendly sol-gel method.

The FTIR spectra revealed the H3PO, action to lower the concentration of oxygen-containing
functional groups, mainly -OH, from the rGO/GO structure, presumably via the formation and
elimination of H,O, followed by a vertical re-agglomeration of the rGO sheets as a result of the change
from hydrophilic to hydrophobic character.

A more homogenous distribution of pores for the 1%rGO-5iO;-P,0O5 films in the AFM distribution
histograms was noticed. For the films deposited on ITO, the roughness was almost similar for the
samples with GO and rGO regardless of the presence of phosphorus pentoxide. H3POy contributes to
the homogeneity distribution of rGO as noticed from SEM/EDX investigations.

Samples containing rGO/GO deposited on the glass substrate exhibited a transmission as high
as 80% for A higher than 800 nm, and the transmission decreased with increasing rGO/GO content.
The phosphorus pentoxide content in the films did not induce a higher absorption. The transmittance
of all the samples followed the trend line of the ITO/glass substrate with T = 80% up to 1100 nm.
For 1100-1800 nm, the increase in rGO content and the presence of phosphorus pentoxide induced a
decrease in the transmittance. For the films on ITO/glass, containing 1%rGO, the transmittance did not
decrease under 60%.

The Raman spectra revealed an increase in the D band intensity in samples containing P,Os as
compared with that for the films without P,Os, meaning a decreased concentration of the groups
responsible for the intensity of the D band under the action of H3POy. These are consistent with the
FTIR and AFM investigations and support the fact that H3PO, contributes to a further reduction of
rGO, with the rGO sheets uniformly distributed on the substrate.

The optical limiting capability of the graphene-based silico-phosphate composite films was
revealed by intensity-scan type experiments. A comparative analysis of the presence and of the
concentration of rGO or GO in the structure of the composite glassy films, of the influence of the
silico-phosphate matrix, and of the substrate on which the films are deposited on the optical limiting
performance of the novel graphene composite films was performed. A comparison of the OL in our
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samples with several OL results obtained in the literature with ns, ps and fs laser pulses at visible and
near infrared wavelengths was performed.
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Abstract: We herein present an alternative geometry of nanostructured carbon cathode capable of
obtaining a low turn-on field, and both stable and high current densities. This cathode geometry
consisted of a micro-hollow array on planar carbon nanostructures engineered by femtosecond
laser. The micro-hollow geometry provides a larger edge area for achieving a lower turn-on field of
0.70 V/um, a sustainable current of approximately 2 mA (about 112 mA/cm?) at an applied field of less
than 2 V/um. The electric field in the vicinity of the hollow array (rim edge) is enhanced due to the
edge effect, that is key to improving field emission performance. The edge effect of the micro-hollow
cathode is confirmed by numerical calculation. This new type of nanostructured carbon cathode
geometry can be promisingly applied for high intensity and compact electron sources.

Keywords: carbon nanotubes; hot-filament CVD; graphene; field electron emission; laser machining

1. Introduction

Electron sources have been utilized in X-ray tubes, vacuum microwave amplifiers, and electron
guns [1]. In these instruments, thermionic emitters are widely used due to their proven operation.
However, the thermionic emitters are bulky and not efficient enough for low-power applications due
to the waste heat radiated from the filament and the high applied field. An alternate means to generate
electrons is field emission (FE), which exhibits many advantages in comparison with thermionic
emission. For instance, as field emitters do not require heat to generate electrons, they are more
energy-efficient and may be rapidly switched on and off. Among the family of field emission materials,
carbon nanostructures are interesting due to low applied fields and elevated electron currents [2].

Electron field emission from the nanostructured carbon is found to involve the phases showing
sp? hybridization. The sp? content, orientation, and size of these phases, which have a positive electron
affinity, can play a considerable role in emissions at a low field [3,4]. Graphene and carbon nanotubes
are the types of cold cathodes that extract electrons at the lowest applied field.

Low applied fields of the nanostructured carbon cathodes are also facilitated by the large aspect
ratio. For nearly two decades, graphene has drawn significant attention from scholars owing to
its extraordinary properties, which are applicable in diverse industries such as aerospace, energy,
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and infrastructure construction [5-7]. Graphene and its relative composites can be synthesized via
bottom-up and top-down methodologies including chemical vapor deposition (CVD), liquid exfoliation,
and electrochemical co-synthesis [8-12]. For graphene materials, the existence of abundant sharp-edged
structures can act as efficient field emission sites [13,14]. Nevertheless, field emission from graphene
is still a challenge because the fabrication methods such as exfoliation or screen-printing will create
graphene sheets laterally on the support substrate, which is unfavorable for electron tunneling.

Carbon nanotubes (CNTs) are another novel carbon allotrope, which can be seen as cylindrical
graphene sheets [15]. Because of their long, tubular geometry and excellent physicochemical properties,
carbon nanotubes are also attractive materials for cold cathodes [1-3]. Planar and point structures
are the two predominant types of carbon nanotube cathodes. The CNT point emitter is favorable
in devices requiring a small, bright electron source [16], whereas the CNT planar emitter is suited
to applications requiring uniform and relatively large emitting sites. Such applications widely use
dense carbon nanotubes as the cathode. The dense carbon nanotubes are deposited on the substrate
by either CVD, or printing [17]. CVD carbon nanotubes are selectively chosen for devices requiring
low turn-on field and high emitting current. Individual carbon nanotubes demonstrate excellent field
emission properties; however, vertically-aligned carbon nanotubes (VACNTs) do not present such great
performance. In this report, the VACNTSs are defined as dense carbon nanotubes grown perpendicular
to the substrate platform. This disadvantage is acceptably ascribed to the screen effect, which is mutual
shielding of the electric field between adjacent nanotubes [18]. Some studies have reported mitigation
of the screen effect by photolithography patterning [19]. One can obtain the high aspect-ratio geometry
of patterned VACNTs purposely, which is favorable to local electric field enhancement. The patterned
VACNTs such as VACNT-column arrays could not only negate the screen effect but also introduce
isolated CNT extrusions and edges, both of which result in the enhanced electric field [20].

Surface engineering methods are known to enhance the pristine properties of bulk materials [21-24].
For cold cathodes, geometry engineering and surface modification are alternative methods to improve
field emission performance [25-27] In this work, we use a femtosecond laser to engineer and hence
enhance the electric field of the VACNT cathode. The femtosecond laser is used to selectively trim out
carbon nanotubes and create a micro-hollow (MH) array on the top surface. Since the MH-VACNTs
cathode is based on the as-grown VACNTSs, our work included the pristine and planar VACNTs to
compare their field emission properties. The field emission characteristics of the MH-VACNTs cathode
showed a low turn-on field, and both stable and high emission current. Initial results demonstrated
the 40 um diameter hollow cathodes with a pitch of 150 um can achieve a turn-on field of 0.70 V/um,
lower than the 0.89 V/um of the planar VANCTs (without laser modification). Numerical calculation
confirmed the local electric field is increased at the rim edge of the micro hollow, a key factor to
improving field emission characteristics.

2. Experimental Procedure

2.1. Materials Preparation

The MH-VACNTs cathode was produced by a two-step process consisting of (i) the VACNTs
synthesis and (ii) the femtosecond laser engineering. The VACNTs were grown on silicon (Si) by using
the hot-filament CVD method [20,28]. The highly doped, 500 um thick silicon substrate, following the
microelectronic industry standard, was used for the growth of carbon nanotubes. The catalysts are
selectively deposited using a routine photolithography process. In brief, the VACNT film was obtained
at 750 °C, CHy/H; mixture (20/30 SCCM-standard cubic centimetre per minute at Standard Temperature
and Pressure-STP), and reactor pressure of 30 Torr. It is noted that the hot-filament CVD has the
advantage of decomposing CHy/H; at relatively high temperatures (2200-2500 °C), which is favourable
to a high purity of the as-grown carbon nanotubes [28].

The 1.5 mm diameter VACNTs with a thickness of 250-300 um was subject to femtosecond laser
machining in an ambient atmosphere. A femtosecond laser is a tool that is widely used to fabricate

112



Nanomaterials 2020, 10, 1931

microstructures from several materials, including carbon nanotubes [29]. The laser system consisted of
a mode-locked Ti:Sapphire laser (repetition rate of 92 MHz, 80-fs pulse width, average laser power of
200 mW) and the translation stage [30]. Once the laser beam was incident on the sample, it selectively
ablates carbon nanotubes. By translating the VACNT substrate stage relative to the laser shots,
a periodic array of the micro hollows is formed. Using good selection of laser power, exposure time,
and depth of focus, we can achieve the well-shaped hollow geometry on the VACNT film.

2.2. Characterization Preparation

Carbon nanotubes were examined by scanning electron microscope SEM (FESEM S-4800,
Hitachi, Tokyo, Japan) and Raman spectroscope (IFS/66 Bruker system, Billerica, MA, USA).
Raman signal was recorded at room temperature using an excitation laser wavelength of 1064 nm.
The 1.5-millimetre-diameter and about 250-um-thick VACNTs on Si with and without the laser
engineering are field emission (FE) tested. The FE measurement is carried out in a vacuum chamber
(KVM-T4060 system, Korea Vacuum, Daegu, Korea) with a working pressure of 5 x 107 Torr and a
ballast resistor of 200 k(). Keithley-248 (Tektronix, Beaverton, OR, USA) is a DC anode voltage source.
The emission electron current is measured by Keithley-2001 (Multi-meter, Tektronix, USA). Measured
FE data are acquired using LABVIEW software and a personal computer through a general-purpose
interface bus (GPIB) card. The diode configuration is used with the anode (aluminium plate) and
the carbon nanotube cathode. The anode and the cathode were electrically isolated by Kapton sheets
(spacer); the electric field was calculated to be the anode voltage divided by the anode-to-CNT-surface
distance. Current densities were estimated from the net currents and the VACNT area. Turn-on
field and threshold field are defined as the electric field necessary to extract 100-nA emission current
and 1-mA/cm? current density, respectively. For current-voltage (I-V) curves, measurements were
repeated several times until the curve became stable. The carbon nanotube cathode was also tested in
a continuous operating condition for a stability test. The operation stability was evaluated by emission
current values at anode voltages with a 50% duty cycle. In practice, each cycle is 60 s; hence, the anode
voltage was ON for only 30 s.

To investigate the carbon nanotube cathode geometry, we carried out numerical calculation
(COMSOL Multiphysics, 3D simulation) in a diode configuration. Due to periodicity in geometry
and hence, electric field, a diode with a 3 x 3 micro-hollow array was used as a stand in for the
whole micro-hollow array cathode. A cathode structure that modeled a practical MH-VACNTs (40 um
diameter hollow, depth of about 200 um) is simulated. The electric field is computed by the Laplace
equation solution using finite element analysis (a bias voltage of 3000 V, equivalent to an applied field
of 2.40 V/um). Pitch d (hollow-to-hollow distance) is a variant in the simulation. The local electric field
at a distance immediately above the cathode was calculated and studied.

3. Results and Discussions

3.1. Characterization Data

Figure 1a demonstrates the femtosecond-laser process to modify the VACNTSs and the obtained
results. In practice, the femtosecond laser beam is synchronized with the substrate translation,
capable of creating a periodic micro-hollow array. Figure 1b,c presents typical SEM images of the
micro hollow on the surface and along the VACNT bulk. The micro hollows were well-shaped and
smooth. The femtosecond laser process was able to form a long micro-hollow from the VACNT top to
the bottom substrate. A confocal microscope was used to draw the hollow profile and measure the
depth (Figure 1d,e). Figure 1f shows typical micro-hollow arrays on the 1.5 mm diameter specimens;
the hollow diameter of 40-150 um and depth of about 200 um were controlled by periods of the laser
exposure time.
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1.5-mm-dia. VACNTSs grown ﬂ Femtosecond
by CVD laser beam

20 um

Figure 1. (a) Sketch of femtosecond laser process (repetition rate of 92 MHz, 80-fs pulse width, an
average power of 200 mW); (b,c) SEM images of about 2-mm depth hollow cross-section (from the
VACNT top to the bottom substrate and hollow shape on the top surface; (d,e) 3D confocal image and
profile of the micro hollow with depth of ~200 pm, (f) typical micro-hollow arrays on 1.5 mm diameter,
VACNT specimens, with depth of ~200 um, and hollow diameters of 40, 100, and 150 um, respectively
(from left to right).

Raman spectra of carbon nanotubes in this work are presented in Figure 2a. Raman signals were
directly recorded from the MH-VACNT (hollow diameter of 40 pm, pitch d ~ 100 um) cathode at three
spots, named site A, B, and C. Site A was on the rim edge, site B was 25 um away the edge, and site
C was a middle spot between two consecutive hollows. In practice, it was found that the Raman
spectrum of carbon nanotubes at site C was comparable to those of the as-grown, pristine carbon
nanotubes; we assumed those nanotubes (site C) were insignificantly affected by the femtosecond laser
process. In Figure 2a, there occurs a graphitic G band at 1560-1580 cm™ and a defective D band at
~1324 cm™ [31]. The disordered peak (D-band) accounts for amorphous carbon, contaminants, and
defective nanotubes as well. It is widely accepted that the intensity ratio of Ip to I (Ip/Ig) is an indicator
of carbon nanotube crystallinity [32]. The Ip/I; ratio at sites A, B, and C (shown in Figure 2b—d)
are 1.48, 1.90, and 1.96, respectively. The G-band of type-A CNTs increases due to the graphene
zone-folding effect at the rim edge. Because of the nature of our rim-edge CNTs, which possibly have
active phonon coupling to the continuum of electronic states, the red-shift of the optical phonon is
associated with the increase in the temperature due to the combinational effect of thermal expansion
and temperature contribution, which resulted in the finer crystal lattice of type-A CNTs. Apparently,
when the temperature increases at the spot femtosecond laser hit, the G-band is also noticeably broader
together with red-shifting. The nanotubes at the rim edge were also observed to be joined together as
multi-junctions after the laser process (Figure 2b) which was previously reported [29,33]. Conversely,
carbon nanotubes at site B may be less affected by the femtosecond laser energy; hence, their Ip/Ig ratio
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was insignificantly reduced and mostly comparable with the pristine carbon nanotubes. However,
their morphologies were more or less restructured, as can be witnessed in Figure 2c.
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Figure 2. (a) Raman spectra of carbon nanotubes recorded at three different sites (A—C), which are
shown in SEM images (b-d); (e) Hollow edge of CNTs, Inset: Site A, B, and C positions: (A) rim edge
of hollow; (B) 25 um away from site A; (C) middle between two consectutive hollows.

3.2. Field Emission Properties

To examine the operation of both the MH-VACNTs and planar VACNTSs cathodes, field emission
characteristics were repeatedly measured. The MH-VACNTs, the same 40-um-dia. hollow, depth
of ~200 um, with pitch of 75, 100, and 150 pm, respectively were measured. The measuring setup
is demonstrated in Figure 3a. The anode—cathode spacing was maintained at 1500 um by a Kapton
spacer. The current density—applied field (J-F) curves of both cathodes are shown in Figure 3b.
The turn-on field, corresponding to an emission current of 0.1 nA, was 0.70 V/um and 0.89 V/um
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for the MH-VACNTs (40-pm-dia. hollow, depth of ~200 um, and pitch of 150 um) and the planar
VACNTs, respectively. We extended further field emission measurements to a higher current range
by gradually increasing applied fields. The current density reached 10 mA/cm? at the threshold field
of less than 1.50 V/um (the MH-VACNTs cathodes). The stability of field emission current was also
measured. Before the stability test, an aging process was carried out. Anode voltages of 100-3000 V
were swept up/down several times. The aging experiment is aimed to exercise field emission of carbon
nanotubes in a wide range of applied fields. The experiment may also remove loosely-entangled carbon
nanotubes due to laser machining. The stability test of both cathodes was started at an emitting current
of 1 mA. Figure 3¢ demonstrates emitting current over 15 h. The constant bias voltage, 50% duty cycle,
equivalent to an electric field of 1.60 V/um, and 1.92 V/um for the MH-VACNTs (40-um-dia. hollow,
depth of ~200 um, and pitch of 150 pm) and the planar VACNTSs, was applied respectively. Although
the electrical aging has been carried out, in the onset both cathodes showed a gradual decrease and
large fluctuation of the emission current before the stable electron emission was established. It was
widely accepted that field emission is a highly selective process, which occurs at a relatively small
number of emitting sites with the largest field enhancement factor . Due to localized high currents,
the best-first emitting sites may fail first or collapse abruptly, and the emitting currents are sharply
decreased. Then, many other sites that have a more average field enhancement factor start to emit
electrons. Because of large numbers and even distribution, these new emitting sites operate reliably,
and hence, total electron currents become more stable. For the MH-VACNTS, the standard deviation
of the observed emitting currents within two hours (from fifth hour) was about 5.15 HA (the mean
current value of 700 nA) and smaller than that of the planar VACNTSs (10.5 pA with the mean current
value of 615 nA). Therefore, the MH-VACNT cathode operated in a more reproducible manner than
the planar VACNTs.
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Figure 3. (a) Schematic of the field emission setup; (b) Current density—-applied field (J-F) curves of
1.5 mm dia. MH-VACNTs (40-pm-dia. hollow, depth of ~ 200 pm) with pitch of 75, 100, and 150 um, and
planar VACNTS; (c) Stability test of two cathodes: MH-VACNTSs (40-um-dia. hollow, depth of ~200 um,
and pitch of 150 um) and planar VACNTs, constant bias voltage, 50% duty cycle; (d) Corresponding
F-N plots.
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Generally, electron emission of carbon nanotubes, driven by quantum mechanical tunneling,
follows the simplified Folwer-Nordheim (F-N) equation [34]

- 15
I=A —1'42:}10 ’ F? exp[%] exp(—B(z ) (1)

where A is the emitting area (m?), B = 6.44 x 10° VeV’ m™! (constant); ¢ is work function (eV), and F
represents local electric field. The local electric field F is estimated approximately by F = ﬂ%, in which V
is the applied bias voltage, d is the anode to CNT-top distance, and f3 is the collective field enhancement
factor. Electron emission at low applied fields is possible because of the significant amplification at of
the local field. Therefore, f depends on the distribution density and geometry of the carbon nanotube
cathode. F-N equation can be simplified as

1421076 , (V)2 10.4 B ¢'0d
I=A T B2 (E) exp(%] exp(— BV ) 2

Figure 3d demonstrates F-N plots of the MH-VACNTs and the planar VACNTs. In a lower field,
both F-N plots were well fitted to a straight line, and linear regression analysis using the equation
In(I/V?) = a—b(1/V) was performed. This suggests that the observed electron emission from both
cathodes follows the quantum tunnelling theory. In the high field, F-N plots show a saturation behavior
that may be due to thermionic emission, series resistance, and cathode geometry [35,36]. The field
enhancement factor 3 (given the known fitting value of b =—B (f)LSd /B, and assuming @ =5 eV for
carbon nanotubes, ref. [37] was 4875 for the planar VACNTs. As for the MH-VACNTS (all three samples
had the same 40-pm-dia. hollow, depth of ~ 200 um), 3 values were 5605, 5967, and 6115 in responses
to the pitch of 75, 100, and 150 pm, respectively. In other words, the local fields are increased 14%,
22%, and 25% in comparison with the planar VACNTs (Figure 4c). An increase of f (MH-VACNTS) is
attributed to the micro hollow geometry, consistent with the simplified picture that higher emission
currents appear at the vicinity of the hollow edges.

To investigate the effects of the micro hollow array on the cathode electric field, we used a 3D
diode model and numerically calculated the field by using the COMSOL Multiphysics program.
Cathode geometry was based on the MH-VANCT cathode; a 40 um diameter hollow, with a depth
of 200 pm, and a VANCT-layer thickness of 250 pm. Pitch d (hollow-to-hollow distance) is a variant
in the simulation. It is noted that our model considered the cathode as a monolithic surface rather,
than as porous nanotubes. In practice, to correctly calculate the electric field of the CNT cathode,
it requires a meshing resolution of a few nanometers, or at least less than a nanotube diameter (~5 nm).
Such resolution exceeds the number of degrees of freedom, and the available computer memory; hence,
in this work we used an alternative approach to semi-quantitatively estimate field enhancement which
is based on the multistage field effects [36,38]. The total field enhancement factor (By) is a product of the
multistage cathode geometry (By = Bhrollow-array X BCNT-film); the simulation is to estimate Bholiow-array-
Assuming even two cathodes possessing the same BcNT-fiim, the cathode with larger Bronow-array Will
have larger By in general. Figure 4a,b shows the typical electric field distribution on the micro hollow
with pitch d = 100 um (along the centrepiece cross-section line and right on the cathode surface) and
contour plots of the 3 x 3 hollow-array electric field. In the contour plots (at the X-Y plane right on
the cathode surface), brighter spots are corresponding to stronger fields. In the vicinity of the hollow
edge, the electric fields are strongest, and then reduce moving away from the rim edge. There was an
increase of electric field moving toward the rim edge of the micro hollow, from 2.40 V/um in the planar
cathode, to a maximum of 3.09 V/um in the vicinity of the rim edge; i.e., Bhollow-array = 1.28. From the
SEM image of Site A in Figure 2, it can be seen that the carbon nanotube tips at the rim edge were joined
together to a greater extent than site B (25 um away from the edge). Such CNT bundles may also work
as efficient emitters [39]. The laser-induced modification of carbon nanotubes, and subsequent effects
on both geometry and a work function, would therefore be an interesting topic for future investigation.
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Figure 4. (a) Electric field distribution on three consecutive hollows (along centerpiece cross-section
line), a maximum field at rim edges. (b) Contour plots of a local electric field (false color plots in V/um
scale) of 3 x 3 hollow (diameter of 40 um, a pitch of 100 um, depth of 200 um), demonstrates a variation
of electric field for the (c) simulated cathode field enhancement as a function of pitch.

A screen effect is an important factor in a cold cathode. In the case of the micro hollow cathode, too
many hollows will flatten the field enhancement at the rim edge. Figure 4c plots the field enhancement
(Bhollow-array) as a function of pitch d in the theoretical simulation and the experimental fitting. In the
numerical calculation (40-um-dia. hollow, depth of 200 pum), the field enhancement is proportionate to d
and saturated when d > 150 um. The MH-VACNT cathode with 40 um dia. hollow and d > 150 um can
enhance the field by about 31%. The field enhancement of the MH-VACNT cathodes with 40-pum-dia.
hollow, and pitch d of 75, 100, and 150 um were 23%, 29%, and 31%. These numerical calculations are
reasonably consistent with the experimental data fit.

4. Conclusion

In this report, we presented an innovative geometry of carbon nanotubes with a micro-hollow
array on the top surface, created by femtosecond laser machining. Field enhancement effects due to
aspect ratios were modeled using COMSOL multiphysics. The increased geometrical field enhancement
factor ultimately gives rise to the lowering of the threshold field and improved field emission current.
A typical 1.5 mm dia. MH-VACNTs cathode with a hollow diameter of 40 um, a pitch of 100 pm
showed a turn-on field of 0.70 V/um, a sustainable current of about 2 mA (~112 mA/cm?2) at an applied
field of less than 2 V/um. Compared to the pristine and planar VACNT5, the laser-based MH-VACNT
cathode can increase the local electric field by 25%. The initial characterization of VACNTSs indicates
that the laser process likely restructures (self-assembles) and graphitizes the carbon nanotubes, cleaning
defects, and amorphous regions as well. It also improves field emission properties through factors such
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as geometry, work function, and stability. Finally, it can be stated the micro-hollow cathode geometry
of carbon nanotubes has potential applications in high intensity, compact electron sources, and further
investigation is currently underway.
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Abstract: Nanocomposite materials have distinctive potential for various types of captivating
usage in drilling fluids as a well-designed solution for the petroleum industry. Owing to the
improvement of drilling fluids, it is of great importance to fabricate unique nanocomposites and
advance their functionalities for amplification in base fluids. There is a rising interest in assembling
nanocomposites for the progress of rheological and filtration properties. A series of drilling fluid
formulations have been reported for graphene-derived nanocomposites as additives. Over the years,
the emergence of these graphene-derived nanocomposites has been employed as a paradigm to
formulate water-based drilling fluids (WBDF). Herein, we provide an overview of nanocomposites
evolution as engineered materials for enhanced rheological attributes in drilling operations. We also
demonstrate the state-of-the-art potential graphene-derived nanocomposites for enriched rheology
and other significant properties in WBDEF. This review could conceivably deliver the inspiration and
pathways to produce novel fabrication of nanocomposites and the production of other graphenaceous
materials grafted nanocomposites for the variety of drilling fluids.

Keywords: nanotechnology; graphene-derived materials; mud cake; rheology; effect of
nanocomposites; fluid loss; water-based drilling fluids

1. Introduction

Over the years, the influential production of nanomaterials through nanotechnology has
prominently contributed to the advancement of expertise in many industries. Numerous studies
have been performed to address the impact of significant applications of nanomaterials in drilling
fluids [1]. Lately, materials sciences and engineering accomplished remarkable progress in the field
of nanocomposites fabrication with enriched physical, chemical, and mechanical properties [2].
A widespread range of studies were directed at processing these nanocomposites [3]. The combination
of graphene in nanocomposites has resulted in their enrichment of mechanical strength, thermal stability,
electrochemical activity, electrical conductivity as well as gas barrier properties [4,5]. Manifestation
of graphene in these composites has established unique properties via increasing functional groups
on the material’s surface for a variety of drilling fluids [6]. A smooth process of drilling requires
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an appropriate well control system, suitable usage of a blowout preventer, and proper formulation
of drilling fluids [7]. To motivate drilling of wellbore, drilling fluids are utilized to circulate in the
borehole to ensure an efficient drilling process [8]. Typically, three substantial types of drilling fluids
or drilling muds have been reported: water-based drilling fluids (WBDF), oil-based drilling fluids
(OBDF), and synthetic-based drilling fluids (SBDF) [9,10].

These drilling fluids motivate the drilling process by transporting suspended cuttings back to the
surface, cooling the drill bit and providing stabilization for the rock formation, and also controlling
the pressure inside the well [11]. In addition, drilling fluids are reported to prevent corrosion of the
equipment and mud cake formation on the wellbore wall as well preserving the cuttings to settle down
if the circulation stops abruptly [12]. Due to the inefficient methods of well cleaning, the cuttings
inclined to deposit when circulation stops causes the bit to become incapable of operating properly
and the drills fresh formation becomes buried under those deposited cuttings, ultimately leading to a
delay in the drilling process [13]. Conjointly, drilling fluids are required to remove heat from the bit
and transfer the heat to the surface to cool the drill bit [14]. In the case of improper handling, the bits
performance is diminished and eventually become damaged [15].

One of the major advantages of nanocomposites include affirmative changes by adding even a
small amount of graphene filler in the presence of miscellaneous polymeric matrices [16]. Therefore,
processing of nanocomposites is critical for environmental and cost-friendly rheological behavior.
The most promising features, such as plastic viscosity, yield point, shear rates, and gel strength along with
filtrate loss and mud cake thickness, are frequently assessed for the rheological performance of drilling
fluids [17,18]. This review highlights the importance of graphene-derived nanocomposites with polymer,
active carbon, metal, metal oxide, carbon fiber, and their applications in WBDE. A summarized effect of
nanocomposites is abridged that incorporates nano-sized particles into a matrix of a standard material
for drilling fluids. Based on the functionality of these nanocomposites, proper treatment of drilling fluids
rheology is indeed imperative, so they tend to deliver their functions for a smooth drilling process.

2. Role of Significant Nanocomposites in Drilling Fluids

There have been advances in fabricating nanocomposites composed of a multiphase solid materials,
where one of the dispersed phases is in the nanometer-scale dimension [19] and the other is a major
phase, such as ceramic, metals, or polymers [20]; carbon-carbon composites [21] and nanocarbon [22]
are combined as a matrix material.

For the past years, several studies have been conducted on the applications of numerous
nanocomposites in drilling fluid such as polyacrylamide/clay nanocomposite [23], nanocarboxymethyl
cellulose/polystyrene core-shell nanocomposite [24], polymer nanocomposite [25], nanosilica polymer
composite [17], TiOp-polyacrylamide [26], clay nanocomposite [27], ZnO-clay composite, and ZnO-Am
nanocomposite [27,28]. The outcome of these studies presented a homogenous dispersion of
nanocomposites in the drilling fluids to serve multiple functions simultaneously, for instance, fluid loss
control, high thermal stability, enhanced rheological performance and a reduction in mud cake thickness.
Furthermore, common methods, such as injection molding, solvent processing, chemical and vapor
techniques, in situ polymerization, melt blending, template synthesis, spray pyrolysis, and sol-gel
methods have been utilized to improve nanophase dispersion while processing graphene-derived
nanocomposites [2,3,6,16]. The application of nanocomposites as additives, such as stabilizers,
surfactants or ionic liquids, have had a productive effect on the rheological properties as compared to
drilling fluids with single nanoparticles [5,28].

2.1. Effect of Silica Nanocomposites

Cheraghian et al. [29] summarized their research on Clay/SiO, nanocomposite as compared to
5i0, nanoparticles to determine the rheological properties of drilling fluids. Their work fabricated
Clay/SiO, nanocomposite consisting of nano-fumed silica and sodium bentonite synthesized through an
effective hydrothermal method. The effects of SiO, nanocomposites in rheological tests at low and high
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temperatures showed that properties, such as apparent viscosity, plastic viscosity, yield point, and gel
strength, increase as the concentration of nanocomposite is augmented. The measured values were
higher than the drilling fluid with SiO, nanoparticles and base fluid. Due to the small size of the SiO,
nanocomposites, the plugged pores were more effective than the SiO, nanoparticles which then formed
a thin and impermeable mud cake to reduce filtrate loss control. Therefore, the SiO, nanocomposites
also showed remarkable filtration control at high temperatures. By the additivation of a minute amount
of SiO, nanocomposites (0.1 wt.%), a sufficient and lower fluid loss control at a recommended value of
15 mL by the American Petroleum Institute (API) was displayed [30]. Consequently, it was established
that SiO, nanocomposites are efficient at high pressure-high temperature (HPHT) wellbore conditions
of drilling fluids.

2.2. Effect of Copper Oxide Nanocomposites

Several studies have been implemented on the application of copper oxide nanocomposites
in drilling fluids with better results in water-based muds [23,26]. Saboori et al. [31] studied the
influence of copper oxide/polyacrylamide (CuO/PAM) nanocomposite synthesized through a solution
polymerization method as shown in Figure 1. The improvement in rheology was observed together
with the thermal conductivity of bentonite drilling fluids. The outcome of this study represented
high viscosity by increasing the concentration of CuO/PAM nanocomposite due to the usage of PAM,
which is known as a viscosifier in drilling fluids. Meanwhile, an increase in CuO/PAM nanocomposite
concentration has been resulted in reduction of fluid loss volume and mud cake thickness due to the
appropriate pore sealing by nanocomposites with an average size of 55.4 nm. Therefore, the application
of CuO/PAM nanocomposite has enhanced the thermal conductivity due to the heat transfer between
the drill bit and the drilling fluid. It has been proved that instantaneous function of CuO/PAM
nanocomposite was achieved as an additive in the drilling fluids [32,33].
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Figure 1. Synthesis of copper oxide/polyacrylamide (CuO/PAM) nanocomposite through the solution
polymerization process. Reprinted with permission from [31]. Copyright Elsevier, 2019.

2.3. Role of Titanium Dioxide Nanocomposites

Titanium dioxide (TiO,) as metal oxide nanoparticles have been evidenced as chemically and
physically stable. Also, they are exposed as nontoxic by providing high thermal conductivities [34].
Based on the unique characteristics of TiO,, Sadeghalvaad et al. [26] produced TiO,/polyacrylamide
(PAM) nanocomposites through the solution polymerization method in order to increase the properties
of nanocomposites which acted as viscosifier and thermal conductivity enhancers. The addition of this
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nanocomposite is exhibited as a nanofluid that stayed in liquid form, regardless of ambient temperature
as opposed to changing into solid form in drilling fluid [35]. This property was observed for the reason
that capability of TiO, nanoparticles in transferring heat efficiently occurred due to the Brownian
motion [36]. Besides, TiO, nanocomposites also contributed to enhance viscosity and reduced the
amount of fluid loss and mud cake thickness. By increasing TiO, nanocomposites concentration,
the rheological properties of drilling fluids were modified excessively [26].

2.4. Effect of Grass and Other Additives to Improve Rheological Properties

Drilling wastes are considered as the second largest volume of waste generated in the oil and gas
industry [37]. Two major generated wastes include drilling cuttings and drilling fluids. These wastes
are required pre-treatment before being disposed of in order to protect humans and the environment.
Correspondingly, researchers developed an idea of producing an eco-friendly drilling fluid system
which entails the same striking rheological and filtration properties among drilling fluids without
non-toxic chemical additives [38].

In recent times, researchers have inspected the application of powdered grass in drilling fluids
for refining the rheological and filtration performance. However, some studies are limited to the
application at low pressure-low temperature (LPLT) conditions. Investigation at HPHT conditions was
declared to be important in addressing the ability of this eco-friendly drilling fluid as compared to
bottom hole conditions which were found likely to be at HPHT. Therefore, the application of different
powdered grass concentrations in drilling fluids under LPLT and HPHT conditions were conducted
by Al-Hameedi et al. [39]. Effective concentrations of 0.5%, 1.0%, and 1.5% of powdered grass were
added separately to the base fluid which only consisted of bentonite, NaOH, and water. It showed
that the addition of powdered grass in each concentration increased the plastic viscosity, yield point,
and gel strength of the drilling fluids as compared to the base fluid. In addition, the powdered grass
drilling fluid also showed impressive filtration properties at LPLT and HPHT conditions. During
LPLT condition, 0.5% of powdered grass showed better fluid loss control and equated to 1.0% and
1.5% of powdered grass. Whereas at HPHT conditions, a 43% reduction in fluid loss volume was
recorded by using a 1.5% concentration of powdered grass as compared to the base fluid. Furthermore,
an impermeable and thin mud cake was formed in both conditions. Hence, powdered grass additive
has revealed great potential for use as a fluid loss control agent.

2.5. Applications of Various Nanocomposites in Drilling Fluids

The depletion of hydrocarbons in conventional shale has caused a surge in investigation of
reservoirs that exhibited severe conditions such as HPHT, high salinity [40], and widely distributed
nano-sized pores. Numerous mathematical models such as Bingham plastic, Newtonian fluid,
and Herschel-Bulkley fluid have been reported as reliable sources to evaluate hydraulic parameters
of drilling fluids [41]. This exploration driven to meet the growing demand for energy consumption
by consumers.

In order to retrieve oil beneath a layer of earth, drilling should be completed through a successful
drilling process. However, drilling through conventional drilling fluids has resulted in several
problems, such as excessive fluid loss [42], thick mud cake [43], and poor rheological properties at
HPHT, which has led to the intervention of nanomaterials for transformation of conventional drilling
fluids. By captivating into the progress of nanotechnology, nanocomposites application has improved
rheological and filtration properties in drilling fluids [25,44]. Several types of nanocomposites as
additives have helped to increase wellbore stability, forming impermeable mud cake [45], reduced fluid
loss into formation [46], and enhanced the viscosity of the drilling fluids [31]. Though nanoparticles
were examined due to the fact of their contribution in remodeling the rheological properties by plugging
nano-sized pores which helped to control the fluid loss [47]. Numerous studies have indicated that the
application of nanocomposites produced better drilling fluid properties. A summary of recent studies
of drilling fluids is abridged along with several nanocomposites as presented in Table 1.
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3. Variation of Rheological Properties by Nanocomposites

Combinations of nano-sized particles are triggered by joining with other solid particles present
in the mud system, such as bentonite, either directly or via intermediate chemical linkages [59].
Since nanomaterials have revealed a high surface area which greatly enhances interaction between
nanocomposites and the matrix of the mud system [60], recent studies have shown high concentrations
of nanocomposites and their effects at different temperatures in WBDF [61]. By increasing the number
of nanomaterials in drilling fluids, sufficient hole cleaning has improved which substantially reduces
many drilling problems. Subsequently, adequate amounts of nanocomposites were evaluated as an
important factor to ensure drilling operations efficiently and without adding extra pressure on the
drilling pump [62]. Also, the existence of nanocomposites in the drilling mud system has produced
a strong repulsion force among negatively charged bentonite particles to improve the rheology of
drilling fluids. Correspondingly, the increase in strong repulsion prevented agglomeration. Hence,
a strong clay platelet network was formed [63].

3.1. Gel Strength

Gel strength allows the drill cuttings to suspend as soon as the circulation of the mud stops
unexpectedly [64]. It prevented a critical mechanism of the wellbore to collapse. By the addition of
nanocomposites in the drilling fluid, it facilitated the drilling fluid system to create a gel structure
quicker than the base fluid. Moreover, studies have displayed an increase in gel strength by increasing
the concentration of nanocomposites in WBDF as disclosed in Figures 2 and 3 [61].
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Figure 2. Gel strengths of different concentration of graphene before aging: (a) 10 s and (b) 10 min.
Reprinted with permission from [61]. Copyright IOP Publishing, 2020.
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Figure 3. Gel strengths of different concentrations of graphene after aging: (a) 10 s and (b) 10 min.
Reprinted with permission from [61]. Copyright IOP Publishing, 2020.

3.2. Filtrate Loss

Filtrate loss of drilling fluids was measured under LPLT or HPHT using a filter press following the
procedure stated in the recommending practice API 13B-1 [65]. Nanocomposites lower than 100 nm in
size were established to mix with nanoporous medium and were found challenging to be tailored into
conventional drilling fluids performance [66]. Later, by increasing the concentration of nanocomposites,
a thin, stiff, and impermeable mud cake was formed. Resultantly, the filtrate loss was greatly reduced
into the rock formation. Barry et al. [67] revealed a decrease in filtrate loss volume which contributed
by intensification of electrostatic forces between negative ions of nanocomposites to avoid flocculation
with other particles as evidenced in Figure 4. Hereafter, it produced a thin and impermeable mud cake
on the surface of the wall.
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Figure 4. High pressure-high temperature (HPHT) filtrate loss at different concentrations of

(a) commercial graphene and (b) waste graphene. Reprinted with permission from [61]. Copyright IOP
Publishing, 2020.

3.3. Shear Rate

Since rheology describes the deformation of an ideal fluid under the influence of stress,
it is equally important to know the shear rates of drilling fluids to understand their rheological
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performance. Researchers have examined carbonaceous materials effects for improved rheology of
WBDE. For example, carbon nanotubes were considered to increase the shear stress which found to be
proportional to the shearing rate. It was due to the better dispersion of base-fluid mud combined with
carbon nanotubes at high shear rates [68].

Similarly, the yield stress and viscosity were up surged due to the resistant of fluid structure
malformation as compared to the conventional drilling muds. Also, studies have reported low shear
rate viscosity profiles of WBDF by adding nanocomposites. For instance, Vallejo et al. [69,70] conducted
studies of loaded dispersions of carbon black (0.25%), nano-diamonds (0.50%), graphite/diamond (1%),
and graphene nanoplates (1.5%) to analyze shear rates of 24 nanofluids. By increasing temperature,
the samples presented a decrease in viscosity of 76% to 84% at a shear rate of 57.4 s~! and 79% to 83%
at a shear rate of 489 s71.

Likewise, proportional carbon-based nanofluids presented a decline of dynamic viscosity at
70 K for 84% and a shear rate increase of 57.4 s!, hence, they examined the shear rates between 10
to 100 s! for elevated viscid conditions [71]. In addition, Sayindla et al. [72] evaluated improved
rheological properties in field conditions such as shear rates below 400 s~! for WBDF viscosity profiles.
The encountered low shear rate viscosity profile was observed below 400 s~! along with rheological
performance comparison between WBDF and OBDF.

Studies have inspected the temperature effect on viscosity of nanoclay/SiO, water-based muds
(52-55), their comparison with base mud (S1) and SiO, water-based muds (56-59) at 25 and 90 °C. It was
detected that nanoparticles enhanced the viscosity of the muds. Conversely, viscosity of nano clay/SiO,
water-based fluids was decreased with accelerating shear rate. The viscosity of 1000 cP at shear rate of
10 s~ was observed at 25 °C, while viscosity decreased at 90 °C to 200 cP for base fluid (S1). Moreover,
clay/SiO, water-based mud presented the viscosity of 1200 cP at 25 °C, though it dropped to 600 cP
at a higher temperature of 90 °C. By increasing the concentration of these nanomaterials in WBDEF,
observed viscosity was enhanced at both temperatures which can be seen in Figure 5 [29].
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Figure 5. Temperature effects on viscosity: (a,b) nano clay/SiO, WBDF (52-S5) and (¢,d) SiO, WBDF
(56-S9) at 25 and 90 °C compared to base fluid (S1). Reprinted with permission from [29]. Copyright
Elsevier, 2018.
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4. Graphene Impacts in Drilling Operations

Graphene as a unique material with a one atom thick sheet of sp? hybridized carbon atoms is well
known due to the fact of its remarkable properties such as physical, electrical, optical, electrochemical,
large surface to volume area, thermal stability, and high mechanical strength. These properties make
graphene a unique material for a wide range of industrial applications [73]. For example, high electrical
conductivity and electrocatalytic efficiency have made graphene an exceptional tool for electrochemical
applications. Likewise, other properties, such as high hydrophobicity, prominent electric conductivity,
and mechanical strength, have testified to graphene’s incorporation as a sensing element for biosensors.
Despite these wonderful properties, synthesis of graphene sheets is difficult to produce at a large scale.
Due to the poor dispersion of graphene in organic solvents [74], graphene oxide (GO) and reduced
graphene oxide (rGO) have been found way more favorable as compared to graphene in drilling fluids.

Earlier studies have been produced GO either by modified Hummers method through oxidation
of graphite by using sulfuric acid, nitric acid, and potassium manganate [75] or by dispersion of GO
precursors in water and aqueous KOH solution [76]. Li et al. [77] proposed a method without any
addition of polymeric or surfactant stabilizers to ensure notable dispersion of graphene and concluded
a stress-free way to produce aqueous graphene dispersion for large-scale production. A significant
role of graphene-derived structures is represented in Figure 6.

Graphite

Hummer’s Method

l At 1000 °C in N, |l Chemical Oxidation

Graphene Oxide (GO)

Thermal Reduction

Reduce Graphene Oxide (RGO)

Figure 6. Schematic formation from graphite, GO to rGO. Reprinted with permission from [78].
Copyright Elsevier, 2019.

The presence of oxygenated groups in a GO structure was produced with higher solubility and
well-dispersed GO nanosheets in water and organic solvents [79]. Simultaneously, these oxygenated
groups distressed the electrical, mechanical, and electrochemical properties of GO which made it
slightly different from graphene [73].

Likewise, rGO was produced through thermal and electrochemical reduction of GO [80].
William et al. [81] synthesized rGO through photocatalyzed reactions using TiO; as a catalyst stimulated
with UV light. This conversion of rGO was testified to minimize the number of oxygenated groups
presented in the structure of GO to gain attributes relatively similar to graphene [82]. As compared
to the extraordinary properties of graphene, GO and rGO have affirmed advantageous roles to vital
industries. Keeping up to date with current technology advancements, novel perspectives have been
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invented in favor of enhancing the quality of graphene-derived materials [83]. These approaches have
been involved the combination of composite materials to counterbalance merging of conventional
ceramics, metal alloys, and many polymeric materials. On the contrary, grouping of two or more
materials is found to be a superlative classification of composites in the form of fibers, sheets or particles
for their fabrication into the matrix phase [84]. While for nanocomposites, one of the materials is
composed of dimension less than 100 nm [19].

Although graphene has attracted substantial attention due to the fact of its distinctive properties
such as extraordinary mobility and conductivity, contrarily, impurities have been found in order to
recover its functionality and electrochemical activity [85]. Therefore, graphene-based nanocomposites
including inorganic nanostructures, conducting polymers, and organic materials have been combined
for enriched mechanical strength, electrical conductivity, and thermal stability [86]. Lawal et al. [78]
stated that a small quantity of graphene filler was needed to incorporate into the polymer matrix
in order to enhance the properties and characteristics of nanocomposites. While addressing the
drilling operations in extreme conditions, suitable additives are required to use in WBDF to avoid
decomposition and better performance of the drilling fluids during drilling process. Nevertheless, due
to the current advances in technology, novel nanocomposites have been selected to utilize as additives
for modification of rheological properties as well as the filtration behavior of drilling fluids [87].

In 2004, extraction of graphene was successfully done by Andre K. Geim and Konstantin Novoselov
which later won them the Noble Prize in 2010 [88]. The extraction method involved peeling off graphite
flakes from substances with the least defects [89]. Graphene is considered as a wonderful material due
to the fact of its unique attributes and thickness of an atom with high surface-area-to-volume ratio [90]
which has made it suitable for many oil and gas merged industrial applications. Many studies have
been conducted on refining the rheological and filtration properties of drilling fluids through incredible
deployment of graphene-grafted nanoparticles [23]. The application of graphene and its derivatives was
reported for rheological performance augmentation and stability of the shale [11]. Due to the fact of its
nano-sized particles, it is a favorable fluid loss control additive in contrast to bentonite that is usually
offered in base fluids [91]. These nano-sized particles are accomplished to plug the nano-sized pores that
are present in the fluid. As a result, enriched mud cake with thin and low permeability characteristics is
formed. However, some studies have exposed that graphene tends to flocculate and cause poor dispersion
of nanoparticles in the drilling fluid system. This problem is resolved through the application of graphene
derivative such as GO and its dispersion in an aqueous solution due to the fact of its highly hydrophilic
possessions [92]. Aftab et al. [28] categorized rheological properties using graphene nanoparticles for
noteworthy filtrate volume which was remained stable at HPHT conditions as compared to the base fluid.
Since graphene contained a high-surface-to-volume ratio, considering a small amount of graphene was
found to be sufficient enough to increase the thermal conductivity, heat tolerability, and the effectiveness
of interaction among rock surfaces [89]. Hence, the drill bit was able to transfer the heat generated during
the drilling process to cool off the bit. Consistently, in a research by Friedheim et al. [93], GO was proved
as a viable shale inhibitor option at HPHT conditions due to the fact of its ability to mitigate the swelling
effect in shale formation It was triggered by the interaction of water between clay minerals which existed
in the shale and enhanced wellbore stability to prevent from collapse.

4.1. Graphene-Derived Nanocomposites in WBDF

The combination of graphene with composites have been utilized to develop superlative properties as
a filling agent to advance the applications of nanocomposites in WBDE. A symbolic role of graphene-derived
nanocomposites was tested to minimize fluid loss and notable effects on lubricity, viscosity, yield stress,
shear rate, etc. Efforts of graphene flakes dispersion in WBDF resulted as unideal remediation for drilling
fluids. In contrast, dispersion of graphene-derived nanocomposites compacted the interlocking of diverse
materials to maintain desired pore-plugging through mud cake formation. It allows nanocomposites to
serve multiple rheological functions with minute quantities due to the fact of their well-exfoliation and
enriched functional characteristics in any system as presented in Figure 7 [35].
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Graphene Metal Oxide nanocomposite

Figure 7. Fabrication of graphene-derived nanocomposite from metal oxide. Reprinted with permission
from [78]. Copyright Elsevier, 2019.

A summary of studies has displayed the rheology of drilling fluids by utilizing nanocomposites as
filtration reducing agent [24], heat resistant [34], viscosifier [42], shale inhibitor [51], weighing additives
through the magnetic field into an environmental responsive product [56], nano-emulsion lubricant for
strong inhibition [23], and desulfurizing agent to remove H,S from drilling fluids due to the fact of
their high porosity and surface area [94]. The fabrication of graphene nanocomposites with polymers,
organic, inorganic, and carbon materials as well as summarization of their progress for rheological and
filtration properties of WBDF is displayed in Table 2.

4.1.1. Graphene-Polymer Nanocomposites

Various studies for graphene—polymer nanocomposites have been developed by chemical
or electrochemical polymerization of the monomers in the presence of graphene. Considerable
polymer nanocomposites research has motivated on uncovering synthesis routes, for instance,
in situ polymerization, solvent blending, melt compounding to fabricate graphene-based materials.
Quantitative dispersion of these materials determines the structural deformation to stabilize their
properties and unnecessary functionalization into polymer matrix. Concerning this, untangling of sheets
during polymer dispersion into other materials incapacitates their unique properties [95]. Furthermore,
ultrasonication has deployed better graphene dispersion in the polymer matrix as a nanofiller. On the
other hand, consideration was taken for size and wt.% of desired nanomaterial. Individual types of
polymer—clay nanocomposites and their interaction among the fillers are demonstrated in Figure 8 [96].
Several examples of graphene—polymer nanocomposite in WBDF are enumerated in Table 2.
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Figure 8. Assembling of polymer—clay nanocomposites through in situ intercalation, melt intercalation,
and exfoliation techniques. Reprinted with permission from [96]. Copyright Elsevier, 2018.

4.1.2. Graphene-Activated Carbon Nanocomposites

Fabrication of graphene on activated carbon is employed for commercial usage due to the low
cost and availability of activated carbon [97]. Besides, activated carbon has intensified performance
due to the fact of its pore structure and large surface area. The resulting nanocomposite presented high

133



Nanomaterials 2020, 10, 2004

performance, suitable yield point, plastic velocity as well as thin mud cake formation [98]. Examples of
graphene-activated carbon nanocomposites as a high enactment material in WBDF are listed in Table 2.

4.1.3. Graphene-Metal Nanocomposites

The incorporation of metals as composite, such as copper, gold, and iron, into graphene are
considered as the next generation conductors due to the fact of their room temperature tolerance and
high resistivity as compared to conventional metals. The effect of graphene-metal nanocomposites has
upgraded rheological properties using different concentrations of particles sizes less than 50 nm [99].
A great number of functional groups have been incorporated due to the metal nanocomposites which
resulted in low shear thinning and a decrease in mud filtrate. Due to the fact of their high thermal
conductivities that dissolved heat efficiently, they have added benefits for upraised electrochemical
properties and analytical performances in drilling operations [100]. Influence of these graphene-metal
nanocomposites for WBDF are briefly tabulated in Table 2.

4.1.4. Graphene-Metal Oxide Nanocomposites

Lately, graphene-metal oxide nanocomposites have been widely used as an alternative with
cost-friendly results in drilling fluid applications [101]. Due to the combination of graphene into
pores of metal oxygenated groups, these nanocomposites exhibited a great tendency to tolerate HPHT
conditions of drilling operations. Recent studies have contributed to an enhanced usage of metal
oxides for the fabrication of graphene nanocomposite for testified high-energy density. Rheological
behavior of these nanocomposites has immensely influenced WBDF [102,103]. A significant role of
graphene-metal oxide nanocomposites for value-added properties of WBDF is given in Table 2.

4.1.5. Graphene-Fiber Nanocomposites

Graphene-fiber nanocomposites are formed through direct covalent bonding of carbon fiber with
graphene to advance WBDF as compared to bentonite-formulated base fluids. Studies have uncovered
a great effect of these nanocomposites by novel incorporated fibers for minimizing fluid loss, reduced
mud cake damage, and enhanced performance of drilling fluids. Potential studies were presented for
sealing of wellbores and fluid production to prevent leakage to the surface resulting in low costs, low
environmental risks, persistent wellbore reliability, and well cementing modern technologies [104].
In addition, hybridized nanocomposites enhance the thermal stability of conventional drilling fluids
which shows a reduction in mud filtrate and modification of nano-additives in drilling fluids.
An example of polyaniline (PANI)-GO nanocomposite dispersion to avoid self-aggregation is presented

in Figure 9 [105,106].
GO
Cc

Figure 9. Representative dispersion of matrix: (a) random distribution of polyaniline (PANI),
(b) enhanced dispersion of hybrid fillers due to the electrostatic interaction, (c) poor dispersion

Carbon Fiber

of GO due to the large particles agglomeration. Reprinted with permission from [105]. Copyright
Elsevier, 2016.

Several researchers have investigated the role of graphene-fiber nanocomposites in WBDF which
are briefly entailed in Table 2.
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4.2. Graphene Oxide on Rheological Properties

Nanotechnology through the production of nanomaterials has appreciably uplifted a positive
impact on the advancement of technology among innumerable industries. Nanomaterials have been
found roughly in the size of 1 to 100 nm, provided many advantages upon their applications. In recent
years, the effect of GO at HPHT and LPLT conditions have reported high-performance fluid loss
control [128]. Upon the discovery of graphene back in 2004 [88], it was proved to be a promising
material for many applications. However, due to the difficult top-down synthesis, poor solubility,
and agglomeration problem in solution, GO was synthesized from graphite using Hummers method
through oxidation [129]. It has retained worthy attributes such as electrical and thermal conductivity,
mechanical stiffness and biocompatible properties [130]. Additionally, remarkable mechanical properties
were obtained from interfacial interaction of GO with polymer matrix by increasing the functional
group of GO sheets to fabricate GO-derived nanocomposites as presented in Figure 10. In this regard,
Murphy et al. [131] evaluated important factors, such as plastic viscosity and yield point, through GO
as an additive in drilling fluids. They examined rheological behavior as the main factor in adjusting
the printability and structure of alginate hydrogels. Consequently, novel properties of GO and their
application for modified rheological properties have solved the issues of poor mechanical strength and
inadequate structural reliability [132].

Recently, the role of GO in featured rheology was analyzed such as an examination of GO-S5iO,
nanoparticles for unconventional reservoir shales to reduce cutting dispersion [128], suspension
of cutting fluids using GO [133], improved thermal stability and inhibition capabilities of WBDF
in Woodford shale [134], the effect of GO functionalization to improve heavy oil recovery [135],
clean swelling inhibitor in WBDF [97], and GO as an additive to improve filtration, thermal conductivity,
and rheological properties of drilling fluids [116,136].
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Figure 10. Structural representation of GO/PAM nanocomposite fabrication. Reprinted with permission
from [116]. Copyright Elsevier, 2020.
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4.3. Graphene Oxide in WBDF

Although, several nanomaterials are considered to maintain the stable rheological and filtration
properties of WBDF [137], graphene contains a distinguished thickness of one atom and is known for
its evident mechanical, thermal, electrical, and physical properties. However, deprived dispersion of
graphene in water has prohibited its usage in WBDEF [119].

Newly conducted studies by Kusrini et al. [127] have utilized GO as a superlative alternate and
additive in drilling fluids. Production of GO from industrial waste using a modified Hummers method
in which graphite goes through chemical oxidation and is followed by its reduction. Due to the
highly hydrophilic properties of GO, it is dispersed well in aqueous solution with a wide range of
concentrations [92]. From these studies, a comparative analysis of GO was observed to uplift fluid loss
performance as compared to the base fluid. The filtrate loss volume was reduced from 6 mL to 3.6 mL
and the mud cake thickness was decreased up to 70%. Also, GO produced positive results for the
rheological properties of drilling fluid such as plastic viscosity, yield point, and gel strength. Addition
of GO minimized the viscosity values. It was analyzed due to the reduction in GO size which was
observed as nano-sized particles that triggered less friction and minimized the resistance of flow in
drilling fluids. Low plastic viscosity values are desired to prevent high-pressure drops which result in the
low circulation of fluid [122]. In contrast, yield point and gel strength are increased with the application of
GO in drilling fluids. The increase of yield point was examined due to the twigging of particles together
and, hence, to overcome the surface energy resulting from increased GO surface area. Furthermore,
it improved the ability of the drilling fluid to carry the drill cuttings to the surface. The measured values
of gel strength increased due to the attraction forces among well-dispersed GO with other particles
presented in the drilling fluid system. An increase in gel strength is desirable, as it helps the drilling
fluid system create a gel structure quicker than the base fluid [112]. Lastly, Alkinani et al. [138] directed
an equivalent circulation density (ECD) simulation for the application of GO in drilling fluids. The ECD
values of GO did not report a dominant difference with the base fluid. The ECD values indicated GO as
more suitable for low-pressure wells to reduce the potential risk of circulation loss.

5. Limitations and Challenges

This review endorsed us to report several advantages of nanocomposites as additives for
augmenting rheological performance and stable fluid loss control in WBDE. However, a few challenges
should be addressed before they can be employed in drilling operations. Several rheological behaviors
are uncovered through nanocomposites, for instance, wellbore strengthening, improved shale stability,
and drill bit issues as displayed in Figure 11.

Challenges

> Wellbore Instability

> Shale Swelling or Hydration
=» Formation Damage

> Low Rate of Penetration

» String Corrosion and Stickiness

> Elevated Temperature at the Bit

Figure 11. Challenges of drilling operations. Reprinted with permission from [139]. Copyright
Elsevier, 2019.
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The stability of nanocomposite dispersions reports a methodical challenge to maintain drilling
fluids. A coherent method for an effective dispersion of nanomaterials in a liquid or solid medium is a
crucial phase. In earlier studies, high-speed mixers, magnetic stirrers, ultrasonic baths, ball milling,
and other homogenizers are presented [140]. The nano-size of composite mixtures tend to re-aggregate
due to the presence of van der Waals forces and confine their high surface area control [141]. Therefore,
additives, such as surfactants, stabilizers or ionic liquids, are required to increase the steric hindrance
between nanocomposites fabrication and stable dispersions. A brief overview of the advantages
and limitations of nanocomposites based on their processing and nanofiller content is presented in
Table 3 [142].

Table 3. Advantages and disadvantages of nanocomposites synthesis routes [143].

Synthesis Routes Nanofiller Content Advantages Limitations

Fabrication and polymerization occur at
In situ polymerization 5-70 wt.% the same time to produce an efficient
interface between filler and polymer

Suitable for limited types
of polymers

Shear press 60-70 wt.% Fine alignment Restricted to small-scale production
Vacuum-assisted o Competent at producing large and Filler fractions and thickness are
e . 5-70 wt.% H .
polymer infiltration complex composites challenging to control
Spray winding 50-80 wt.% Satisfactory alignment and Comparatively complex apparatus

large-scale production

Capillary rise infiltration 40-60 wt.% User-friendly apparatus Limited to thermoplastic polymers

Moreover, primary factors, including particle size and morphology, and other structural properties
for nanocomposite dispersions are equally important. Researchers have identified challenges during
quantitative studies of nanocomposites by addition of suitable additives for the chemical stability of
fabricated nanocomposites in WBDF [144]. A comparative analysis of utilizing 0.3 ppb of nanosilica and
graphene nanoplates established the ideal effects of graphene nanoplates on filtrate loss in WBDEF [91].
It is equally challenging to find an optimized ratio of these nanocomposites for eco-friendly usage.
For example, nanocomposites ratios with low concentrations of 0.5 wt.% have influenced the rheological
behavior of drilling fluids [145].

Although many types of nanocomposites are commercially available, the cost of their synthesis
is still an obstacle for targeted operations in oil and gas industry [146]. The American Petroleum
Institute (API) has given particular specifications and procedures which provide difficulty for newly
made-up nanocomposites and base fluid formulations due to the fact of their different properties,
process parameters, and other requirements [147]. Tt is also recognized that preparation protocols and
key measurements of these nanocomposites find difficulty in the combination with graphene-based
materials [148]. In this regard, more research emphasis on graphene-derived materials could be a
promising substitute. Significant factors such as mixing time, functionalization of additives, and order
of materials doping are crucial and can knowingly affect the drilling fluids behavior. Vital procedures,
consistent results, and the role of these nanocomposites in unconventional rheological studies are
alarming for researchers and oil companies.

6. Future Prospects

An improved description of drilling fluids performance has advanced fundamental aspects
in applied rheology. Therefore, potential analysis and extensive methodologies are essential for
future research. More studies should endeavor for combinations of novel nanocomposites with
graphene-based materials such as graphene-doped nano-additives and GO synthesized through novel
analytical techniques. Moreover, a comprehensive quantitative analysis of these nanocomposites should
be performed for drilling fluid operations. Further research should be focused on key mechanisms
of interaction between nanocomposites and other additives available in drilling fluids. Apart from
WBDE, optimizations of fluid formations can possibly be done by adding nanocomposites and their
comparison with SBDF and OBDF. Deep analysis of these nanocomposites, for instance, bentonite or
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barite particles, should be compared to conventional base fluids at elevated pressure and temperature
conditions. To reduce formation damages of mud cakes, advanced procedures should be utilized for
the characterization and quantification of mud cakes. Several studies have entailed least exposed
rheology through nanocomposites, i.e., plastic viscosity, shear rate, yield point, and filtrate loss.
It is motivational for upcoming practices to take an account of complete rheograms for filtration
tests. Incorporation of such nanocomposites shows a need to combat high pressure and temperature
conditions encountering low shear rates and complicated information regarding cuttings, wellbore
strengthening, and advancement of these techniques in several types of drilling fluids. Hereafter,
the role of graphene-derived nanocomposites will have a major role in the preparation of novel
additives for WBDE. It will advance a breakthrough in augmenting the efficiency of drilling operations
and expand the overall competitiveness of industrial applications.

7. Conclusions

In summary, we demonstrate the usage of nanocomposites in drilling operations with
their considerably amplified performance and functionality. It was shown that applications of
nanocomposites by a combination of two or more nanomaterials were embedded in a matrix phase.
However, challenges are required to resolve for advance production of nanocomposites. By comparing
several types of nanocomposites behavior, it was revealed that graphene-derived nanocomposites,
particularly, GO-nanocomposites, as additives enhanced the rheological properties of WBDF.
This reflects the examination of key factors in producing nanocomposites, such as nanoparticles or
other nanomaterials, combined with graphene, and examination of other rheological properties under
extreme conditions. However, they have been observed to be expensive and found to be produced in
small amounts. Promising attempts were displayed for the modification of plastic viscosity, yield point,
gel strength, and filtrate loss at LPLH and HPHT by using graphene-derived nanocomposites.
This leads the drilling industry to focus on the commercial production of nanocomposites, either
through green synthesis or beyond the laboratories and consolidation of these materials into the end
product preserving their nanostructures. Handling of these nanomaterials also paves the way to study
a major role of these nanocomposites for OBDF as driving factors. Therefore, novel methods are
needed to produce grapheneaceous nanocomposites on a large scale and at an affordable cost, prior to
the applications of nanocomposites in WBDE. To conclude, this review will be helpful for researchers to
discover novel routes of nanocomposites synthesis, their fabrication with graphene-grafted innovative
nanomaterials, and their utilization in several unindicated rheological properties of drilling fluids.
The addition of these methods could be equally helpful for future perspectives of modest comparison
for a critical variety of drilling fluids.

Author Contributions: Conceptualization, R.I. and B.M.].; Analysis, ].V. and B.M.].; Investigation, B.M.J., ].V. and
Z2.7.C.; Original draft preparation, R.I; Writing—review and editing, R.I.,, B.M.]. and M.L.C.; Funding acquisition,
J.V,, BM.J. and Z.Z.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was conducted with the support of Malaysia—Thailand Joint Authority under grant number
IF062-2019, Fundamental Research Grant Scheme FP050-2019A, and IF073-2019 under University of Malaya,
Malaysia and King Khalid University, Saudi Arabia, and Ministry of Education, Youth and Sports of the Czech
Republic under Operational Programme Research, Development and Education, project Carbon Allotropes with
Rationalized Nanointerfaces and Nanolinks for Environmental and Biomedical Applications (CARAT), number
CZ.02.1.01/0.0/0.0/16_026/0008382.

Acknowledgments: Sincere gratitude to the University of Malaya for providing funds during the course of this
study. The authors are thankful to anonymous referees for their valuable and considerate recommendations.
R.I. would like to offer sincere appreciation to her father, deceased during this pandemic, who is a source of
intrinsic motivation throughout her academic achievements.

Conflicts of Interest: The authors declare no conflict of interest.

140



Nanomaterials 2020, 10, 2004

References

1.  Hajiabadi, S.H.; Aghaei, H.; Kalateh-Aghamohammadi, M.; Shorgasthi, M. An overview on the significance
of carbon-based nanomaterials in upstream oil and gas industry. J. Pet. Sci. Eng. 2020, 186, 106783. [CrossRef]

2. Pastoriza-Santos, I.; Kinnear, C.; Pérez-Juste, J.; Mulvaney, P; Liz-Marzan, L.M. Plasmonic polymer
nanocomposites. Nat. Rev. Mater. 2018, 3, 375-391. [CrossRef]

3. Cha, G.D,; Lee, WH.; Lim, C.; Choi, M.K;; Kim, D.H. Materials engineering, processing, and device
application of hydrogel nanocomposites. Nanoscale 2020, 12, 10456-10473. [CrossRef] [PubMed]

4. Papageorgiou, D.G.; Kinloch, I.A.; Young, R.J. Mechanical properties of graphene and graphene-based
nanocomposites. Prog. Mater. Sci. 2017, 90, 75-127. [CrossRef]

5. Kim, H,; Miura, Y.; Macosko, C.W. Graphene/polyurethane nanocomposites for improved gas barrier and
electrical conductivity. Chem. Mater. 2010, 22, 3441-3450. [CrossRef]

6.  Cai, D,; Song, M. Recent advance in functionalized graphene/polymer nanocomposites. J. Mater. Chem. 2010,
20, 7906-7915. [CrossRef]

7. Abdo, J.; Haneef, M. Clay nanoparticles modified drilling fluids for drilling of deep hydrocarbon wells.
Appl. Clay Sci. 2013, 86, 76-82. [CrossRef]

8. Mao, H;; Yang, Y;; Zhang, H.; Zhang, J.; Huang, Y. A critical review of the possible effects of physical and
chemical properties of subcritical water on the performance of water-based drilling fluids designed for
ultra-high temperature and ultra-high pressure drilling applications. ]. Pet. Sci. Eng. 2020, 187, 106795.
[CrossRef]

9.  Bageri, B.S.; Adebayo, A.R.; Al Jaberi, J.; Patil, S. Effect of perlite particles on the filtration properties of
high-density barite weighted water-based drilling fluid. Powder Technol. 2020, 360, 1157-1166. [CrossRef]

10. Elgibaly, A.; Farahat, M.; Abd El Nabbi, M. The Optimum Types and Characteristics of Drilling Fluids Used
During Drilling in The Egyption Westren Desert. ]. Pet. Min. Eng. 2018, 20, 89-100. [CrossRef]

11.  Neuberger, N.; Adidharma, H.; Fan, M. Graphene: A review of applications in the petroleum industry. J. Pet.
Sci. Eng. 2018, 167, 152-159. [CrossRef]

12.  Negin, C.; Alj, S.; Xie, Q. Application of nanotechnology for enhancing oil recovery—A review. Petroleum
2016, 2, 324-333. [CrossRef]

13.  Werner, B.; Myrseth, V.; Saasen, A. Viscoelastic properties of drilling fluids and their influence on cuttings
transport. J. Pet. Sci. Eng. 2017, 156, 845-851. [CrossRef]

14.  Ahmad, HM.; Kamal, M.S.; Al-Harthi, M.A. High molecular weight copolymers as rheology modifier and
fluid loss additive for water-based drilling fluids. J. Mol. Lig. 2018, 252, 133-143. [CrossRef]

15.  William, ] K.M.; Ponmani, S.; Samuel, R.; Nagarajan, R.; Sangwai, ].S. Effect of CuO and ZnO nanofluids in
xanthan gum on thermal, electrical and high pressure rheology of water-based drilling fluids. J. Pet. Sci. Eng.
2014, 117, 15-27. [CrossRef]

16. Kosynkin, D.V.; Ceriotti, G.; Wilson, K.C.; Lomeda, J.R.; Scorsone, J.T.; Patel, A.D. Graphene Oxide as a
High-Performance Fluid-Loss-Control Additive in Water-Based Drilling Fluids. ACS Appl. Mater. Interfaces
2012, 4, 222-227. [CrossRef] [PubMed]

17. Mao, H; Qiu, Z.; Shen, Z.; Huang, W. Hydrophobic associated polymer based silica nanoparticles composite
with core-shell structure as a filtrate reducer for drilling fluid at utra-high temperature. J. Pet. Sci. Eng. 2015,
129, 1-14. [CrossRef]

18.  Echeverria, C.; Mijangos, C. A Way to Predict Gold Nanoparticles/Polymer Hybrid Microgel Agglomeration
Based on Rheological Studies. Nanomaterials 2019, 9, 1499. [CrossRef]

19. Goyal, RK. Nanomaterials and Nanocomposites: Synthesis, Properties, Characterization Techniques, and Applications;
CRC Press: Boca Raton, FL, USA, 2017.

20. Camargo, PH.C.; Satyanarayana, K.G.; Wypych, F. Nanocomposites: Synthesis, structure, properties and
new application opportunities. Mater. Res. 2009, 12, 1-39. [CrossRef]

21. Oku, T. Carbon/Carbon Composites and Their Properties. In Carbon Alloys; Elsevier: Amsterdam,
The Netherlands, 2003; pp. 523-544.

22.  Lepak-Kugc, S.; Milowska, K.Z.; Boncel, S.; Szybowicz, M.; Dychalska, A.; Jozwik, I. Highly Conductive Doped
Hybrid Carbon Nanotube-Graphene Wires. ACS Appl. Mater. Interfaces 2019, 11, 33207-33220. [CrossRef]

23. Jain, R.; Mahto, V. Evaluation of polyacrylamide/clay composite as a potential drilling fluid additive in

inhibitive water based drilling fluid system. J. Pet. Sci. Eng. 2015, 133, 612-621. [CrossRef]

141



Nanomaterials 2020, 10, 2004

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Saboori, R.; Sabbaghi, S.; Kalantariasl, A.; Mowla, D. Improvement in filtration properties of water-based
drilling fluid by nanocarboxymethyl cellulose/polystyrene core-shell nanocomposite. . Pet. Explor.
Prod. Technol. 2018, 8, 445-454. [CrossRef]

Ahmad, H.M.; Kamal, M.S.; Hussain, S.M.S.; Al-Harthi, M. Synthesis of novel polymer nanocomposite for
water-based drilling fluids. In Proceedings of the 35th International Conference of the Polymer Processing Society;
AIP Publishing LLC: Melville, NY, USA, 2020.

Sadeghalvaad, M.; Sabbaghi, S. The effect of the TiO,/polyacrylamide nanocomposite on water-based drilling
fluid properties. Powder Technol. 2015, 272, 113-119. [CrossRef]

Abdo, J.; Zaier, R.; Hassan, E.; Al-Sharji, H.; Al-Shabibi, A. ZnO-clay nanocomposites for enhance drilling at
HTHP conditions. Surf. Interface Anal. 2014, 46, 970-974. [CrossRef]

Aftab, A.; Ismail, A.R.; Khokhar, S.; Ibupoto, Z.H. Novel zinc oxide nanoparticles deposited acrylamide
composite used for enhancing the performance of water-based drilling fluids at elevated temperature
conditions. J. Pet. Sci. Eng. 2016, 146, 1142-1157. [CrossRef]

Cheraghian, G.; Wu, Q.; Mostofi, M.; Li, M.C.; Afrand, M.; Sangwali, ].S. Effect of a novel clay/silica
nanocomposite on water-based drilling fluids: Improvements in rheological and filtration properties.
Colloids Surf. A 2018, 555, 339-350. [CrossRef]

Abdo, J.; AL-Sharji, H.; Hassan, E. Effects of nano-sepiolite on rheological properties and filtration loss of
water-based drilling fluids. Surf. Interface Anal. 2016, 48, 522-526. [CrossRef]

Saboori, R.; Sabbaghi, S.; Kalantariasl, A. Improvement of rheological, filtration and thermal conductivity
of bentonite drilling fluid using copper oxide/polyacrylamide nanocomposite. Powder Technol. 2019, 353,
257-266. [CrossRef]

Liu, M.; Lin, M.C.; Wang, C. Enhancements of thermal conductivities with Cu, CuO, and carbon nanotube
nanofluids and application of MWNT/water nanofluid on a water chiller system. Nanoscale Res. Lett. 2011,
6,297. [CrossRef]

Sahooli, M.; Sabbaghi, S. Investigation of thermal properties of CuO nanoparticles on the ethylene glycol-water
mixture. Mater. Lett. 2013, 93, 254-257. [CrossRef]

Das, PK.; Mallik, A K.; Ganguly, R.; Santra, A K. Synthesis and characterization of TiO,-water nanofluids
with different surfactants. Int. Commun. Heat Mass Transfer. 2016, 75, 341-348. [CrossRef]

Rafati, R.; Smith, S.R.; Haddad, A.S.; Novara, R.; Hamidi, H. Effect of nanoparticles on the modifications of
drilling fluids properties: A review of recent advances. J. Pet. Sci. Eng. 2018, 161, 61-76. [CrossRef]
Krishnakumar, T.; Sheeba, A.; Mahesh, V.; Prakash, M.]. Heat transfer studies on ethylene glycol/water
nanofluid containing TiO; nanoparticles. Int. ]. Refrig. 2019, 102, 55-61. [CrossRef]

Ismail, AR.; Alias, A.; Sulaiman, W.; Jaafar, M.; Ismail, I. Drilling fluid waste management in drilling for oil
and gas wells. Chem. Eng. Trans. 2017, 56, 1351-1356.

Onwukwe, S.; Nwakaudu, M. Drilling wastes generation and management approach. Int. J. Environ. Sci. Dev.
2012, 3, 252. [CrossRef]

Al-Hameedi, A.T.T.; Alkinani, H.H.; Dunn-Norman, S.; Al-Alwani, M.A.; Alshammari, A.F.; Albazzaz, HW.
Insights into the application of new eco-friendly drilling fluid additive to improve the fluid properties in
water-based drilling fluid systems. J. Pet. Sci. Eng. 2019, 183. [CrossRef]

Song, Y.; Li, Z.; Jiang, L.; Hong, F. The concept and the accumulation characteristics of unconventional
hydrocarbon resources. Pet. Sci. 2015, 12, 563-572. [CrossRef]

Oseh, J.O.; Mohd Norddin, M.N.A.; Ismail, I.; Gbadamosi, A.O.; Agi, A.; Mohammed, H.N. A novel
approach to enhance rheological and filtration properties of water-based mud using polypropylene-silica
nanocomposite. J. Pet. Sci. Eng. 2019, 181. [CrossRef]

Borthakur, A.; Choudhury, S.; Sengupta, P; Rao, K.; Nihalani, M. Synthesis and evaluation of partially
hydrolysed polyacrylamide (PHPA) as viscosifier in water based drilling fluids. Ind. ]. Chem. Technol. 1997,
4, 83-88.

Hale, A.; Mody, E. Partially hydrolyzed polyacrylamide (PHPA) mud systems for Gulf of Mexico deepwater
prospects. SPE International Symposium on oilfield chemistry. Soc. Pet. Eng. 1993.

Nizamani, A.; Ismail, A.R.; Junin, R.; Dayo, A.; Tunio, A.; Ibupoto, Z. Synthesis of titaniabentonite nano
composite and its applications in water-based drilling fluids. Chem. Eng. Trans. 2017, 56, 949-954.

142



Nanomaterials 2020, 10, 2004

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bhasney, S.M.; Kumar, A.; Katiyar, V. Microcrystalline cellulose, polylactic acid and polypropylene
biocomposites and its morphological, mechanical, thermal and rheological properties. Compos. Part B
2020, 184, 107717. [CrossRef]

Jahed, M.; Naderi, G.; Hamid Reza Ghoreishy, M. Microstructure, mechanical, and rheological properties
of natural rubber/ethylene propylene diene monomer nanocomposites reinforced by multi-wall carbon
nanotubes. Polym. Compos. 2018, 39, E745-E753. [CrossRef]

Zhao, Q.; Finlayson, C.E.; Snoswell, D.R.; Haines, A.; Schéfer, C.; Spahn, P. Large-scale ordering of
nanoparticles using viscoelastic shear processing. Nat. Commun. 2016, 7, 1-10. [CrossRef] [PubMed]
Srivatsa, J.T.; Ziaja, M.B. An experimental investigation on use of nanoparticles as fluid loss additives in
a surfactant-polymer based drilling fluid. In Conference Proceedings, IPTC 2012: International Petroleum
Technology Conference; European Association of Geoscientists & Engineers: Amsterdam, The Netherlands,
2012; p. 280.

Needaa, A.M.; Pourafshary, P; Hamoud, A.-H.; Jamil, A. Controlling bentonite-based drilling mud properties
using sepiolite nanoparticles. Pet. Explor. Dev. 2016, 43, 717-723.

Jain, R.; Mahto, T.K.; Mahto, V. Rheological investigations of water based drilling fluid system developed
using synthesized nanocomposite. Korea-Aust. Rheol. ]. 2016, 28, 55-65. [CrossRef]

Xu, J.G.; Qiu, Z.; Zhao, X.; Huang, W. Hydrophobic modified polymer based silica nanocomposite for
improving shale stability in water-based drilling fluids. J. Pet. Sci. Eng. 2017, 153, 325-330. [CrossRef]

Xu, J.G.; Qiu, Z.S.; Zhao, X.; Zhong, H.Y.; Li, G.R.; Huang, W.A. Synthesis and characterization of shale
stabilizer based on polyethylene glycol grafted nano-silica composite in water-based drilling fluids. . Pet.
Sci. Eng. 2018, 163, 371-377. [CrossRef]

Qiu, Z,; Xu, J.; Yang, P.; Zhao, X.; Mou, T.; Zhong, H. Effect of Amphiphilic Polymer/Nano-Silica Composite
on Shale Stability for Water-Based Muds. Appl. Sci. 2018, 8, 1839. [CrossRef]

Khan, M.A.; Al-Saliml, H.; Arsanjani, L.N. Development of high temperature high pressure (HTHP) water
based drilling mud using synthetic polymers, and nanoparticles. J. Adv. Res. Fluid Mech. Thermal Sci. 2018,
45,99-108.

Abdollahi, M.; Pourmahdi, M.; Nasiri, A.R. Synthesis and characterization of lignosulfonate/acrylamide
graft copolymers and their application in environmentally friendly water-based drilling fluid. J. Pet. Sci. Eng.
2018, 171, 484-494. [CrossRef]

Mohamadian, N.; Ghorbani, H.; Wood, D.A.; Khoshmardan, M.A. A hybrid nanocomposite of poly
(styrene-methyl methacrylate-acrylic acid)/clay as a novel rheology-improvement additive for drilling fluids.
J. Polym. Res. 2019, 26, 33. [CrossRef]

Davoodji, S.; SA, AR; Soleimanian, A_; Jahromi, A.F. Application of a novel acrylamide copolymer containing
highly hydrophobic comonomer as filtration control and rheology modifier additive in water-based drilling
mud. J. Pet. Sci. Eng. 2019, 180, 747-755. [CrossRef]

Kok, M.V.; Bal, B. Effects of silica nanoparticles on the performance of water-based drilling fluids. J. Pet.
Sci. Eng. 2019, 180, 605-614. [CrossRef]

Kang, Y,; She, J.; Zhang, H.; You, L.; Song, M. Strengthening shale wellbore with silica nanoparticles drilling
fluid. Petroleum 2016, 2, 189-195. [CrossRef]

Quintero, L.; Cardenas, A.E.; Clark, D.E. Nanofluids and Methods of Use for Drilling and Completion Fluids.
U.S. Patent No. 8,822,386, 2 September 2014.

Putra, PH.M,; Jan, B.M.; Patah, M.F.A ; Junaidi, M.U.M. Effect of temperature and concentration of industrial
waste graphene on rheological properties of water based mud. IOP Conf. Ser. Mater. Sci. Eng. 2020,
778, 012120.

Razi, M.M.; Mazidi, M.; Razi, EM.; Aligolzadeh, H.; Niazi, S. Artificial neural network modeling of plastic
viscosity, yield point, and apparent viscosity for water-based drilling fluids. J. Dispers. Sci. Technol. 2013, 34,
822-827. [CrossRef]

Sajjadian, M.; Sajjadian, V.A.; Rashidi, A. Experimental evaluation of nanomaterials to improve drilling fluid
properties of water-based muds HP/HT applications. . Pet. Sci. Eng. 2020, 190. [CrossRef]

Amani, M.; Al-Jubouri, M. The effect of high pressures and high temperatures on the properties of water
based drilling fluids. Energy Sci. Technol. 2012, 4, 27-33.

143



Nanomaterials 2020, 10, 2004

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Smith, S.R.; Rafati, R.; Haddad, A.S.; Cooper, A.; Hamidi, H. Application of aluminium oxide nanoparticles
to enhance rheological and filtration properties of water based muds at HPHT conditions. Colloids Surf. A
2018, 537, 361-371. [CrossRef]

Ghayedi, A.; Khosravi, A. Laboratory investigation of the effect of GO-ZnO nanocomposite on drilling fluid
properties and its potential on H2S removal in oil reservoirs. J. Pet. Sci. Eng. 2020, 184, 106684. [CrossRef]
Barry, M.M.; Jung, Y.; Lee, ] K.; Phuoc, T.X.; Chyu, M.K. Fluid filtration and rheological properties of
nanoparticle additive and intercalated clay hybrid bentonite drilling fluids. J. Pet. Sci. Eng. 2015, 127,
338-346. [CrossRef]

Abduo, M.; Dahab, A.; Abuseda, H.; AbdulAziz, AM.; Elhossieny, M. Comparative study of using
water-based mud containing multiwall carbon nanotubes versus oil-based mud in HPHT fields. Egypt. ]. Pet.
2016, 25, 459-464. [CrossRef]

Vallejo, J.P; Zyla, G.; Fernandez-Seara, J.; Lugo, L. Influence of six carbon-based nanomaterials on the
rheological properties of nanofluids. Nanomaterials 2019, 9, 146. [CrossRef] [PubMed]

Monjezi, S.; Jones, ].D.; Nelson, A K.; Park, J. The effect of weak confinement on the orientation of nanorods
under shear flows. Nanomaterials 2018, 8, 130. [CrossRef]

Vallejo, J.P; Zyla, G.; Ferndndez-Seara, J.; Lugo, L. Rheological behaviour of functionalized graphene
nanoplatelet nanofluids based on water and propylene glycol: Water mixtures. Int. Commun. Heat
Mass Transfer. 2018, 99, 43-53. [CrossRef]

Sayindla, S.; Lund, B.; Ytrehus, J.D.; Saasen, A. Hole-cleaning performance comparison of oil-based and
water-based drilling fluids. . Pet. Sci. Eng. 2017, 159, 49-57. [CrossRef]

Mehrali, M.; Sadeghinezhad, E.; Latibari, S.T.; Kazi, S.N.; Mehrali, M.; Zubir, M. Investigation of thermal
conductivity and rheological properties of nanofluids containing graphene nanoplatelets. Nanoscale Res. Lett.
2014, 9, 15. [CrossRef]

Liang, Y.; Wu, D.; Feng, X.; Miillen, K. Dispersion of graphene sheets in organic solvent supported by ionic
interactions. Adv. Mater. 2009, 21, 1679-1683. [CrossRef]

Hummers, W.S., Jr.; Offeman, R.E. Preparation of graphitic oxide. J. Am. Chem. Soc. 1958, 80, 1339. [CrossRef]
Park, S.; An, J.; Piner, R.D.; Jung, I.; Yang, D.; Velamakanni, A. Aqueous suspension and characterization of
chemically modified graphene sheets. Chem. Mater. 2008, 20, 6592-6594. [CrossRef]

Li, D.; Miiller, M.B.; Gilje, S.; Kaner, R.B.; Wallace, G.G. Processable aqueous dispersions of graphene
nanosheets. Nat. Nanotechnol. 2008, 3, 101. [CrossRef]

Lawal, A.T. Graphene-based nano composites and their applications. A review. Biosens. Bioelectron. 2019,
141, 111384. [CrossRef] [PubMed]

Guardia, L.; Fernandez-Merino, M.; Paredes, J.; Solis-Fernandez, P.; Villar-Rodil, S.; Martinez-Alonso, A.
High-throughput production of pristine graphene in an aqueous dispersion assisted by non-ionic surfactants.
Carbon 2011, 49, 1653-1662. [CrossRef]

Su, Y.; Kravets, V.; Wong, S.; Waters, J.; Geim, A.; Nair, R. Impermeable barrier films and protective coatings
based on reduced graphene oxide. Nat. Commun. 2014, 5, 1-5. [CrossRef] [PubMed]

Williams, G.; Seger, B.; Kamat, P.V. TiO,-graphene nanocomposites. UV-assisted photocatalytic reduction of
graphene oxide. ACS Nano. 2008, 2, 1487-1491. [CrossRef]

Moon, L.K;; Lee, J.; Ruoff, R.S.; Lee, H. Reduced graphene oxide by chemical graphitization. Nat. Commun.
2010, 1, 1-6. [CrossRef]

George, M.; Chae, M.; Bressler, D.C. Composite materials with bast fibres: Structural, technical, and
environmental properties. Prog. Mater. Sci. 2016, 83, 1-23. [CrossRef]

Tesh, S.J.; Scott, T.B. Nano-composites for water remediation: A review. Adv. Mater. 2014, 26, 6056—-6068.
[CrossRef]

Ramakrishnan, S.; Pradeep, K.; Raghul, A_; Senthilkumar, R.; Rangarajan, M.; Kothurkar, N.K. One-step
synthesis of Pt-decorated graphene-carbon nanotubes for the electrochemical sensing of dopamine, uric acid
and ascorbic acid. Anal. Methods. 2015, 7, 779-786. [CrossRef]

Jiang, L.; Wen, Y.; Zhu, Z.; Su, C.; Ye, S.; Wang, J. Construction of an efficient nonleaching graphene
nanocomposites with enhanced contact antibacterial performance. Chem. Eng. |. 2020, 382, 122906. [CrossRef]
Alsaba, M.; Al Marshad, A.; Abbas, A.; Abdulkareem, T.; Al-Shammary, A.; Al-Ajmi, M. Laboratory
evaluation to assess the effectiveness of inhibitive nano-water-based drilling fluids for Zubair shale formation.
J. Pet. Explor. Prod. Technol. 2020, 10, 419-428. [CrossRef]

144



Nanomaterials 2020, 10, 2004

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Novoselov, K.S.; Geim, A.K.; Morozov, S.V; Jiang, D.; Zhang, Y.; Dubonos, S.V. Electric Field Effect in
Atomically Thin Carbon Films. Science 2004, 306, 666. [CrossRef]

Qalandari, R.; Qalandari, E. A review on the potential application of nano graphene as drilling fluid modifier
in petroleum industry. Int. Refereed ]. Eng. Sci. 2018,7, 1-7.

Dreyer, D.R; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39,
228-240. [CrossRef]

Ridha, S.; Ibrahim, A.; Shahari, R.; Fonna, S. Graphene nanoplatelets as high-performance filtration control
material in water-based drilling fluids. IOP Conf. Ser. Mater. Sci. Eng. 2018, 352, 012025. [CrossRef]
Dideikin, A.T.; Vul, A.Y. Graphene Oxide and Derivatives: The Place in Graphene Family. Front. Phys.
2019, 6, 149. [CrossRef]

Friedheim, J.E.; Young, S.; De Stefano, G.; Lee, J.; Guo, Q. Nanotechnology for oilfield applications-hype
or reality? In Proceedings of the SPE International Oilfield Nanotechnology Conference and Exhibition,
Noordwijk, The Netherlands, 12-14 June 2012.

Liu, B.; Zhou, K. Recent progress on graphene-analogous 2D nanomaterials: Properties, modeling and
applications. Prog. Polym. Sci. 2019, 100, 99-169. [CrossRef]

Hu, K.; Kulkarni, D.D.; Choi, I; Tsukruk, V.V. Graphene-polymer nanocomposites for structural and
functional applications. Prog. Polym. Sci. 2014, 39, 1934-1972. [CrossRef]

Sharma, B.; Malik, P,; Jain, P. Biopolymer reinforced nanocomposites: A comprehensive review.
Mater. Today Commun. 2018, 16, 353-363. [CrossRef]

Rana, A.; Arfaj, M.K,; Yami, A.S.; Saleh, T.A. Cetyltrimethylammonium modified graphene as a clean swelling
inhibitor in water-based oil-well drilling mud. ]. Environ. Chem. Eng. 2020, 8, 103802. [CrossRef]

Li, R.; Liu, Y.;; Cheng, L.; Yang, C.; Zhang, J. Photoelectrochemical aptasensing of kanamycin using visible
light-activated carbon nitride and graphene oxide nanocomposites. Anal. Chem. 2014, 86, 9372-9375.
[CrossRef]

Liu, C.; Wang, K.; Luo, S.; Tang, Y.; Chen, L. Direct electrodeposition of graphene enabling the one-step
synthesis of graphene-metal nanocomposite films. Small 2011, 7, 1203-1206. [CrossRef] [PubMed]

Ali, J.A.; Kalhury, A.M.; Sabir, AN.; Ahmed, R.N.; Ali, N.H.; Abdullah, A.D. A state-of-the-art review of
the application of nanotechnology in the oil and gas industry with a focus on drilling engineering. J. Pet.
Sci. Eng. 2020, 191, 107118. [CrossRef]

Li, M.C.; Wu, Q.; Song, K.; De Hoop, C.F; Lee, S.; Qing, Y. Cellulose nanocrystals and polyanionic cellulose as
additives in bentonite water-based drilling fluids: Rheological modeling and filtration mechanisms. Ind. Eng.
Chem. Res. 2016, 55, 133-143. [CrossRef]

Potts, J.R.; Dreyer, D.R.; Bielawski, C.W.; Ruoff, R.S. Graphene-based polymer nanocomposites. Polymer
2011, 52, 5-25. [CrossRef]

Das, S.; Irin, F.; Ma, L.; Bhattacharia, S.K.; Hedden, R.C.; Green, M.J. Rheology and morphology of pristine
graphene/polyacrylamide gels. ACS Appl. Mater. Interfaces 2013, 5, 8633-8640. [CrossRef]

Nelson, E.; Guillot, D. Well Cementing 773; Sugar Land: Schlumberger, TX, USA, 2006.

Cheng, X.; Yokozeki, T.; Wu, L.; Wang, H.; Zhang, J.; Koyanagi, J. Electrical conductivity and interlaminar
shear strength enhancement of carbon fiber reinforced polymers through synergetic effect between graphene
oxide and polyaniline. Compos. Part A Appl. Sci. Manuf. 2016, 90, 243-249. [CrossRef]

Yao, L.; Lu, Y.; Wang, Y.; Hu, L. Effect of graphene oxide on the solution rheology and the film structure and
properties of cellulose carbamate. Carbon 2014, 69, 552-562. [CrossRef]

Chen, Y.; Yin, Q.; Zhang, X.; Xue, X.; Jia, H. The crystallization behaviors and rheological properties
of polypropylene/graphene nanocomposites: The role of surface structure of reduced graphene oxide.
Thermochim. Acta 2018, 661, 124-136. [CrossRef]

Gao, C.; Zhang, S.; Wang, F; Wen, B.; Han, C; Ding, Y. Graphene networks with low percolation
threshold in ABS nanocomposites: Selective localization and electrical and rheological properties. ACS Appl.
Mater. Interfaces 2014, 6, 12252-12260. [CrossRef] [PubMed]

Kim, H.; Macosko, C.W. Morphology and properties of polyester/exfoliated graphite nanocomposites.
Macromolecules 2008, 41, 3317-3327. [CrossRef]

Sadasivuni, K.K.; Ponnamma, D.; Kumar, B.; Strankowski, M.; Cardinaels, R.; Moldenaers, P. Dielectric
properties of modified graphene oxide filled polyurethane nanocomposites and its correlation with rheology.
Compos. Sci. Technol. 2014, 104, 18-25. [CrossRef]

145



Nanomaterials 2020, 10, 2004

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Gaska, K.; Kadar, R; Rybak, A.; Siwek, A.; Gubanski, S. Gas barrier, thermal, mechanical and rheological
properties of highly aligned graphene-LDPE nanocomposites. Polymers 2017, 9, 294. [CrossRef]

Mohideen, A.A.M.; Saheed, M.S.M.; Mohamed, N.M. Multiwalled carbon nanotubes and graphene oxide as
nano-additives in water-based drilling fluid for enhanced fluid-loss-control & gel strength. AIP Conf. Proc.
2019, 2151, 020001.

Almoshin, A.M.; Alsharaeh, E.; Fathima, A.; Bataweel, M. A novel polymer nanocomposite graphene
based gel for high temperature water shutoff applications. SPE Kingdom of Saudi Arabia annual technical
symposium and exhibition. Soc. Pet. Eng. 2018. [CrossRef]

Chawhan, S.S.; Barai, D.P.; Bhanvase, B.A. Sonochemical preparation of rGO-SnO, nanocomposite and its
nanofluids: Characterization, thermal conductivity, rheological and convective heat transfer investigation.
Mater. Today Commun. 2020, 101148. [CrossRef]

Manivel, P; Kanagaraj, S.; Balamurugan, A.; Ponpandian, N.; Mangalaraj, D.; Viswanathan, C. Rheological
behavior and electrical properties of polypyrrole/thermally reduced graphene oxide nanocomposite.
Colloids Surf. A 2014, 441, 614-622. [CrossRef]

Gudarzifar, H.; Sabbaghi, S.; Rezvani, A.; Saboori, R. Experimental investigation of rheological & filtration
properties and thermal conductivity of water-based drilling fluid enhanced. Powder Technol. 2020. [CrossRef]
Haruna, M.A; Pervaiz, S.; Hu, Z.; Nourafkan, E.; Wen, D. Improved rheology and high-temperature stability
of hydrolyzed polyacrylamide using graphene oxide nanosheet. |. Appl. Polym. Sci. 2019, 136, 47582.
[CrossRef]

Jamrozik, A.; Wisniowski, R.; Czekaj, L.; Pintal, K. Analyses of graphene oxide applicability in drilling mud
technology. Int. Multidiscip. Sci. GeoConf. SGEM 2017, 17, 515-522.

Xuan, Y;; Jiang, G.; Li, Y. Nanographite oxide as ultrastrong fluid-loss-control additive in water-based drilling
fluids. J. Dispers. Sci. Technol. 2014, 35, 1386-1392. [CrossRef]

Mahmood, D.; Al-Zubaidi, N.; Alwasiti, A. Improving Drilling Fluid Properties by Using Nano-Additives.
Eng. Technol. J. 2017, 35, 1034-1041.

Al-Yasiri, M.; Wen, D. Gr-Al203 Nanoparticles-Based Multifunctional Drilling Fluid. Ind. Eng. Chem. Res.
2019, 58, 10084-10091. [CrossRef]

Taha, N.M.; Lee, S. Nano graphene application improving drilling fluids performance. Int. Pet.
Technol. Conf. 2015. [CrossRef]

Ahmad, HM.; Kamal, M.S.; Murtaza, M.; Al-Harthi, M.A. Improving the drilling fluid properties using
nanoparticles and water-soluble polymers. SPE Kingdom of Saudi Arabia annual technical symposium and
exhibition. Soc. Pet. Eng. 2017.

Nasser, J.; Jesil, A.; Mohiuddin, T.; Al Rugeshi, M.; Devi, G.; Mohataram, S. Experimental investigation of
drilling fluid performance as nanoparticles. World J. Nano Sci. 2013, 3, 57. [CrossRef]

Ismail, A.; Rashid, M.; Thameem, B. Application of nanomaterials to enhanced the lubricity and rheological
properties of water based drilling fluid. IOP Conf. Ser. Mat. Sci. Eng. 2018, 380, 012021. [CrossRef]
Aramendiz, J.; Imqam, A. Water-based drilling fluid formulation using silica and graphene nanoparticles for
unconventional shale applications. J. Pet. Sci. Eng. 2019, 179, 742-749. [CrossRef]

Kusrini, E.; Oktavianto, F.; Usman, A.; Mawarni, D.P.; Alhamid, M.L. Synthesis, characterization, and
performance of graphene oxide and phosphorylated graphene oxide as additive in water-based drilling
fluids. Appl. Surf. Sci. 2020, 506. [CrossRef]

Aramendiz, J.; Imqam, A.; Fakher, S.M. Design and Evaluation of a Water-Based Drilling Fluid Formulation
Using SiO and Graphene Oxide Nanoparticles for Unconventional Shales. Int. Pet. Technol. Conf. 2019.
Smith, A.T.; LaChance, A.M.; Zeng, S.; Liu, B.; Sun, L. Synthesis, properties, and applications of graphene
oxide/reduced graphene oxide and their nanocomposites. Nano Mater. Sci. 2019, 1, 31-47. [CrossRef]
Singh, P.; Chamoli, P.; Sachdev, S.; Raina, K.; Shukla, R.K. Structural, optical and rheological behavior
investigations of graphene oxide/glycerol based lyotropic liquid crystalline phases. Appl. Surf. Sci. 2020,
509, 144710. [CrossRef]

Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773. [CrossRef]

Li, H.; Liu, S.; Lin, L. Rheological study on 3D printability of alginate hydrogel and effect of graphene oxide.
Int. ]. Bioprint. 2016, 2, 54-66. [CrossRef]

Yi, S.; Li, G.; Ding, S.; Mo, J. Performance and mechanisms of graphene oxide suspended cutting fluid in the
drilling of titanium alloy Ti-6Al-4V. J. Manuf. Process. 2017, 29, 182-193. [CrossRef]

146



Nanomaterials 2020, 10, 2004

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Aramendiz, J.; Imqam, A. Silica and Graphene Oxide Nanoparticle Formulation to Improve Thermal Stability
and Inhibition Capabilities of Water-Based Drilling Fluid Applied to Woodford Shale. SPE Drill. Complet. 2019.
[CrossRef]

Aliabadian, E.; Sadeghi, S.; Moghaddam, A.R.; Maini, B.; Chen, Z.; Sundararaj, U. Application of graphene
oxide nanosheets and HPAM aqueous dispersion for improving heavy oil recovery: Effect of localized
functionalization. Fuel 2020, 265, 116918. [CrossRef]

Le Ba, T.; Mahian, O.; Wongwises, S.; Szilagyi, .M. Review on the recent progress in the preparation and
stability of graphene-based nanofluids. |. Therm. Anal. Calorim. 2020, 1-28. [CrossRef]

Hoelscher, K.P; Young, S.; Friedheim, J.; De Stefano, G. Nanotechnology application in drilling fluids.
In Proceedings of the Offshore Mediterranean Conference and Exhibition, Ravenna, Italy, 20-22 March 2013.
Alkinani, H.H.; Al-Hameedi, A.T.T.; Dunn-Norman, S.; Lian, D. Application of artificial neural networks in
the drilling processes: Can equivalent circulation density be estimated prior to drilling? Egypt. ]. Pet. 2019.
[CrossRef]

Saleh, T.A.; Ibrahim, M.A. Advances in functionalized Nanoparticles based drilling inhibitors for oil
production. Energy Rep. 2019, 5, 1293-1304. [CrossRef]

Rishi, K.; Narayanan, V.; Beaucage, G.; McGlasson, A.; Kuppa, V.; Ilavsky, J. A thermal model to describe
kinetic dispersion in rubber nanocomposites: The effect of mixing time on dispersion. Polymer 2019, 175,
272-282. [CrossRef]

Zhang, J.; Xu, Q.; Gao, L.; Ma, T,; Qiu, M.; Hu, Y. A molecular dynamics study of lubricating mechanism of
graphene nanoflakes embedded in Cu-based nanocomposite. Appl. Surf. Sci. 2020, 511, 145620. [CrossRef]
Viswanathan, V.; Laha, T.; Balani, K.; Agarwal, A.; Seal, S. Challenges and advances in nanocomposite
processing techniques. Mater. Sci. Eng. R Rep. 2006, 54, 121-285. [CrossRef]

Harito, C.; Bavykin, D.V; Yuliarto, B.; Dipojono, H.K.; Walsh, F.C. Polymer nanocomposites having a high
filler content: Synthesis, structures, properties, and applications. Nanoscale 2019, 11, 4653-4682. [CrossRef]
Morgani, M.S.; Saboori, R.; Sabbaghi, S. Hydrogen sulfide removal in water-based drilling fluid by metal
oxide nanoparticle and ZnO/TiO; nanocomposite. Mater. Res. Express. 2017, 4,075501. [CrossRef]

Amr, LT,; Al-Amer, A.; Al-Harthi, M.; Girei, S.A.; Sougrat, R.; Atieh, M.A. Effect of acid treated carbon
nanotubes on mechanical, rheological and thermal properties of polystyrene nanocomposites. Compos. Part B
2011, 42, 1554-1561. [CrossRef]

Tang, W.; Zou, C.; Da, C.; Cao, Y.; Peng, H. A review on the recent development of cyclodextrin-based
materials used in oilfield applications. Carbohydr. Polym. 2020, 116321. [CrossRef]

Perween, S.; Beg, M.; Shankar, R.; Sharma, S.; Ranjan, A. Effect of zinc titanate nanoparticles on rheological
and filtration properties of water based drilling fluids. J. Pet. Sci. Eng. 2018, 170, 844-857. [CrossRef]
Husin, H.; Elraies, K.A.; Choi, H.].; Aman, Z. Influence of Graphene Nanoplatelet and Silver Nanoparticle on
the Rheological Properties of Water-Based Mud. Appl. Sci. 2018, 8, 1386. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

147






nanomaterials ﬁw\l)\l’y
Z

Review

A Review of Microscale, Rheological, Mechanical,
Thermoelectrical and Piezoresistive Properties of
Graphene Based Cement Composite

Sardar Kashif Ur Rehman '*, Sabina Kumarova 2, Shazim Ali Memon %%,
Muhammad Faisal Javed ! and Mohammed Jameel 3

: Department of Civil Engineering, Abbottabad Campus, COMSATS University Islamabad,

Abbottabad 22060, Pakistan; arbabfaisal@cuiatd.edu.pk

Department of Civil and Environmental Engineering, School of Engineering and Digital Sciences,
Nazarbayev University, Nur-Sultan 010000, Kazakhstan; Sabina.kumarova@nu.edu.kz

Department of Civil Engineering, King Khalid University, Abha 61421, Saudi Arabia; Jamoali@kku.edu.sa
*  Correspondence: skashif@cuiatd.edu.pk (S.K.U.R.); shazim. memon@nu.edu.kz (S.A.M.)

3

Received: 26 August 2020; Accepted: 14 October 2020; Published: 21 October 2020

Abstract: Extensive research on functionalized graphene, graphene oxide, and carbon nanotube based
cement composites has been carried out to strengthen and overcome the shortcomings of construction
materials. However, less literature is available on the pure graphene based cement composite.
In this review paper, an in-depth study on a graphene-based cement composite was performed.
Various structural forms of graphene and classifications of graphene-based nanomaterial have been
presented. The dispersion mechanism and techniques, which are important for effective utilization
in the construction industry, are reviewed critically. Micro-scale characterization of carbon-based
cement composite using thermogravimetric analysis (TGA), infrared (IR) spectroscopic analysis,
x-ray diffractometric (XRD) analysis, and morphological analysis has also been reviewed. As per
the authors” knowledge, for the first time, a review of flow, energy harvesting, thermoelectrical,
and self-sensing properties of graphene and its derivatives as the bases of cement composite are
presented. The self-sensing properties of the composite material are reported by exploring physical
applications by reinforcing graphene nanoplatelets (GNPs) into concrete beams.

Keywords: graphene; cement composite; characterization; rheological; application; energy harvesting

1. Introduction

The construction industry makes a significant contribution to economic growth in every part of
the world. Every year, 20-35 billion tons of concrete is used globally, making it the most widely used
construction material [1], and its advantages, including high strength, durability, fire resistance etc.,
increase the consumption of concrete [2,3]. However, the main drawbacks of concrete are known to
be its brittleness and low tensile strength [4]. In order to overcome the shortcomings of the concrete,
researchers used different materials and techniques [5-10]. Chemical admixtures [5-8], supplementary
cementitious materials [11-14], and fibres [15-19] were used to halt the propagation of micro-cracks
and improve tensile strength. The size of these fillers ranged from the macro-scale to micro and
nano scales. Currently, advancements in nanotechnology made it possible to control nano size cracks
(pores with diameter <20 nm) before micro size cracks are developed [20]. Hence, nanomaterials like
graphene, carbon nanotubes, and graphene oxide were studied by many researchers [21-23].

The literature on the review of nanotechnology in concrete [24] has highlighted several key
findings. As for nano-reinforcements, the addition of carbon nanotubes/nanofibers (CNT/CNF) is
widely recognised as an appropriate way to enhance the mechanical properties of the cement composite
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and to resist crack propagation. Nanotechnology is considered to be effective in terms of compatibility,
cost and safety. Fraga et al. [25] observed that the incorporation of finely distributed CNTs in cement
matrix reduced crack development. In addition, a small amount of multiple walls concentrically
arranged in CNTs are able to enhance mechanical properties significantly in terms of tensile strength,
brittleness and strain capacity. Han et al. [26] reported the enhancement mechanism of CNTs/CNFs and
graphene nanoplatelets (GNPs). CNTs/CNFs have remarkable effect on the mechanical characteristics
of cement-based composite, such as pore filling between hydration products (ettringite and CSH gel)
which as a result enhances bond strength between the matrix and CNTs/CNFs while the GNPs showed
an augment of the compactness and the homogeneity of hardened cementitious composite. Also,
the addition of CNTs/CNFs and GNPs led to the improvement of piezoelectric and dielectric properties.

Qureshi and Panesar [27] in their literature review emphasized a nanofibrous material, graphene
oxide (GO), which potentially improves the behavior of cement-based materials. According to the
authors [27], addition of 0.05% of GO by weight of cement in portland cement paste increased its
compressive strength and flexural strength by 15-33% and 41-59%, respectively. Moreover, a 70.5%
increase in flexural strength was found when GO was dispersed with a superplasticizer. The authors
also underlined the need to determine the effect of GO on cement hydration process, life-cycle cost
and carbon release. Yang et al. [28] reviewed the size of GO particles and observed that GO of the
smaller size showed a better performance when compared to the larger size. They also reported the
effect of hybrid GO cement-based composite materials and stated that cement composites with both
GO and CNTs perform better than a cement composite with only GO or CNTs. This was due to the
reason that CNTs in GO solution are dispersed better because of the huge electrostatic repulsion in
the CNTs/GO mix. The authors also considered it obligatory to concentrate on the synergic effects
of nanomaterials and GO, since dispersion issue restricts the application of nanomaterials in civil
engineering. The application of graphene and GO in geopolymer cement composites has been reviewed
by [29]. The authors concluded that the experimental results of addition of graphene in geopolymers
cement composite reported by different researchers vary and are inconsistent. This might be related to
different ways of treating graphene nanomaterials which will results in more interference factors in
addition to varying content of aluminium-silicon of geopolymers. Recently, Zhao et al. [30] reviewed
the impact of GO on cement composite. The authors observed inconsistency amongst the various
published literature due to complex nature of hydrated cement matrix and varying characteristics of
graphene oxide.

In this review article, a detailed study on the graphene-based cement composite is performed.
A brief explanation of graphene nanostructures is presented in Section 2. In Section 3, various structural
forms of graphene are discussed, and classification of graphene-based nanomaterial is presented. As the
dispersion of graphene-based nanomaterials is one of the substantial challenges for their employment
in the construction industry, dispersion techniques along with mechanisms are reviewed in Section 4.
Micro-scale characteristics of the graphene and its derivatives-based cement composite is essential
as it helps in scientific understanding of the material. Hence, in Section 5, various characterization
techniques, including thermogravimetric analysis (TGA), infrared (IR) spectroscopic analysis, X-ray
diffractometric (XRD) analysis, and morphological analysis, are reviewed. In Sections 6, 8 and 9,
for the first time per the authors’ best knowledge, a review of flow properties, energy harvesting,
thermoelectrical, and self-sensing properties of graphene based cement composites are presented.
Finally, the research gaps are highlighted in Section 10 while conclusions are presented in Section 11.

2. Brief Description of Graphene Nanostructures

Graphene is a single layer carbon sheet and one of the most promising nanofiller used to enhance
cementitious materials [31,32]. Practically, multi-layered GNPs are very commonly used since they can
be easily manufactured from graphite oxide or graphite. GNPs consist of layers of graphene having a
thickness from 3 to 100 nm. Thus, their morphological structure makes it a remarkable reinforcing
material [33]. GO is a layered material, which is oxidized from graphite, and oxygen particles are
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interspersed on the edges and its basal surfaces. In fact, graphene sheets are naturally available and it
is only required to exfoliate them from the graphite [34]. The exfoliation of graphite into GNPs can be
made by using chemical and mechanical techniques [35]. The mass scale production of graphene is
possible by means of chemical oxidation and reduction of graphite [36]. This method is considered to
be faster, easier, more scalable, economic, facile, and dynamic as compared with other methods [36].
Figure 1 presents the chemical procedure for production of graphene from naturally available graphite.

e e i
e s Oxidation
s -

«:_f&:fgt}?%iﬁ—":’

Graphite

Graphite oxide
(GO)

l Exfoliation

Reduction
-

Chemical converted

graphene (CCG) Graphene oxide

Figure 1. Preparation of graphene nanosheets from graphite. Reproduced with permission from [37],
John Wiley and Sons, 2011.

This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation as well as the experimental conclusions that can be drawn.

3. Classification of Graphene Based on Nanostructure

These newly developed engineered nanomaterials are characterised by their morphology:
zero-dimensional (0D) nanoparticles (spherical shape and low aspect ratio), i.e., carbon black;
one-dimensional (1D) fibers (straight and high aspect ratio), i.e., carbon nanotubes; and two-dimensional
(2D) sheets, i.e., graphene and GO [21]. Figure 2 shows the schematic of these nanomaterials.
These engineered materials are used in the construction industry to overcome weaknesses of building
materials, i.e., cement paste, mortar and concrete. Besides enhancing the mechanical abilities
of cement composites, the addition of the nanomaterials also improves their electrical, thermal,
and electromagnetic properties [38].
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(e)

Figure 2. Various structural form of graphene; (a) wrapped honeycomb structure of zero-dimensional
graphene nanoparticle; (b) Rolled honeycomb structure forms of one-dimensional graphene; (c) single
planar two-dimensional graphene sheet; (d) stacked honeycomb structure of three-dimensional
graphite, and (e) extraction of various structural forms from 2D graphene sheet. Modified from [39,40],
Elsevier, 2010.
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3.1. Zero Dimensional Graphene Nanoparticles

Molecules, which consist of wrapped graphene by means of the introduction of pentagons on
the hexagonal lattice are called zero dimensional nanoparticles. These allotropes of carbon were
discovered by Kroto et al. [41]. They are like Buckyball’s; common examples are Fullerenes (C60)
and Carbon Black (CB). Several researchers have explored the mechanical and electrical properties of
carbon black cement composite as well as its applications for structural health monitoring. According
to Xi et al. [42], CB particles having about 33 nm diameter provides cheaper solution for piezo-resistive
effects as compared with carbon fibers mixed concrete. They found that CB filled cement matrix is
promising candidate for strain sensing. Gong et al. [43] observed that piezoelectric sensitivity of the
cement composite enhanced dramatically by addition of 1% volume of CB. Wang et al. [44] dispersed
the CB particles in high density polyethylene matrix and silicone rubber, respectively. They also
presented a mathematical piezoresistivity model of the CB filled composite material based on the
general effective medium theory. The authors found that the results predicted by the mathematical
model were in alignment with the experimental results. CB particles are also found to interact with
air-entraining admixtures and smaller particle sizes with more surface area have shown optimum
interaction results [45]. Figure 2a presents the wrapped honeycomb structure and schematic of
zero-dimensional graphene nanoparticle. Zero-dimensional nanoparticles lack the ability to arrest
micro-cracks due to non-uniform mixing, a low aspect ratio, and the formation of weak zones in
concrete, especially when used in a large amount.

3.2. One Dimensional Graphene Nanotubes

Compared to zero-dimensional nanoparticles, spherical shape one-dimensional nanofibers have a
high aspect ratio i.e., carbon nanotubes. Exfoliated GNP (xGnP) and carbon nanotubes (CNT) share the
same chemical structure [32]. CNTs are carbon allotropes of cylindrical shape, made of rolled graphene
layers. Based on the number of walls, CNTs are classified as single wall CNTs (SWCNTs) and multi
walls CNTs (MWCNTs), i.e., 10-100 walls. The diameter of SWCNTs varies from 1 nm to 3 nm while
the diameter of MWCNTs varies from 5 nm to 50 nm. [46]. MWCNTs have a surface area of around
400 mz/g and aspect ratio of more than 1000, due to varying length of carbon nanotubes [26]. CNTs have
high elastic modulus of 1TPa, strength of 10-60 GPa for SWCNTs and 50-500 GPa for MWCNTs, and
electrical resistance of 5-50 uQem. Such impressive properties of CNTs enhanced the properties of
cementitious materials, when mixed with cement [47]. Konsta et al. [47] noted 25% rise in the flexural
strength of CNTs-cement composite. According to Li et al. [48], when 0.5% functionalized CNTs was
added to plain cement concrete, the compressive strength and flexural strength increased by 19% and
25%, respectively as compared with control specimens, while porosity decreased by 64%. Moreover,
pores with a size of more than 50 nm in diameter were 82% less as compared with plain cement concrete.
Nevertheless, the problem with CNTs is non-uniform dispersion and weak connection between CNTs
and the cement matrix. The arrangement of CNTs is complicated because strong Van der Waals
forces exist between individual CNTs, which may cause the formation of agglomeration and bundles
in the composite. As a result, these agglomerates form defects and limit the influence of CNTs on
cement composite [49]. That is the reason why, even after decades of research on CNTs, their full
potential as reinforcement has been severely limited [36]. Several researchers [50,51] noted the decline
in mechanical properties of the CNT based cement composite because of a non-uniform dispersion,
worst workability, higher inhomogeneity, and porosity. Research performed by Cwirzen et al. [50] states
that no major effect was recorded on the mechanical properties of the CNT based cement composite
mix in contrast with pure cement mix even by using surfactants and achieving uniform dispersion in
the mix. This was most probably because of the very low bond strength between CNTs and cement
matrix, due to which CNTs were easily pulled out in fractured cement paste specimens.
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3.3. Two Dimensional Graphene Sheets

In contrast to CNTs, graphene and GO are the two-dimension sheet-like structures and have a
considerable surface area. GO has a thickness of a single atomic layer while having lateral thickness
reaching to tens of micrometres, which provides large surface area and immense aspect ratio [52]. It has
been observed by researchers that by incorporating graphene sheets in cement composite, electrical,
mechanical and thermal properties remarkably enhanced [22,53,54]. Pan et al. [55] reported an increase
in tensile strength by 78.6%, flexure strength by 60.7% and compressive strength by 38.9% when 0.03%
dosage of GO by weight of cement was incorporated in cement mortar. At the microscopic level,
they observed the flower-like crystals, which enhanced toughness. Moreover, Pan et al. [55] found that
41.7% decline in slump size when 0.05% GO by weight of cement was used in the cement paste mix.
The possible reason was considered to be the huge surface area of GO, which reduces the accessible
moisture content in mix design from wetting the GO sheets. GO is the carbon antecedent combined
with carboxyl, epoxy and/or hydroxyl groups [56]. At nanoscale, the spacing between atoms in GO is
almost identical to graphene [56]. Extensive research has been conducted on GO cement composite.
However, much less focus has been given to graphene cement composite.

In 2004, Novoselov et al. [31] derived single atom thick crystallites of graphene from bulk graphite.
They obtained the graphene layer in a repeated pealing Scotch Tape technique process [31]. According
to Zhang et al. [57], by using this method, thickness of graphene up to 300 nm can be achieved.
Graphene is known to be the thinnest material [58,59]. Boehm et al. [60] concluded that graphene is
one of the carbon allotropes with 2D properties. Figure 2c shows that graphene is arranged in a single
planar sheet while Figure 2d shows the stacked honeycomb structure forms of three-dimensional
graphite. The structural relationship between graphene and various other forms are shown in Figure 2e.

Recently, the 2D flat graphene sheet has gained an enormous attention in science for its
promising and outstanding properties: high intrinsic strength (130 GPa) [59], large specific surface
area (2630 m? g_l) [61], high thermal conductivity (~5000 Wm~ K1) [62,63] and firm Young’s module
(~1.0 TPa) [64—66]. This unique and tremendous behaviour of graphene opened a new window for a
wide range of applications. A large exposed surface area of graphene sheets has a strong capability to
make a great physical and chemical bond with the cement matrix. Rafiee et al. [67] mentioned that
unzipping the MWCNTs into graphene nanoribbons results in a significant improvement. This was
due to an extraordinary increase in interfacial area and geometry of graphene sheets as compared with
multi-walled carbon nanotubes. Rafiee et al. [67] also found a 30% increment in Young’s modulus and
22% rise in the ultimate tensile strength of graphene composite against the same amount of multi-walled
carbon nanotubes composite. Conversely, graphene has a very high cost of manufacturing. Therefore,
the application of graphene is restricted and limited in the construction industry due to production in
very small quantities [32].

4. Dispersion of Graphene Based Nanomaterials

Dispersion is a primary problem related to fabricating cementitious nanocomposite because
Van der Waals force forms an agglomeration of the nanoparticles [68]. Dispersion of nanomaterials
in aqueous solution is an important step and significantly alters the final results [69,70]. In aqueous
solution, nanomaterials tend to precipitate or float on the surface. Naturally, graphene is hydrophobic,
and it forms the agglomerates in aqueous solution, causing non-uniform dispersion [71]. According to
Hamann and Clemens [72], a weak dispersion will result in the formation of a defect in the composite
matrix and restrain the effect of the nanoparticles. Most of the studies about the dispersion of graphene
and graphite nanoparticles were directed to surface adjustment, such as oxidation, or the inclusion
of other nanoparticles in the suspension [73], oxidation of GNPs to form GO and then reduction to
GO particles and finally, dispersed them in water. In addition, oxygen-containing functional groups
on the GO could result in stable dispersions due to electrostatic repulsion between the oxidized GO
particles [74]. Peyvandi et al. [75] noted that covalent surface modifications cause destructive effects
on the atomic structure of the graphite nanoplatelets and are able to reduce the strength of these
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nanoparticles. In order to preserve the structure of the graphene flakes, other methods of dispersion
are required. Still, this area is relatively new and least research on the dispersion of non-covalently
modified GNPs in water has been conducted. Hence, to improve the dispersion of graphene flakes
keeping the atomic structure safe in the cement composite, numerous techniques and the results of
various solvent types have been reviewed in this section.

4.1. Dispersion Using Dispersant

The following section is regarding the application of dispersant to the Graphene and its derivatives.
As graphene flakes are hydrophobic and tend to form coagulation in the aqueous solution, therefore,
numerous researchers used different dispersants to obtain a stable suspension. Stankovich etal. [76] used
reduced graphite oxide (rGO) flakes with polysodium styrenesulfonate. These graphite nanoparticles,
which were coated with the polysodium styrenesulfonate, remained in suspension. Jue et al. [77] noted
that using of polyelectrolytes with GNPs in water retains the structure of the GNPs and provides a
complete utilization of the features of these nanoparticles. Wotring [78] evaluated the performance
of GNPs dispersion in water with high-range water-reducing admixture (WRA). Water-cement (w/c)
ratio remained as 0.5, graphene dosage was 0.1% by weight of cement paste and AdvaCast 575
polycarboxylates based high range WRA in the range of 0-10 times the weight of graphene flakes were
used. According to Wotring [78], the stability of graphene in the solvent was preserved by the WRA.
When the dosage of water reducing agents increased, the stability also increased as shown in Figure 3.
By visual observations, it was found that the WRA to GNPs ratio of 3% was stable until seven days,
as shown in Figure 3 [78]. Meanwhile, good stability was observed after 24 h for other ratios of WRA
to GNPs.

Sedimentation

vial after 0 h

Sedimentation

vial after 24 h

Sedimentation

vial after 7 days

Figure 3. Effect of the presence of WRA to the dispersion of graphene sedimentation at different times;
graphene sedimentation jars with WRA-to-GNPs ratios of 0, 1, 1.5, 2, 2.5 and 3 from left to right.
Reproduced with permission from [78], Ph.D. Thesis, University of Illinois, 2014.

Sixuan [79] used acetone, particularly Gum Arabic and Darex Super 20 solvent, for the dispersion of
graphite nanoplatelets in water solution. The stability and homogeneity of graphite flakes suspensions
with respect to time using various dispersing agents were tested by visual inspection. Figure 4 presents
the dispersion of graphite flakes in different dispersants. The stability of graphite flakes was assessed
by observing the colour of the solution. Usually, the dispersant and distilled water are colourless
and after incorporating the graphite, the colour changed to black. Based on Figure 4, the graphite
nanoplatelets in Darex Super 20 and Gum Arabic presented good stability and the colour of the solution
remained unchanged after 30 min of mixing. However, in acetone and water solution the graphite
accumulated at the bottom of the test tube. Gum Arabic is a natural polysaccharide available as white
powder and is remarkably soluble in the water. The weak acidity of Gum Arabic makes it reactive in
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the alkaline cementitious environment, thus leading to a production of surplus water while mixing.
Finally, a watery mixture containing light graphite flakes on top was formed. Likewise, Darex Super
20, which is the naphthalene sulfonate-based high water-reducing superplasticizer, exhibited a good
stability as dispersant with minimal alteration on the fresh mixture. Therefore, based on test results,
Sixuan [79] concluded that Darex Super 20 was found to be the best dispersant among acetone,
tap water, and Gum Arabic for the graphite nanoplatelets in the cement matrix.
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? Darex Super 20 - Water i Darex Super 20 Water
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Figure 4. Stability test for graphite suspension in various dispersant of liquid at 5 min (left) and 30 min
(right). Reproduced with permission from [79], ME. Thesis, National University of Singapore, 2012.

Sharif et al. [80] examined the dispersion of CB, i.e., zero dimensional graphene in the presence of
five dispersants, including Dispex G40, sodium dodecylbenzene sulfonate (NaDDBS, MW = 348.47),
Tween 80, t-octylphenol decaethylene glycol ether (Triton X-100, MW = 647), and Dispex N40.
They concluded that most favourable dispersant was Triton X-100, a surfactant molecule, as it showed
the highest absorption peak in the UV-vis absorption spectra, as presented in Figure 5. The affixing of
surface-active agents to the surface of carbon nanomaterial is mainly attributed to hydrophobic synergy.
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Figure 5. UV-vis absorption spectra of carbon black in presence of various dispersant. Reproduced
with permission from [80], Elsevier, 2009.

Recently, Silva et al. [81] used isopropanol alcohol with the expanded graphene structures in a ratio
of 1:1. The authors found that the combination of multilayer graphene sheets and isopropanol produced
excellent dispersion. Han et al. [82] used the polycarboxylate superplasticizer (Sike ViscoCrete 3301E)
to disperse multi-layered graphene in aqueous solution and found that the graphene flakes did not
form agglomerations.
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The dispersion mechanism for dispersant and graphite nanoplatelets was explained by Sixuan [79].
The authors stated that the organic molecules in the dispersant are negatively-charged and absorbed
mainly at the interface of water and graphite. The graphite surface initially possessed the residual
charges on their surfaces. When these graphite nanoparticles were mixed in liquid solution, they formed
the flocculated structures. The flocculation of the graphite particles occurred due to the electrostatics
interactions exerted by the adjacent graphite particles of the opposite charges, as seen in Figure 6a.
After that, dispersant was used to neutralize these residual charges and made the entire surface to
carry the same charges. Lastly, the particles of graphite nanoplatelets remained fully dispersed in the
suspension of the liquid because of the repulsion of the graphite nanoparticles (Figure 6b) [79].

O O
O O

(a) (b)

Figure 6. Action of dispersion for graphite nanoparticles; (a) schematic diagram of flocculated graphite
flakes in aqueous solution; and (b) and schematic diagram of uniformly dispersed graphite nanoparticles.
Reproduced with permission from [79], ME. Thesis, National University of Singapore, 2012.

4.2. Dispersion Using Ultrasonication

Another way to deal with dispersion problem with graphene and its derivatives to apply sonication.
The sonication is the act of agitation of particles by means of applying energy. The ultrasonication is
referred to as the waves having a frequency of more than 20 KHz. The ultrasonic electric generator takes
the biggest part of sonication device and generates a signal, normally about 20 KHz, which charges
a transducer and it transforms the electric signal to mechanical vibrations. These vibrations are
further augmented by the sonicator and transmitted to the probe, which transfers the vibrations to
the solution. The quick movement of the probe produces a cavitation event. It takes place when
the vibrations generate multiple microscopic bubbles in the solution, some wedged intermolecular
space is developed and breaks down continuously under the influence of the weight of the solution.
Constant generation and breakdown of thousands of these bubbles develop the robust waves of
vibration, which pass through the solution and crush the particles [83]. The energy, which had been
transmitted to the GNPs resulted in the collapse of the interlayer -bond. Hence, exfoliated GNPs
can be attained with higher aspect ratio, decreased thickness and improved mobility of particles as
shown in Figure 7. The maximum size of the bubble being produced in the liquid is dependent on the
frequency of ultrasonication. A low-frequency ultrasonication will generate large size bubbles and
vice versa. Higher energy forces are being produced upon the collapse of the large-sized bubbles in the
solution [79].

Mehrali et al. [84] applied sonication to GNPs in distilled water with a high-powered probe
sonicator. The stability of the GNPs was reported to remain in suspension for 600 h. Han et al. [82]
used the ultrasonication for 1 h to achieve the uniform dispersion of cementitious materials with
multi-layered graphene (MLGs). Silva et al. [81] employed the isopropanol alcohol blended with
the expanded graphite structures in 1:1. The solution was then ultra-sonicated for the next 2 h and
achieved excellent dispersion.
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Figure 7. Mechanism of graphene dispersant after ultrasonication from expanded GNP to exfoliated
GNP. Reproduced with permission from [79], ME. Thesis, National University of Singapore, 2012.

4.3. Assessment of Dispersion Efficiency Using UV-Vis Spectrometry

Ultraviolet-visible spectroscopy (UV-vis) is defined as an absorption or reflectance spectroscopy
in the UV spectral region. It is also known as a competent method to examine the dispersion of
graphene structure, particularly, the GNPs and CNTs. Jiang et al. [85] used the UV-vis measurements
for the quantitative evaluation of the colloidal stability of CNTs dispersion. In UV-vis spectral range,
carbon nanomaterials showed the absorption characteristics and it is attributed to the electronic changes
between the bonding and antibonding 7t orbital [86]. Jager et al. [87] stated that the 0—0* transitions
are anticipated in the 60-100 nm ultraviolet range, meanwhile the —* transitions are observed in
180-280 nm spectrum. Due to this reason, this method has been utilized by the many researchers
to evaluate the dispersion of rGO as shown in Table 1. Wang et al. [33] used graphene flakes in
cement composite with w/c of 0.35 and 0.05% GNPs by weight of cement with different concentrations
of dispersant Methylcellulose (MC) within the range of 0.2-1.0 g/L. It was noted (Figure 8) that,
for different mixes, the highest peak of GNPs-suspension was found at a wavelength of 260 nm in
UV-vis spectra. Similarly, a peak of the absorption at 270 nm was observed in the UV-vis absorption
spectrum of graphene, which is generally regarded as the agitation of the 7t-plasmon of the graphitic
structure [88]. Moreover, Aunkor et al. [88] research state that the absorption peak value is a function
of the concentration of dispersed graphene sheets. Sharif et al. [80] investigated the dispersion of CB
applying UV-vis spectroscopy and determined the rise in UV-vis absorption related to the surface area
of nanomaterials (Figure 9). They used four types of carbon black with varying surface areas and
determined the highest dispersion values for CB having the highest surface area.
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Figure 8. UV-Vis spectroscopy absorbance range of GNPs suspension with different MC amounts.
Reproduced with permission from [33], MDPI, 2016.
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Table 1. Peak (C=C bonds) of UV-vis absorbance of rGO from various reduction approaches.

7t-7t* Transition of rGO  References

275 nm [89]
273 nm [90]
273 nm [89]
272 nm [91]
271 nm [92]
271 nm [93]
270.9 nm [94]
270 nm [95]
269 nm [96]
269 nm [97]
269 nm [98]
267 nm [99]
266 nm [100]
265 nm [101]
264 nm [102]
263 nm [103]
261 nm [104]
260 nm [105]

1) N660

(2) N330

Abs.

(3) N375

(4) N220

250 350 450 550 650 750
Wave length(nm)

Figure 9. UV-vis absorption spectra for dispersion efficiency of various types of CB in aqueous solution.
Reproduced with permission from [80], Elsevier, 2009.

Therefore, it can be concluded from the literature of the dispersion section that the ultra-sonication
technique provides uniform dispersion to graphene flakes. The use of dispersant, i.e., polycarboxylate
based high range water reducing admixture will help in exfoliation of graphene flakes. Additionally,
the UV-vis spectroscopy method is extensively applied to monitor and assess the dispersion of
nanomaterials in aqueous solution.

5. Characterization of Graphene Cement Composite

Characterization refers to the procedures by which the material’s properties and structure are
explored and measured. The graphene-based nanomaterials interact with hydrated cement products
and influence the hardened properties of the composite material. Thus, it is important to study the
micro-scale characterization of graphene-based cement composite. In this section, the characteristics of
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graphene-based cement composite are explored by (a) thermogravimetric analysis (TGA), (b) infrared
spectroscopic analysis, (c) X-ray diffractometric (XRD) analysis, and (d) morphological analysis.

5.1. Thermogravimetric Analysis (TGA)

Thermal analysis is a method which estimates the change in the materials properties depending on
the temperature [106]. The effects of pristine graphene oxide (PGO) and graphene oxide nanoplatelets
(GONPs) (produced from ball-milling) were investigated by Sharma and Kothiyal [107]. They used
0.10% and 0.125% of PGO and GONPs by weight of cement in mix design with a wj/c ratio of
0.45. Figure 10 presents the TGA curves for the control sample, 0.125% of PGO-cement mortar
nanocomposites (PGO-CNCs) and GONPs-CNCs obtained after 90 days of curing. The weight loss
corresponding to CH in the control mix, pristine graphene oxide (0.125PGO-CNC) and GO nanoplatelets
(0.125GONP-CNC), appeared to be 12.7%, 10.8%, and 5.3% respectively. The final weight loss in the
TGA curve of GO-based cement mortar was slightly greater as compared with the control mix due to
the inherent thermal conductive properties of GO as shown in Figure 10 [107].
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Figure 10. TGA curves of plain mix, pristine graphene oxide mortar composite and graphene oxide
mortar composite after 90 days of curing. Reproduced with permission from [107], Elsevier, 2016.

Wang et al. [33] observed the variation in the TGA curve after the addition of graphene
nanocomposites to the cement paste. Figure 11 showed the TGA curve for cement composites
with and without GNPs at 7-day and 28-day respectively. Both samples showed similar trends at seven
and 28 days, however, the graphene flakes accelerated the hydration process of cement. On the 7th
day, the amount of amorphous phases, i.e., CSH and calcium hydroxide in GNP-cement composite
was greater than the control cement phase. However, the content of CSH gel and calcium hydroxide
in both samples was nearly equal after 28 days of curing. It was concluded that GNPs enhanced the
hydrated cement products at an early age.
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Figure 11. TGA curves of cement composites with and without GNPs (a) 7 days, and (b) 28 days.
Reproduced with permission from [33], MDPI, 2016.

5.2. Infrared Spectroscopic Analysis

Vibrational spectroscopy is an approach for the assessment of the molecular structure. It provides
useful information about possible chemical and physical interaction [108]. FTIR spectra of 28-day
cement paste and graphene are given in Figure 12. The spectrum of control sample is shown in
Figure 12a while the observed maximum peak values are listed in Table 2 [108-111]. In graphene spectra
(Figure 12b), besides these peaks, two additional peaks are observed at 1570 cm™! (sp2 hybridized
C=C), 2918 cm™~! and 2850 cm™! (symmetric and asymmetric stretching vibration of -CHy), pointing to
the sp2 network [112]. According to Mollah et al. [108], FTIR spectra can be divided into three regions;
(a) water region (>1600 cm™'); (b) the sulphate region (1100-1150 cm™1); and (c) the material region
(<1000 cm™1). Spectral data vary by the incorporation of different nanomaterials and assessments of
these transitions will yield useful information. Shifting of these bands implies the stronger bonding,
formation of hydrated products and polymerization in hydrated products [108,113] while the variation
in the absorbance intensities provides information about the quantity of material [113].
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Figure 12. Analysis of FTIR spectra of (a) control sample adapted from [48] Elsevier, 2005 and
(b) graphene adapted from [88], RSC Advances, 2015.

Geng et al. [48] employed FTIR analysis on three different blends of cement paste. The w/c was
maintained at 0.45 and CNTs and carbon fibers were added 2% by weight of cement. Figure 13 shows
four FTIR spectra, and three spectra are associated with cement pastes prepared with and without
CNTs and carbon fibers while the remaining one is related to treated carbon nanotubes. The authors
noted that untreated carbon fibers cement paste spectra were similar to plain cement paste as presented

162



Nanomaterials 2020, 10, 2076

in Figure 13c. Hence, no chemical interaction and new phase formation were recorded. The spectra
in Figure 13a displayed the peaks at 1733 cm™! and 1118 cm™! corresponds to C=O stretching of
carboxylic acid and C-OH stretch of hydroxyl. These peaks confirmed that various oxygen-containing
groups are attached to the surface of CNTs. When these surface treated CNTs were added to cement
paste, a chemical interaction took place, as shown in Figure 13b. A positive shift in a spectral peak
at 1756 cm™! by 22 cm ™! indicated the probable existence of carboxylate while the disappearance of
peak at 3643 cm ™! specified the chemical synergy between hydrated cement products with oxygen
groups of carboxylic acid attached with the CNTS. In addition, the variation in spectral shape in the
CSH region indicates the variation in CSH phases due to the functionalization of carbon nanotubes.

Table 2. Observed peak values in FTIR spectra of control sample. Adapted from [48].

Bond Type Wavelength (cm™1)
H-O-H stretching of CSH 3375
Si-O asymmetric stretching vibrations of CSH 1014
Si-O in-plane vibration of CSH 460
Si-O out of plane vibration of CSH 690
C-O Stretching of CO372 1410
C-O Stretching of CO372 874
C-O Stretching of CO372 712
H-O-H stretching of ettringite 1630
H-O-H stretching of ettringite 3430
S-O bending vibration of 50,72 695
C=0,C=C,0=0 2299
C=0,C=C,0=0 2075
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Figure 13. FT-IR spectra of various cement composites at age of 90 days. (a) carboxylic carbon
nanotubes; (b) carboxylic carbon nanotubes cement paste; (c) carbon fibres cement paste and; (d) plain
cement paste. Reproduced with permission from [48], Elsevier, 2005.
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The effect of rGO, n-Al,O3 and n-SiO, to cement composite was investigated by
Murugan et al. [114]. Figure 14 presents the FTIR spectra of these cement pastes. The authors
did not notice any major difference in FTIR spectra. In these spectra of cement pastes observed after
28 days of curing, free water peak found at ~1645 cm™! was attributed to O-H bend, ettringite peak at
~1118 cm ™! was due to S-O stretch, silicates peaks at ~950 cm™! was due to Si-O asymmetric stretch.
Calcite peaks, which are indicative of carbonation, were recorded in all mixes at ~1414 cm~! and
~874 cm™!, attributed to C-O stretching and C-O bend vibration respectively.
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Figure 14. FTIR curve of the various pastes cured for 28 days. Reproduced with permission from [114],
Elsevier, 2016.

5.3. XRD Analysis

X-ray diffractometer was broadly adapted for determining the crystalline structure of
materials [106]. Wang et al. [33] evaluated the influence of graphene flakes in cement composite keeping
w/c constant as 0.35 and GNPs/cement of 0.05%. The XRD patterns of control sample and cement
paste with graphene flakes at 7 and 28 days are presented in Figure 15. The authors observed that no
new phases were found after the incorporation of graphene in the cement mix. Hence, the type and
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structure of the final hydration products remained unchanged. However, the XRD spectra characterize
the degree of the hydration process. Peak intensities of the hydrated cement products, i.e., calcium
hydroxide and ettringite (AFt) were higher in graphene cement composite as compared with plain
cement. The intensity of unhydrated cement content, i.e., alite (C35) was also found to be lower
in graphene cement composite. In addition to this, Murugan et al. [114] found that mineralogical
composition also remained the same.
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Figure 15. XRD patterns of GNP cement composite and plain cement at (a) 7-day and (b) 28 days.
Reproduced with permission from [33], MDP], 2016.

The XRD patterns for control mix, 0.125 PGO-CNC, and 0.125 GONO-CNC after 90 days of curing
were obtained by Sharma and Kothiyal [107] and presented in Figure 16. The quantity of portlandite
was found to be greater with the incorporation of GO in cement-based composite. The authors found
that peaks of C3S and C,S were reduced significantly by incorporating the graphene in the cement mix.
Brittleness of composite mix was found less as compared with the plain sample because of the absence
of Aft peak. It was suggested that the relative decrement of the C4AF (Tetra calcium aluminate ferrite)
peak in the composite mix indicates the higher hydration rates due to nanocomposites.
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Figure 16. X-ray diffractograms of pristine graphene oxide mortar cement nanocomposite, graphene
oxide nanoplatelets mortar composite and control samples. Reproducde with permission from [107],

Elsevier, 2016.
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5.4. Morphological Analysis

Various researchers have used field emission scanning electron microscopy (FESEM) to evaluate the
morphology of cement-based composite prepared with graphene and its derivatives. The microstructure
and pattern of hydrated crystals of graphene oxide based cement composite were investigated by
Shenghua et al. [115]. The SEM of fractured surfaces are presented in Figure 17. The authors reported
that disorderly stacked hydration products were formed in plain cement paste (Figure 17a). In contrast,
with an increasing percentage of GO in cement composite, flower-like crystals as shown in Figure 17b,c)
were formed. These flower-like crystals became denser with the rise in GO percentage up to 0.03%
(Figure 17d). For a 0.04% dosage of GO, an irregular polyhedral resembling shape appeared in
the hydrated products (Figure 17e), and for 0.05%, they became regular and complete polyhedral
shapes (Figure 17f). According to authors, these flower-like crystals improved the toughness while
polyhedron like crystals contributed to compressive strength. Shenghua et al. [115] concluded that GO
regulated the cement hydration process and formed the regular flower-like and polyhedral like crystals.
Furthermore, Shenghua et al. [115] evaluated the effect of hydration time for 0.03% of GO cement
composite. According to the authors, GO contributes to the formation of the flower-like structure
after 1 day of casting and on 28-day, these crystals became perfect and large flower-like shape. It was
confirmed that graphene oxide regulated the hydration crystals in flower-like shape and these shapes
tended to form a massive and compact structure through the cross-linking of flower-like crystals.

Figure 17. SEM images of cement composite at 28 days mixed with graphene oxide at various
percentages: (A) no GO; (B) GO 0.01%; (C) 0.02%; (D) 0.03%,; (E) 0.04%; and (F) 0.05%. Reproduced
with permission from [115], Elsevier, 2013.

Cui et al. [116] studied the chemical composition of flower-shaped crystal and polyhedral like
hydrated crystal as reported in research of Shenghua et al. [115]. They proposed that these are calcium
carbonates, which are due to the carbonation of cementitious hydrates and are not the product formed
by cement hydration. Cui et al. [116] anticipated a potential pitfall in sample preparation for the
scanning electron microscopy by Shenghua et al. [115], which resulted in the production of flower-like
crystals. In order to prove this statement, Cui et al. [116] performed experimental work using carbon
nanotubes with -COOH functional group. They collected two samples for SEM analysis from the
same mother cube using two methods. For the method I, the obtained sample was oven dried for
24-h, after which, the sample was cooled down to room temperature for SEM analysis. For method II,
the obtained sample was placed in a natural environment for seven days. After that, sample was oven
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dried and then cooled for SEM analysis. Figure 18 showed the SEM image and XRD pattern of the
sample obtained from method II. The calcite peaks were distinguished and prominent in Figure 18b.
Thus, Cui et al. [116] recommended further research on the regulation mechanism of GO on cement
hydration as suggested by Shenghua et al. [115].
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Figure 18. Description of the flow-like crystal (a) SEM image; and (b) XRD results of the surface of the
sample obtained by method II. Reproduced with permission from [116], Elsevier, 2017.

Cao et al. [117] stated that the structure of the hydrated cement products showed disorderly
production of needle-shaped ettringite and hexagonal calcium hydroxide as shown in Figure 19a.
After the addition of functionalized graphene nanosheets (FGN) in mix design, the structure of hydrated
cement products became more compact and less needle-shaped crystals (Figure 19b). When FGN
percentage increased to 0.02%, it formed the polyhedron shape (Figure 19¢c) which represents the
compact structure. However, the high content of functionalized graphene nanosheets (0.03% to 0.05%)
led to the decrease in degree of hydration product because of the attachment of hydrophilic groups on
the surface of FGN, which absorbed some part of the available water and prevented the full hydration
process of cement pastes (Figure 19d—f) [117].

Figure 19. The effect of functionalized FGN to the cement composite after 28 days with varying FGN
content (a) No FGN; (b) 0.01% FGN; (c) 0.02% FGN; (d) 0.03% FGN; (e) 0.04 % FGN and (f) 0.05% FGN.
Same scale bar was used in (a—f). Reproduced with permission from [117], Springer, 2016.
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Therefore, it can be concluded form a literature of microscale characterization that no chemical
interaction and new phase formation was observed in graphene cement composite. However,
graphene-based nanomaterials act as accelerator and dense formation of hydrated cement product
was found near the nanomaterials. A detailed and in-depth study is still required to completely
understand and explore the influence of graphene-based nanomaterials on hydrated cement products
at the microscale level.

6. Rheological Properties of Graphene Cement Paste

Concrete possesses great advantages which makes it the most extensively used building
material [118]. During mixing and placing of concrete, key properties are determined to be fluidity,
homogeneity, consistency, and workability [118]. Any deficiencies in these properties are prone to
contribute to laitance, segregation, bleeding and cracking of the concrete [119]. It is known that the
mechanical and durability properties of cementitious construction components depend on viscosity
and fresh properties of cement composite. Any variation in viscosity may lead to defects in concrete
structures [120]. Hence, the rheological properties of concrete are extremely significant to attain
homogeneity and obtain improved workability. The rheology of cement paste firmly impacts the
overall fresh properties of concrete [121]. Typically, shear stress and shear rate are the indicators of the
flow properties of the cement paste. Next, using flow curves and mathematical models, viscosity and
other flow parameters are determined. With the improvement in nanotechnology, researchers are now
focusing more on evaluating the influence of nanomaterials on cement composite [122].

Many researchers examined the influence of different nanomaterials on cement paste flow
properties [123-128]. Ormbsy et al. [123] used the parallel plate geometry for rheological investigation
and found that MWCNTs meaningfully influenced the rheological behaviour of polymerizing cement.
Konsta et al. [47] used four different length of MWCNTs while the surfactant to MWCNTs weight
ratio was kept as 1.5, 4.0, 5.0, and 6.25. In the aqueous solution, the MWCNTs content was kept
constant at an amount of 0.16% by weight of water. The MWCNTSs were treated using with and without
sonicated energy. After that, MWCNTs aqueous-surfactant suspensions were mixed with cement and
rheological properties were investigated. In preparation of MWCNTs cement composite, MWCNTs
were used with the content of 0.08% of cement (by weight) and w/c = 0.5. Preliminary rheological results
indicated that long MWCNTs are difficult to disperse. They observed the shear thinning response of
cement paste and at high shear stress (above 70 Pa), approximately constant viscosity independent
of sonication energy was obtained. Shang et al. [125] investigated the rheological properties of GO
and GO encapsulated silica fume-based cement pastes using Bingham model. The authors found that
GO reduced the fluidity of the cement paste by 36.2% when compared to control cement paste. A rise
in the value of yield stress and plastic viscosity was obtained when GO was added to the cement
paste. Wang et al. [126] mentioned that the addition of GO to cement paste forms flocculation particles,
which had a dependence on the GO concentration and it, consequently, improved the yield stress,
plastic viscosity, and area of the hysteresis loop of the flow curve. Also, they investigated the effect of
fly ash on the GO cement paste and found that for 0.01 wt.% of GO and 20 wt.% of fly ash, the yield
stress and plastic viscosity of the cement paste dropped when comparing with control cement paste by
85.81% and 29.53%, respectively. For cement specimen with 0.03 wt.% of GO and same amount of
fly ash, the yield stress and plastic viscosity of the cement paste was lowered by 50.33% and 5.58%,
respectively (Figure 20).

Yahia et al. [129] found that estimated viscosity and yield stress values varies according to the
mathematical model used. Various researchers used different mathematical models to determine
the yield stress and plastic viscosity values and predicted the specific tendency of the flow. Due to
statistical errors [130], it is impossible for one model to predict precisely the trend of the flow behaviour
of cement paste [129].
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Figure 20. Impact of fly ash on flow curves of GO cement paste. Reproduced with permission from [127],
Elsevier, 2017.

The rheological properties of fresh cement paste with different surface area of GNPs, resting time
and shear rate cycles were examined by Rehman et al. [118,131] using various rheological mathematical
models. The authors observed the increase in plastic viscosity and yield stress with the increase in
intensity of graphene in the composite and resting time but a decrease was noted for higher shear
rate cycle. Furthermore, it was found that the highest values of yield stress were obtained when
measured by the modified Bingham model (BM) and the lowest values were estimated by the Casson
model. Figure 21 shows the plastic viscosity values for graphene cement composite and the influence
of different parameters on it. It was concluded that the modified BM fits the experimental flow curves
best and the Casson model demonstrated greater standard error values.
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Figure 21. Plastic viscosity values (Pa-s) calculated by various mathematical models with varying (a)
GNP amount, (b) shear rate and (c) resting time. Reproduced with permission from [118], MDPI, 2017.

It can be concluded from the existing available literature that new mathematical models need to
be developed which will predict the rheological properties of nanomaterial-based cement composite.
Moreover, the influence of graphene-based nanomaterials requires further exploration so that it can be
successfully used in 3D printing applications of the construction industry.

7. Mechanical Properties of Graphene Cement Composite

Consumption of cementitious building materials i.e., concrete is increasing due to its various
advantageous characteristics such as high strength, durability, and resistance to fire [2]. Sixuan [79]
conducted a study on the mechanical properties of both cement paste and mortar by adding a different
concentration of GNPs. Their study revealed that there was no increment in compressive strength
for the cement paste incorporated with 0.05% and 0.25% of GNPs. However, an increment of 20% in
compressive strength was observed for 0.50% of GNP added to cement mortar. As for the flexural
strength, the maximum increment up to 82% was observed for the cement paste with 0.05% of GNP [79].

170



Nanomaterials 2020, 10, 2076

Table 3 provides the effect of graphene nanomaterials and its derivatives on the mechanical properties
of cement composite. The incorporation of nanomaterials in cement composite significantly increased
the mechanical properties of cement composite both at early and later age. Wengui et al. [132] proposed
that due to the nucleation and filling effect of GO, it can speed-up the hydration process at an early
stage. Yet, the complete mechanisms have not been described in the available literature. For example,
the compressive and flexural strength reported by Shenghua [133] and Mokhtar et al. [134] are
considerably different. Both researchers used the same water-to-binder ratio (w/b), the GO dosage and
almost similar curing conditions. Moreover, Wang et al. [127] and Wang et al. [135] used the same w/b
and GO dosage yet the difference in the rise of compressive strength was almost double. Under similar
conditions, the increase in compressive strength reported by Kothiyal et al. [136] and Shang et al. [125]
is twice as that reported by Sharma and Kothiyal [107] and Wengui et al. [132] respectively. It is
commonly known that the factors influencing the mechanical strength in the composite matrix are w/b,
type of nanomaterial, its dosage and curing duration of the specimen [137]. Moreover, the results of
dispersion, agglomeration, size, and functional groups attached with nanomaterials have considerable
influence on mechanical properties [28]. It can be observed from Table 3 that the nanomaterials have
more influence on the flexural strength of cement composite as compared with compressive strength.
According to Sharma and Kothiyal [138], the bridging and bonding effect of GO with cement matrix
and dense microstructure of cement matrix are the factors contributing to flexural strength. Figure 22
shows the schematic of growth of cement hydrates on the templates of GO. Furthermore, the use of
dispersant, surface modification, reduction in size and thickness of graphene has been employed to
improve the performance of GNDs on mechanical properties of cement-based materials [138-140]. It is
understood that the key factors controlling the porosity and the mechanical properties of cement-based
materials are the availability of more hydrated cement products, filling of pores and bonding between
hydrated cement products and nanomaterial [138,141,142]. Nevertheless, the tremendous increment in
the mechanical properties has been recorded, yet the role of graphene nanomaterial is still unclear in
the literature.

Table 3. The impact of graphene based nanomaterials on the mechanical properties of cement composite
modified from [28].

Nanomaterial Percentage Rise in Percentage Rise in
Matrix Type/Dosage w/b Compressive Flexural Reference
(wt.%) Strength/Age Strength/Age
13.0/28 d 41.0/28 d [134]
GO/0.02 60.1/28 d 84.5/28 d [133]
rGO/0.02 22.0/28 d 70.0/7 d [114]
18.8/28 d 56.6/28 d [135]
GO/0.03 03 42.5/28 d 55.0/28 d [127]
FGON/0.03 ’ 51.3/28 d 65.5/28 d [140]]
GO/0.04 28.6/28 d 43.2/28 d [144]
66.4/7 d 69.4/7 d [145]
GO/0.05 52.4/3d 90.5/28 d [146]
Cement Paste GNPs/0.15 49.4/28 d 27.5/28d [147]
specimens GO/0.022 27.6/3d 26.7/3d [148]
1.3/28d 16.8/28 d [33]
GNPs/0.03 30284 d : [118]
37.0/28 d 14.2/28 d [132]
GOf0.04 0.4 15.1/28 d - [125]
GO/0.05 11.0/15d 16.2/15d [149]
GO-CNT/0.05 21.1/15d 24.1/15d [149]
GO-CNFs/0.05 2.89/28 d 25.0/28 d [150]
GO-CNT/0.06 23.9/28 d 16.7/28 d [151]
GO/0.03 0.5 40.0/28 d - [152]

171



Nanomaterials 2020, 10, 2076

Table 3. Cont.

Nanomaterial Percentage Rise in Percentage Rise in
Matrix Type/Dosage w/b Compressive Flexural Reference
(wt.%) Strength/Age Strength/Age
GO/0.022 - 34.1/7d [153]
- 18.7/7d [154]
GO/0.03 04 451/3d 70.7/3d [155]
GO/0.05 432/3d 106.4/14 d [146]
GOJ0.02 - 36.7/3d [156]
GOJ0.03 30.0/28 d - [157]
Cement Mortar FGON/0.03 20.3/28 d 32.0/28d [158]
Specimens FGON/0.1 39.0/15d 70.8/15d [139]
GNPs/0.1 0.5 19.9/28 d - [159]
110.7/3 d - [136]
GO/0.125 53.0/3d - [107]
GNPs/0.8 87.5/28 d - [160]
GO/1.0 114.1/14d - [138]
GNPs/0.08 0.6 55.3/7 d - [161]
Concrete GO/0.1 0.5 14.2/7d 4.0/3d [162]
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Figure 22. Schematic diagram of growing cement hydrates on templates of GO monolayers. Reproduced
with permission from [138], RSC Advances, 2015.

172



Nanomaterials 2020, 10, 2076

Enhanced mechanical properties of graphene cement composite are attributed mainly to the
bonding of graphene and its functional groups with CSH gel [138]. Hou et al. [143] performed
simulation work using ReaxFF forced field to explore the molecular-scale structure and chemical
interaction between the functional groups of graphene and CSH. In order to strength the simulation
results, Hou et al. [143] also performed the experimental investigation. The experimental results
showed that by incorporation of 0.16% GO by weight of cement in GO cement composite, the
compressive and flexural strength enhanced by 3.21% an 11.62% respectively. For further detailed
analysis, the mechanical behaviour of G_CSH, GO_CSH and GO_CASH models under tension loading
was studied using a stress—strain curve. They found that graphene without chemical bonding with
CSH in G_CSH model showed a small increase in compressive stress. The authors concluded that
functionalization significantly enhanced the mechanical properties due to interfacial strength between
functionalized GO and CSH gel. In addition, weak bonding and instability of atoms in the interface
region resulted in the weakest mechanical behaviour.

8. Energy Harvesting and Thermoelectrical Properties of Graphene Cement Composite

Energy harvesting is a concept through which existing ambient energy in the environment
e.g., solar, wind, hydro energy has been converted into useful forms i.e., electrical energy [163].
According to Francisco and Adelino [163], micro energy harvesting, which is associated with small
scale energy harvesting is gaining interest in the scientific community. In micro energy harvesting,
the main energy sources are heat, thermal variations, acoustic emissions, electromagnetic variations
and mechanical vibrations. In this section, the application of graphene cement composite for energy
harvesting using its thermoelectrical properties will be discussed. A schematic of energy harvesting in
buildings by converting the abundant solar energy into electrical energy is demonstrated in Figure 23.
Graphene cement composite have been used by researches for energy harvesting in buildings by
enhancing the thermoelectrical properties of cement composite [164]. Thermoelectrical properties are
measured in terms of dimensionless figure of merit, ZT, which is equal to (S2 o0T/k), where S is Seebeck
coefficient in uVK™!, o is electrical conductivity in Sem™!, T temperature in K and thermal conductivity
kin Wm™'K™! respectively. In addition, ZT > 1 is recommended for energy harvesting application
purposes in buildings. Moreover, graphene has the capability to transform the non-conductive material
into conductive material. According to Balandin [165], graphene enhanced the electrical conductive
properties of cement composite and reduced the thermal conductive properties.

Graphene based Thermoelectric
Building energy harvesting using graphene based cement composite  cement composite generator

Figure 23. Building energy harvesting using thermoelectric generator of graphene cement composite.
Reproduced with permission from [164], Elsevier, 2019.

It was Wei et al. [166], who for the first time measured the thermoelectrical properties of expanded
graphite cement composite for large scale energy harvesting and climate adaptation. Expanded
graphite was added as 5, 10 and 15 by mass of cement for the preparing the graphite cement composite.
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Figure 24 shows experimental setup for determining the thermoelectrical properties of graphite cement
composite. The authors found that ZT values depend on the temperature. The values of ZT increased
from 30-75 °C while it decreased from 75-100 °C. The maximum ZT value of 6.82 X 10~ was noted for
15% addition of graphite in cement composite at 75 °C. Overall, ZT values were found to be smaller due
to lower electrical conductivity and seebeck coefficient of graphite cement composite. However, due to
large areas of graphite cement composite in pavements and roofs being exposed to solar radiation,
the solar energy can be converted into electrical energy during the summer season around the globe.
Table 4 presents the thermoelectrical properties of graphene based cement composite determined by
various researchers.
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Figure 24. Laboratory setup for evaluating the seebeck coefficient and electrical conductivity

(a) The test principle diagram and, (b) the experimental setup. Reproduced with permission from [166],
Elsevier, 2018.

Ghosh etal. [164] performed experimental study using graphene nanoplatelets in cement composite
to determine the thermoelectrical properties and energy harvesting capability of composite material.
They employed GNP as 5%, 10%, 15%, and 20% by mass of cement to prepare graphene cement
composite. Four-probe electrical conductivity and seebeck coefficient measurement system was
used to determine the Seebeck coefficient and electrical conductivity simultaneously. For testing,
rectangular specimens were used and experiment was performed with varying temperature from
25 °C to 75 °C with heating rate of 0.01 °C/s. Furthermore, differential scanning calorimeter (DSC)
was used by the authors to monitor the specific heat capacities within the temperature range of 25
°C to 75 °C. The authors observed largest seebeck coefficient of 34 LVK™! for 15% GNP inclusion at
70 °C, while electrical conductivity of 16.2 Sem™! and power factor of 1.6 pWm™'K~2 for 20% GNP
inclusion as shown in Figure 25. The linear relationship between temperature and power factor was
also observed. Highest specific heat capacity value 0.88 Jg™'K~! was found for 10% GNP cement
composite while 20% graphene cement composite showed highest thermal diffusivity as compared
to other percentages of graphene cement composites. Moreover, the highest ZT of 0.44 x 10~ was
found for the 15% GNP cement composite at 70 °C. According to authors, the higher amount of GNP
in the cement composite was beneficial for establishing the conductive network. It was concluded that
graphene based cement composite significantly contribute to energy harvesting application in addition
to improving the quality of indoor environment of buildings. With this application, graphene cement
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composite can harvest the energy, reduce electric consumption, and provide a substantial financial
benefit [164].
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Figure 25. Estimation of (a) electrical conductivity, (b) seebeck coefficient and (c) power factor of
graphene cement composite. Reproduced with permission from [164], Elsevier, 2019.

Table 4. Thermoelectrical properties of graphene based cement composite.

Concentration S o K Power Factor

Materials (Wt.%) WV (Sem-1) (WmK-1)  (uWm-1K-2) Reference
Control sample
without 0 1075-107* 1077 0.53 [166]
nanomaterial
5 —54.5 0.2 1.619 0.1 [166]
%"f:“ﬁfj 10 -515 7.4 2594 19 [166]
P 15 -50.1 248 3213 6.38 [166]
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Table 4. Cont.

Concentration S o K Power Factor

Materials (Wt.%) WV (Sem-1) (Wm-1K-1)  (uWm-1K-2) Reference
Carbon
nanotubes 15 57.98 0.818 0.947 - [167]
5 32 3.13 0.743 04 [164]
Graphene 10 30 8.5 0.947 0.7 [164]
nanoplatelets 15 34 11.68 1.067 1.25 [164]
20 31 16.2 1.327 1.6 [164]
n-doped CNT
(before drying) 1 -500 0.0173 - 0.435 [168]
n-doped CNT
(after drying) 1 —58 0.0219 - 0.007 [168]
p-doped CNT _ B
(before drying) 1 112 0.0054 0.009 [168]
n-doped CNT
(after drying) 1 20 0.0069 - 0.0002 [168]

9. Piezoresistive Properties of Graphene Cement Composite

Nanomaterials are gifted with the amazing characteristics and their incorporation in cement
composite improved the properties of nanomaterial based cement composite. The reason for the
presence of electrical properties of graphene is the half-filled band that permits free-movement of
electrons. The m-bonds hybridize together to form the 7-band and 7*-band, which are responsible
for the electrical properties of graphene [169]. Self-sensing and damage memorizing capability
of graphene-based cement composite are one of the characteristics, which graphene brought in
cement composite.

The electrical properties of the cement composites are also of great importance and may be used to
control damage in a concrete structure. The cement-based composite reinforced with conducting fillers
can recognise its own strain by indicating the variations in the electrical resistivity values. According to
Rehman et al. [118], the piezo-resistive properties are the result of a change in electrical resistance in the
specimen subjected to mechanical strain [170]. Hence, electrical resistance of the cement composite is
measured. By definition, the electrical resistance is the strength of a material in opposing the electrical
current flowing through it. Researchers have mostly used the four-probe method to investigate the
electoral properties of cement composite. In four-probe method, voltage is measured using the inner
two electrical contacts while the current is measured using the outer two electrical contacts [171].
In comparison with the two-probe method, the four-probe technique is better since the calculated
resistance does not include contact resistance [172].

Han et al. [172] reported that the distance between the current and voltage poles has a great
importance but its impact is insignificant if the space is larger than 7.5 mm. Numerous researchers
performed experiments with various spacing values. For instance, Geng et al. [173] used 10 mm while
Liang et al. [174] used 40 mm distance between voltage measuring probes and current. Geng et al. [173]
used the 40-mm gap between two measuring probes while Liang et al. [174] used an 80-mm gap.
For unequal spacing, the electrical resistivity values are calculated by using Equation (1) [175].

ngxznx(LJri_;_;) @
S1 S3  S1+S2  S2+S3

where, S, Sy, and S3 are the spacing in cm and calculated from current carrying probe to the
voltage measuring probe. Various researchers used the piezoresistive characteristics of nanomaterials
based cement composite for self-sensing prose [173,176,177]. Hence, the piezoresistive properties of
nanomaterial-based cement composite are critically reviewed in the following paragraphs.
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According to Hui et al. [178], the self-sensing property of the nanomaterials with cement composite
may be used for structural health monitoring (SHM) purposes with no need of any additionally attached
or embedded sensors. It will further open the application of nanomaterials based cement composites
for fabricating smart sensors [178]. Geng et al. [173] conducted research on the functionalization of
CNTs using carboxyl. The effect of functionalization of CNTs on the piezoresistive and electrical
properties of the cement composite was observed. It was noted that the electrical resistance of cement
composite with 0.5% of carboxyl functionalized CNTs (SPCNT) was 149 Q).cm and for plain CNTs
(PCNT) was 130 Q2.cm. Thereafter, the fractional change in electric resistivity for both types of cement
composited was recorded against the cyclic compressive loading. The results showed that both cement
composites were capable of monitoring the applied compressive cyclic loading, however, SPCNT
specimen showed better response as compared with PCNT.

Xun and Kwon [179] studied the piezoresistive behavior of the CNT based cement composite
and investigated its potential application as an embedded sensor in civil infrastructure. It was shown
that the electrical resistance of CNT-based cement composite was following the same trend as applied
compressive loading (Figure 26). The authors proposed that the fabrication method needs to be
further optimized and the response of these composite materials must be investigated in concrete.
Furthermore, they proposed that if these composite stress sensors were embedded in civil infrastructure,
e.g., pavements or bridges, then due to their compatibility with concrete, they will have a long service
life with the least maintenance.
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Figure 26. The piezo resistivity behaviour of cement paste enhanced with 0.1% of carboxyl functionalized
MWCNTs. Reproduced with permission from [179], IOP Sciences, 2009.

The influence of different amounts of GNPs on the sensing behaviour of the cementitious composite
was investigated by Hingiian and Pang [180]. The authors noted a decrease in the electrical resistivity
of cement composite when GNPs was increased from 2.4% to 3.6%. Liang et al. [174] investigated
the electrical resistivity values of cement mortar with increasing content of graphene flakes. For this
purpose, the specimen was subjected to two different environmental conditions, i.e., one specimen
was air-dried for one year, and another specimen was oven-dried at 1-day after casting. The authors
proposed a link between the electrical resistivity values of the specimen with increasing content of GNP
as presented in Figure 27. The electrical resistivity values decreased as GNPs content increased. 2.4% of
GNP was estimated as the percolation threshold value for GNP-composite mortar [174]. The decrement
of more than one order occurred when GNP was increased from 2.4% to 3.6% in cement mortar,
as shown in Figure 27b.
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Figure 27. The relation between the electrical resistivity of the GNPs cement mortar composite and its
respective GNPs content in (a) linear scale and (b) log scale. Reproduced with permission from [174],
Elsevier, 2014.

Rehman et al. [118] investigated the application of graphene cement smart sensor in a GNPs
reinforced concrete beam. This beam was subjected to flexural loading and the values of fractional
change in resistance (FCR) of graphene cement composite specimen were recorded as shown in
Figure 28. The authors observed that FCR values varied as the applied loading on the beam increased
and a sudden response was indicated when the beam failed. The conclusion of the experiment was
that the cement composite containing graphene favourably responded against crack propagation.
The authors concluded that the graphene cement composite specimen is an inexpensive and effective
way to control the structural health of the members during its shelf life.
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Figure 28. Fractional change in resistance of graphene cement smart sensor specimen subjected
to compressive loading on the reinforced concrete beam. Reproduced with permission from [118],
MDPI, 2017.

As existing well-known methods of health monitoring have some limitations in the application [9]
and most importantly, these methods require additional cost for health monitoring purposes. Therefore,
it is required that smart sensors with self-sensing characteristics should be developed. These smart
sensors are required to reduce health monitoring costs and make construction projects financially more

178



Nanomaterials 2020, 10, 2076

economical. Furthermore, they should be compatible with the cement-based building materials and
should have the capability to be used for health monitoring purpose.

10. Discussion and Research Gaps

In the literature, various nomenclature has been used which could create confusion for the readers.
Therefore, a detailed description of graphene and its derivation including its precursors is provided in
Table 5.

Table 5. Description of Graphene and its derivatives.

Sr. No. Nomenclature Description Reference

Nanomaterials

Graphene is single layer of densely packed

carbon atoms in benzene- ring structure in
1. Graphene 2-dimensions (2D). sp2 interacted carbon [88]
atoms are conned tightly and forms
honeycomb lattice.
Carbon nanotubes (CNT) consist of sp2
carbon atoms arranged in honeycomb
lattice in 1-dimension (1D) and capped with
fullerene-like hemisphere at each end. They
are also conceptualized as 1D rolled sheets
of graphene.
Graphene Oxide (GO) is derived from
graphene sheets and known as oxidized
form of graphene. A mixture of carboxyl,
hydroxyl and epoxide groups are attached
chemically (covalent linkage) with
graphene sheets.
Graphite oxide is identical chemically to
Graphene oxide, However, inter-planar
spacing between them vary due to
oxidation process.
Attaching various functional groups like
epoxide, hydroxyl and carboxyl group with
Graphene through covalent linkage is
known as Functionalized graphene.

Graphite/Three- dimensional 3-D carbon allotrope containing minute
6. graphite/Graphite structure/ crystallite of graphite. It is made of stacked ~ [186-188]
Expanded graphite structure graphene sheets with 0.345 nm spacing.

Single layer graphene sheet is also known
as 2D flat sheet of carbon nanomaterial.
Graphene oxide in its original condition
8. Pristine graphene oxide (PGO) (i.e., Ideal) and does not have a

single defect.

Reduced graphene oxide (RGO) are
9. Reduced graphene oxide (RGO) prepared from oxidation, exfoliation and [189]
chemical reduction of graphite oxide.
Main difference between reduced graphene
oxide and Reduced graphite oxide is
inter-planer spacing between atomic layers
of the compound.
Various structural form of graphitic
Graphene and its derivatives structure in 0D (carbon materials), 1D
(GNDs) (CNTs), 2D (graphene sheets) and 3D

(Naturally available graphite).

2. Rolled sheets of graphene (CNT) [181,182]

3. Graphene Oxide (GO); [21,55,183]

4. Graphite oxide, [184,185]

5. Functionalized Graphene [21]

7. 2D flat sheet of carbon nanomaterial

10. Reduced graphite oxide (rGO) [184,185]

11.

179



Nanomaterials 2020, 10, 2076

Table 5. Cont.

Sr. No.

Nomenclature

Description

Reference

Flakes

12.

13.

14.

Graphene flakes (GNFs)

Graphene oxide flakes

Exfoliated graphene flakes

Graphene flakes are small tiny particles,
which are much easier to form and handle
in solution and powder form as compared
with large graphene sheets. These GNFs
possess some of the properties of large
graphene sheets however; they vary with
shape and size of tiny particles.
Furthermore, maintaining uniform
consistency in shape and sizes is not easy
during synthesis process. Graphene flakes
(GNFs) are also labelled as graphene
nanoplatelets (GNPs).

Formation and production of graphene
oxides in small tiny particles in powder or
solution form is known as Graphene
Oxide flakes.

Exfoliated large size graphene
flakes/particles/sheets

[190]

[190]

Nanoplatelets

15.

16.

17.

18.

19.

Graphene Nanoplatelets (GNPs)

Graphite Nanoplatelets (GnPs or
GPs)

Graphene Oxide nanoplatelets
(GONPs)

Functionalized Graphene
Sheets/flakes and nanoplatelets

Graphite nanoparticles,
Graphite flakes,
Graphite particles,
Nano graphite platelets

Graphene Nanoplatelets (GNPs) are small
rounded disk-shaped tiny particles,
However, it is difficult to uniformly
produce them even if synthesized
artificially. Theoretically, all GNPs are not
disk-shaped particles, therefore should be
considered as Graphene flakes (GNFs).
Graphite Nanoplatelets are composed of
mixture of graphene layers with thicker
graphite particles. Their chemical structure
is in-between graphene and graphite. Some
researchers also consider them as graphene
nanoplatelets, which is not true as per
authors’ point of view. Hence, their
common nomenclature consist of Graphite
Nanoplatelets (GnPs) and Graphite
platelets (GPs).

Graphene Oxide nanoplatelets (GONPs)
consist of small rounded disk-shaped
particles of graphene oxide in powder or
solution form.

Attaching various functional groups like
epoxide, hydroxyl and carboxyl group with
Graphene sheets/flakes/nanoplatelets
through covalent linkage is known as
Functionalized graphene
sheets/flakes/nanoplatelets.

Graphite flakes have the large size while
graphite nanoparticles possess small size.
Graphite nanoplatelets (GNPs) with a
thickness in nanometer scale, can be
obtained by exfoliation of natural graphite
flakes.

[191]

[191]

[190]

[21]

[73]

It has been noted that GNPs enhance the hydrated cement products at an early age of 7-days
in contrast to 28-days. Furthermore, no chemical interaction and new phase formation in hydrated
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cement product took place in the production of GNPs and hydrated cement products. However,
from infrared spectral analysis Li et al. [48] found that a chemical interaction exist between hydrated
cement product and functional groups (hydroxyl and carboxyl) of carbon nanotubes. The variation
in CSH phases was also monitored. Some researchers like Murugan et al. [114] did not find any
major difference in IR spectra. Several researchers [33,158] also noted that the type and structure of
hydrated cement products remained undisturbed. Yet, they noted that GNPs acted as accelerator in
the hydration process and enhanced early age strength. Some researchers like Alkhateb et al. [32]
found high density CSH near GNPs using SEM images and concluded that high interfacial strength
is available between graphene and CSH gel. Shenghua et al. [115] observed the generation of
flower-shaped and polyhedral-like crystals on GO sheets and concluded that GO regulates these
hydration crystals. However, Cui et al. [116] investigated the chemical composition of these flower like
crystals and noted that these crystal formed due to carbonation of hydrated cementitious products
not by the graphene oxide. Various researchers have also stated that due to nucleation and filling
effect of graphene, early age hydration process accelerated. Yet, the complete mechanism has not been
explained. Graphene and its derivatives also influenced the rheological behaviour of cement composite.
According to Wang et al. [126] and Rehman et al. [118] these nanoparticles form the flocculated
structures and entrapped the water molecules. However, the trend of flow behaviour of a composite
material significantly depends on the mathematical model and its assumptions. Mechanical properties
of cement-based composite are also important. Due to nucleation and filling effect of graphene,
it has been found that the mechanical properties enhance significantly. Bridging and blockage in
crack propagation at nanoscale level also contribute to and influence the mechanical properties of
cement-based composite. The molecular modelling approach suggest that good bonding and stability
of atoms in interface region play an important role for enhancing the mechanical properties of graphene
cement composite. Furthermore, energy harvesting and the thermoelectrical properties of graphene
cement composite will benefit the socioeconomic system and reduce the electricity consumption in
buildings. Some incredible characteristics of graphene like self-sensing, crack monitoring and damage
memorization properties outshine it. Four probe electrical resistivity method has been utilized by
various researchers for self-sensing characteristics. Spacing between current pole and voltage pole
is important for development of sensors to be used for health monitoring of concrete structures.
Various researchers found fractional changes in resistance against the cyclic compressive load and this
has opened the gateway for the use of these sensors in the highway and transportation industry.

It was found that the graphene based nanomaterials have several issues which, needs to be
resolved before its usage in the construction industry. The following research gaps have been identified.

(1)  Very limited research has been found regarding the manufacture of nano-size cement particles
and nano-binders however, it has great potential for the development of novel admixtures,
nanoparticles, and nano-reinforcements.

(2)  Most of the researches on the dispersion of graphene and its derivatives were focused on surface
modification, functionalization, and oxidation process. However, these processes damaged
the atomic structure of graphene. Therefore, other methods are indispensably required for the
dispersion of GNDs and preserving the atomic structure of graphene.

(3) The enhancement mechanism in properties is not completely described as yet. Further research
is required to study the regulating mechanism of graphene and its derivatives on hydrated
cement crystals.

(4) Flow properties of graphene cement composite and its dependence on various factors are missing
in the existing literature. The variation of geometric flow with time, dispersing agent, shear rate
and various types of graphene sheets is required to explore the flow of cement paste in the
plastic state. Moreover, the best optimized rheological mathematical model needs to be sorted
out, as a single rheological model cannot predict the flow behaviour of cement paste accurately.
Thus, graphene cement composite demands further exploration to achieve maximum benefit
from graphene.
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(5) The complete mechanism for accelerating the hydration reactions and enhancing overall
mechanical properties has not been explained. Prominent differences in mechanical
properties were found in experimental work conducted by various researchers under similar
experimental conditions.

(6) The distance between the current and voltage poles is required to be optimized for four-probe
method. The potential application of graphene-based cement composite as an embedded smart
sensor in the real concrete structure was seldom found in the literature. Moreover, the suitability,
industrial demand, and compatibility of graphene cement smart sensors with the existing
non-destructive health monitoring methods need to be determined.

11. Conclusions

In this review paper, we have critically reviewed recent research on graphene based cement
composites. It was demonstrated that dispersion of graphene is critical for its effective utilization
in cement based composites. Several characterization techniques, such as TGA, IR, XRD, and SEM,
were discussed in detail to evaluate the impact of graphene on the performance of cement-based
composites. Conclusively, graphene was found to enhance the rheological, mechanical, thermoelectrical,
piezoresistive, self-sensing, and damage memorizing capabilities of cement-based composites.
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Abstract: The influence of Ag and Au nanoparticles and reduced graphene oxide (RGO) sheets on the
photodegradation of «-lipoic acid (ALA) was determined by UV-VIS spectroscopy. The ALA
photodegradation was explained by considering the affinity of thiol groups for the metallic
nanoparticles synthesized in the presence of trisodium citrate. The presence of excipients did
not induce further changes when ALA interacts with Ag and Au nanoparticles with sizes of 5 and
10 nm by exposure to UV light. Compared to the Raman spectrum of ALA powder, changes in
Raman lines’ position and relative intensities when ALA has interacted with films obtained from
Au nanoparticles with sizes between 5 and 50 nm were significant. These changes were explained
by considering the chemical mechanism of surface-enhanced Raman scattering (SERS) spectroscopy.
The photodegradation of ALA that had interacted with metallic nanoparticles was inhibited in the
presence of RGO sheets.

Keywords: «-lipoic acid; UV-VIS spectroscopy; SERS spectroscopy

1. Introduction

a-Lipoic acid (ALA) is present in various organisms of the human body, e.g., the kidney, heart,
liver, and foods such as broccoli, spinach, and yeast extract [1]. The molecular structure of ALA contains
both a carboxylic group and a dithiolane ring, and, depending on the chirality of the substituted carbon
atom of the dithiolane ring, two enantiomers are known at present for this compound, i.e., RLA and
SLA. ALA is used as a drug in diabetic neuropathy [2], as a dietary supplement to slow down the
aging process of the body [3], and in obesity treatment [4]. The most important effect of ALA is its
antioxidative capacity [5]. An improvement in ALA’s antioxidative effects has been reported in the
presence of the Coenzyme Q10 (CQ10) [5]. Pharmaceutical compounds containing ALA are marketed
under the name Alpha Lipoic Sustain, Tiolin, Alanerv, Alasod 600, and Cerebinox, the last of which
also contains CQ10.

Nanomaterials 2020, 10, 2238; d0i:10.3390/nan010112238 www.mdpi.com/journal/nanomaterials
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Until now, the main methods used in the characterization of ALA were (i) FTIR spectroscopy [6];
(if) Raman scattering [6], (iii) UV-VIS spectroscopy [7], and (iv) cyclic voltammetry or square-wave
voltammetry [8]. The detection of ALA was achieved using (i) electrochemistry methods [9], (ii) liquid
chromatography [10], (iii) mass spectrometry [11], and optical methods based on surface plasmon
resonance [12]. A recent application of metallic nanoparticles that have interacted with ALA was used
as a sensorial platform for nerve agents [13].

Considering the applications of ALA in the health domain, in this work, special attention is paid
to the photodegradation process of ALA in the absence and the presence of metallic nanoparticles.
The dependence of the photodegradation process of ALA in the presence of Ag and Au nanoparticles
with various sizes is studied, too. The photodegradation process is also analyzed in pharmaceutical
compounds such as Alpha Lipoic Sustain and Cerebinox. Using UV-VIS spectroscopy, we demonstrate
that inhibition of ALA’s photodegradation that has interacted with Ag and Au nanoparticles can
be induced in the presence of reduced graphene oxide (RGO) sheets. The differences between the
Raman spectrum of ALA in the powder state and the surface-enhanced Raman scattering (SERS)
spectrum of ALA as a thin layer deposited on rough films, obtained from the colloidal solutions of
Au nanoparticles with sizes of 5, 10, and 50 nm, are also reported. A sustained effort was made to
develop SERS supports by various methods such as (i) the oxidation/electrochemical reduction of metal
electrodes, (ii) evaporation by the vacuum deposition of shaved metal films, (iii) lithography, and (iv)
synthesis of colloidal metallic structures [14,15]. The two mechanisms that underlie the SERS effect,
i.e., electromagnetic and chemical mechanisms, allow us to understand these differences. As is well
known, the electromagnetic enhancement process of the Raman spectra is induced by the excitation
of localized or delocalized surface plasmons generated at the dielectric/metal interface, while the
chemical process involves the generation of new chemical bonds at the adsorbed molecule/metal
interface [14]. Generally, SERS supports are characterized by rough structures with sizes in the range
of 10-100 nm [15]. In order to highlight this property for the films obtained from the colloidal solution
of Au nanoparticles, atomic force microscopy (AFM) studies are reported. The changes induced on the
roughness parameters by the adsorption of RGO sheets onto Au films are also shown.

2. Materials and Methods

ALA (CgH140,5;), sodium borohydride (NaBHy), trisodium citrate (NazCcH507), silver nitrate
(AgNO3), sodium hydroxide (NaOH), sodium citrate (CgHsNazOy), tannic acid (C7¢Hs52046),
tetrachloroauric acid (HAuCly), potassium carbonate (K;COs), and dimethylformamide (DMF,
with 0.1% water) were purchased from the Aldrich-Sigma company (St. Louis, MO, USA).
Pharmaceutical compounds, Alpha Lipoic Sustain and Cerebinox, were purchased from a local
pharmacy (Jarrow Formulas, Inc., Los Angeles, CA, USA and Polisano Pharmaceuticals, Sibiu,
Romania). The Alpha Lipoic Sustain pharmaceutical product contains, as active compounds, 300 mg
of ALA and 333 mg of Biotin and, as additional ingredients, polyacrylic acid, Caz(POy);, C1g8H360,
C36H7oMgOy, SiO,, cellulose, beetroot powder (for color), natural vanilla flavor, and a food-grade
coating. The Cerebinox pharmaceutical product contains 300 mg of ALA, 10 mg of CQ10, 100 mg of
wheat germ extract, caking, and SiO,.

The Ag nanoparticles with an average size of cca. 5 and 10 nm were prepared according to
Reference [16]. Briefly, to obtain Ag nanoparticles with a size of 5 nm, mixing by vigorous stirring in
the dark of a 48 mL aqueous solution containing 2 mM NaBH, and 4.28 mM Na3CsH507 at 60 °C,
for 30 min, was carried out. After that, 2 mL of 1 mM AgNOj; was added to the above solution. Further,
the reaction mixture was preserved at 90 °C for another 20 min, the pH of the reaction mixture was
adjusted to 10.5 using a 0.1 M NaOH solution. The yellow suspension of Ag nanoparticles was cooled
to 25 °C and then centrifuged at 12,000 rpm for 15 min in order to remove all unreacted compounds.
This step was followed by washing and redispersion in distilled water. A similar protocol was used
to obtain Ag nanoparticles with a size of 10 nm, the only difference being the addition of 2 mL of
1.17 mM AgNOs to the 48 mL solution containing 2 mM NaBHy and 4.28 mM NazCgH507. According
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to Reference [16], the particle concentration in the colloidal solutions of Ag with particle sizes of 5 and
10 nm was equal to 1.03 x 10'° and 1.53 x 10 particles/mL, respectively.

Au nanoparticles with average sizes of cca. 5 and 10 nm were synthesized using the protocol
described in Reference [17]. The synthesis protocol involves (i) the preparation of a solution containing
150 mL of 2.2 mM NazC¢Hs507 and 0.01 mL of 2.5 mM Cy¢Hz(O46, which was heated at 70 °C, and (ii)
the addition of 1 mL of 25 mM HAuCly to the above solution, when one observes that, after cca. 10's,
the uncolored solution becomes orange-red. The addition of 1 mL of 150 mM K,COj to the above
reaction mixture induced a change in pH from 10.4 to 8.3. This reaction mixture was preserved at
100 °C, for a period of 5 min, until a suspension of Au nanoparticles with a size of around 5 nm
resulted [17]. In order to obtain Au nanoparticles with a size of cca. 10 nm, the only difference in the
above protocol needed is the use of 0.01 mL of 2.5 mM tannic acid [17]. In the case of the colloidal
solutions of Au with particle sizes of 5 and 10 nm, the particle concentration was equal to 4.4 x 10'3
and 1.2 x 1013 particles/mL [17]. In References [16] and [17], TEM studies demonstrated that these
protocols for the preparation of the metallic nanoparticles reported led to (i) Ag nanoparticles with size
ranges of 5+ 0.7 nm and 10 + 2.0 nm [16] and (ii) Au nanoparticles with size ranges of 5.1 + 0.5 nm
and 10.5 + 0.9 nm [17].

The Au nanoparticles with a size of cca. 50 nm were synthesized by the addition of 1 mL of
1wt.% HAuCly to 47 mL of water, and the mixture was heated to 100 °C when 1.5 mL of NazC¢H507
were injected [18,19]. The reaction mixture was preserved at 100 °C for 45 min, until its color became
red, and was then cooled at 25 °C [18,19]. The colloidal solution of Au, with a particle size of 50 nm,
had a particle concentration equal to 1.05 X 101 particles/mL [19]. For the SERS studies, the rough Au
films were obtained by the evaporation of a 0.12 mL colloidal solution of Au with a particle size of
50 nm. The roughness parameters of these Au films before and after the deposition of RGO sheets
were evaluated by atomic force microscopy (AFM).

The AFM images were collected (in phase feedback) with a Nanonics Multiview 4000 microscope
(Nanonics Imaging Ltd., Jerusalem, Israel) working in tapping mode. We used a cantilever with a
20 nm diameter, a 1730 factor of merit, and a 34.7 kHz vibration frequency.

The photodegradation processes were monitored by UV-VIS spectroscopy. In this order, solutions
of ALA in (i) DME, (ii) a stabilized suspension in a citrate buffer of Au nanoparticles with diameters
equal to 5 and 10 nm, respectively, and (iii) the dispersions of the citrate functionalized Ag nanospheres
with sizes equal to 5 and 10 nm, respectively, in aqueous sodium citrate, were used. The solutions of
ALA or pharmaceutical products used in the UV-VIS spectroscopy studies had a 1 mg/mL concentration.
All spectra were recorded with a Perkin Elmer UV-VIS-NIR spectrophotometer, Lambda 950 model
(PerkinElmer, Inc., Waltham, MA, USA), in the 200-600 nm spectral range, the scan rate being 96 nm/min.
The UV-VIS spectra of each sample were recorded at intervals of 5 min of UV irradiation for a period
of 60 min. UV irradiation was performed using a Hg-vapors lamp with a power of 350 W.

The Raman spectra of ALA were recorded with an FT Raman spectrophotometer, model RFS100S
(Bruker Optik GmbH, Ettlingen, Germany). The concentration of ALA solutions was 1072 M for the
Raman scattering studies. The films obtained from the colloidal solution of Au, with a particle size of
50 nm, were prepared on quartz substrates with an area of 1 cm?.

Samples for transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were prepared by suspending them in ethanol and transferring them to a copper
grid coated with amorphous carbon support. TEM and HRTEM images were recorded with a JEOL
JEM ARM 200 F electron microscope (JEOL (Europe) SAS) operated at 200 keV.

A solution consisting of 0.5 mg of RGO in 1 mL of DMF was prepared to highlight the influence of
the RGO sheets on the roughness parameters of Au films.
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3. Results and Discussion

3.1. The Photodegradation of ALA Highlighted by UV-VIS Spectroscopy

Figure 1a shows the UV-VIS spectrum of ALA in DMF in the initial state (black curve), characterized
by a band with a maximum at 338 nm. The exposure of the sample at the UV light led to a decrease
in the absorbance of this band, simultaneous with the appearance and the increase in the band’s
absorbance at 272 nm, a modification that involved the appearance of an isosbestic point at 300 nm.
This suggests that new chemical compounds are generated under UV light in a solution of ALA in
DMF containing 0.1 wt.% water, according to Scheme 1. In the case of a semi-aqueous ALA solution,
the exposure to UV light induced only a decrease in the band’s absorbance at 335 nm (Figure 1b).
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Figure 1. UV-VIS spectra of o-lipoic acid (ALA) in dimethyl formamide (DMF) (a) and in the mixture of
DME-H,0O with the volume ratio equal to 1:1 (b). The concentration of ALA is 1 mg/mL. The two samples’
UV-VIS spectra were recorded at intervals of 5 min of exposure to UV light, for 60 min.
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Scheme 1. The photochemical reaction of ALA in the presence of DMF and H,O.

The UV-VIS spectra of Ag and Au nanoparticles must be shown to assess the influence of
metallic nanoparticles on ALA. In this context, Figure 2 highlights that the plasmonic bands of the
Ag nanoparticles with sizes of 5 nm and 10 nm peaked at 398 nm (Figure 2a) and 400 nm (Figure 2b),
while those of the Au nanoparticles with sizes of 5 nm and 10 nm were situated at 522 nm (Figure 2c)
and 524 nm (Figure 2d). Figure 3 shows the HRTEM images of the metallic nanoparticles. According
to Figure 3, regardless of the Ag and Au nanoparticles’ size, they show a spherical shape. The UV-VIS
spectra show relatively broad bands, which indicates a broad size distribution. This fact is confirmed
by the TEM images shown in Figure 3.
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Figure 2. UV-VIS spectra of nanoparticles: (a) Ag with a particle size of 5 nm, (b) Ag with a particle
size of 10 nm, (c) Au with a particle size of 5 nm, and (d) Au with a particle size of 10 nm.

Figure 4 shows the UV-VIS spectra of ALA that has interacted with Au and Ag nanoparticles,
both with sizes of 5 and 10 nm, the ALA concentration in the aqueous solution of metallic nanoparticles
being equal to 1 mg/mL. According to Figure 4 (red curves), in the initial state, i.e., before exposure to UV
light, the UV-VIS spectra were characterized by absorption bands with maxima at 322 nm and 542 nm in
the case of ALA that has interacted with Au nanoparticles with a size of 10 nm (Figure 4d). These bands
were situated at 320 nm and 530 nm in the case of ALA that has interacted with Au nanoparticles with a
size of 5 nm (Figure 4c). In the case of ALA that has interacted with Ag nanoparticles with sizes of 10 nm
and 5 nm, the UV-VIS spectra show absorption bands with maxima at 424 nm (Figure 4b) and 401 nm
(Figure 4a), respectively. The exposure of these samples to UV light for 60 min led to a gradual decrease
in the absorbance of the band localized in the spectral range 300-700 nm (Figure 4). Supplementarily,
in the case of ALA that has interacted with Ag nanoparticles with sizes of 10 and 5 nm, one observes
the following: (i) an up-shift of the absorption band at 454 nm (Figure 4b) and 431 nm (Figure 4a),
respectively; (ii) the appearance of isosbestic points at 339 nm and 568 nm in the case of ALA that has
interacted with Ag nanoparticles with a size of 10 nm (Figure 4b); and (iii) the appearance of isosbestic
points at 335 nm and 512 nm in the case of ALA that has interacted with Ag nanoparticles with a
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size of 5 nm (Figure 4a). Regardless of the type of nanoparticles, i.e., Ag or Au, these results suggest
development of photochemical reactions between ALA and metallic nanostructures. Considering the
decreased absorbance of UV-VIS spectra, the photochemical processes between ALA and metallic
nanoparticles were more intense in Ag nanoparticles, compared to Au nanoparticles. The more
pronounced shift of the absorption band in the case of Ag nanoparticles that have interacted with
ALA (Figure 4a,b) is believed to have its origin in the process of the chemical adsorption of ALA onto
the surface of metal particles. Such a process would involve obtaining a more stable electronic state,
i.e., the transformation of Ag into Ag* (from [Kr] 4d195s to [Kr] 4d'0) and of Au into Au* (from
[Xe]4f1#5d10 6s! to [Xe]4f145d10]), for which it is known that the ionization energy is equal to 7.57 eV
and 9.22 eV, respectively [20]. This fact was considered for the higher affinity of thiol groups of ALA
for Ag nanoparticles compared with that for Au nanoparticles. Ag nanoparticles’ transformation
into Ag,S was reported in 2017 when the appearance of non-stoichiometry in Ag sublattices was
envisaged [21,22]. The formation of the thiolate-gold clusters is explained by several models reported
by (i) Walter et al., who took into account the magic numbers of free valence electrons [23], and (ii)
Cheng et al., who considered the superatom network and the super valence bond mode [24].

S'nm

(@) (b)

5 nm

2 nm

(© (d)

Figure 3. HRTEM images of the nanoparticles: (a) Ag with a particle size of 5 nm, (b) Ag with a particle
size of 10 nm, (c) Au with a particle size of 5 nm, and (d) Au with a particle size of 10 nm.
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Figure 4. UV-VIS spectra of ALA in the presence of Ag with a particle size of 5 nm (a), Ag with a
particle size of 10 nm (b), Au with a particle size of 5 nm (c), and Au with a particle size of 10 nm (d).
The concentration of ALA is 1 mg/mL. The four samples’ UV-VIS spectra were recorded at intervals of
5 min of exposure to UV light, for 60 min.

Figures 5 and 6 show the influence of the additional active compounds to ALA and excipients.
In this context, Figure 5 highlights the influence of the pharmaceutical compound concentration and
the Ag nanoparticle size on the photochemical processes found in UV-VIS spectroscopy studies.

Figure 5b highlights that, in the case of the Cerebinox solution with a concentration of 1 mg/mL,
prepared in the presence of Ag nanoparticles with a size of 5 nm, the UV-VIS spectrum shows an
intense band with a maximum at 401 nm, whose absorbance decreases as the time of exposure to UV
light increases, up to 60 min. This change was accompanied by the appearance of isosbestic points at
344 and 635 nm. The decrease in the concentration of Cerebinox in the solution of Ag nanoparticles
with a size of 5 nm, at 0.25 mg/mL, induced an up-shift of the absorption band from 401 nm to 419 nm
and the presence of isosbestic points situated at 329 and 566 nm (Figure 5a). The exposure of the
Cerebinox solution with a concentration of 1 mg/mL to UV light for 60 min, prepared in the presence of
Ag nanoparticles with a size of 10 nm, induced a shift in the band from 431 nm to 443 nm, which was
simultaneous with the appearance of isosbestic points at 371 and 533 nm (Figure 5c). Similar behavior
is evidenced in the pharmaceutical compound marketed under the name of Alpha Lipoic Sustain

(Figure 6).
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Figure 5. UV-VIS spectra of the ALA solution in the presence of excipients (commercial product
marketed under the name Cerebinox) and Ag nanoparticles with a size of 5 nm, having an analyte
concentration equal to 0.25 mg/mL (a) and 1 mg/mL (b), and their changes at exposure to UV light.
Figure (c) shows the UV-VIS spectra of the Cerebinox solution with a concentration of 1 mg/mL in
the presence of Ag nanoparticles with a size 10 nm and its change at exposure to UV light. The three
samples’ UV-VIS spectra were recorded at intervals of 5 min of exposure to UV light, for 60 min.
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Figure 6. UV-VIS spectra of the ALA solution in the presence of excipients (commercial product
marketed under the name of Alpha Lipoic Sustain) in the presence of Ag nanoparticles with sizes of
5nm (a) and 10 nm (b), with a concentration of 1 mg/mL, and their changes at the exposure to UV light.
The two samples” UV-VIS spectra were recorded at intervals of 5 min of exposure to UV light for 60 min.
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Thus, in the case of Alpha Lipoic Sustain solution, with a concentration of 1 mg/mL, (i) the
exposure to UV light in the presence of Ag nanoparticles with a size of 5 nm induced a shift of the band
from 398 nm to 419 nm, which was simultaneous with its decrease in absorbance and the appearance
of isosbestic points at 338 nm and 515 nm. (ii) The exposure to UV light in Ag nanoparticles’ presence
with a size of 10 nm led to a more significant decrease in the absorbance of the UV-VIS spectrum
accompanied by a shift from 398 nm to 443 nm and the presence of isosbestic points at 341 nm and
533 nm. The results shown in Figures 5 and 6 demonstrate that the presence of additional active
compounds to ALA and the excipients do not influence the photochemical reaction of ALA with
metallic (Me) nanoparticles. The origin of these spectral variations can be explained by taking into
account the formation of new compounds in the presence of UV light, according to Scheme 2.
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Scheme 2. The photochemical reaction of ALA in the presence of metallic (Me) nanoparticles.

3.2. The RGO Sheets as Inhibitors of the ALA Photodegradation Highlighted by UV-VIS Spectroscopy

Figures 7 and 8 highlight the influence of RGO sheets on ALA’s photochemical reactions in the
presence of metallic nanoparticles. According to Figure 7, the absorption band of the RGO sheets
decorated with Ag nanoparticles with a size of 5 nm has a maximum at 407 nm. The UV-VIS spectrum
of ALA in the presence of 0.5 mg RGO sheets in 1 mL of DMF and 1 mL of Ag nanoparticles with
a size of 5 nm, before exposure to UV light, is characterized by a band with a maximum at 389 nm.
According to Figure 7a, the exposure to UV light induced the following: (i) in the first 5 min, a shift
of the band from 389 nm to 398 nm and the appearance of a new band observed as a shoulder at
338 nmy; (ii) a gradual shift of the bands from 398 nm and 338 nm to 425 nm and 323 nm, respectively,
when the time of UV irradiation varied from 5 min to 60 min; (iii) a decrease in the absorbance of the
two bands at 398-425 nm and 338 nm, which involved a change in the ratio between their absorbance
(As398-425/A33g) from 1.05 to 0.83, when the exposure time at UV light increases from 5 to 60 min; and (iv)
the appearance of an isosbestic point at 512 nm.

According to Figure 7b, the exposure of the ALA to UV light in the presence of 0.5 mg RGO
sheets in 1.5 mL of DMF and 0.5 mL of Ag nanoparticles with a size of 5 nm induced a decrease in the
absorbance of the band at 332 nm. This was simultaneous with the increase in the absorbance of the
band at 263 nm and the appearance of an isosbestic point at 305 nm. A careful analysis of the band’s
absorbance variation in the spectral range 300-500 nm highlights a decrease from (i) 0.92 to 0.6 in
Figure 7a and (ii) 2.36 to 1.08 in Figure 3d. These results demonstrate the inhibitory role of RGO sheets
on the photochemical reactions between ALA and Ag nanoparticles. Such behavior is also shown in
the case of Au nanoparticles. Figure 8 is relevant in this context.

The black curve in Figure 8a shows the UV-VIS spectrum of the ALA solution resulting from
the dissolution of 0.5 mg of ALA in the presence of 0.5 mg RGO in 0.5 mL of DMF and 1.5 mL of Au
nanoparticles with a size of 5 nm. Three bands with maxima at 269 nm, 317 nm, and 530 nm are shown
in Figure 8a. According to Figure 8a, the exposure to UV light induced a decrease in the absorbance
of bands at (i) 269 nm, from 0.3 to 0.26, (ii) 317 nm, from 0.36 to 0.27, and (iii) 530 nm, from 0.25 to
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0.24. In the ALA solution resulting from the dissolution of 0.5 mg of ALA in the presence of 0.5 mg
RGO in 1 mL of DMF and 1 mL of Au nanoparticles with a size of 5 nm, no change was observed
in the absorbance of the band with a maximum at 515 nm (Figure 8b). The only change observed in
Figure 8b regards the band’s shift from 311 nm to 323 nm, a variation accompanied by an increase in its
absorbance from 0.41 to 0.47. An increase in the absorbance of the band at 260 nm from 0.54 to 0.62 was
also reported. These values were significantly lower than those reported in Figure 5a. These results
proved once again the inhibitory role of RGO sheets on the photochemical reaction between ALA and
Au nanoparticles. An explanation for the inhibitory role of the RGO sheets on the photochemical
reaction between ALA and Me nanoparticles is shown in Scheme 3.
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Figure 7. The influence of the UV light on the ALA solution resulting from the dissolution of 1 mg of
ALA in the presence of (a) 0.5 mg RGO sheets in 1 mL of DMF and 1 mL of Ag nanoparticles with a
size of 5 nm and (b) 0.5 mg RGO sheets in 1.5 mL of DMF and 0.5 mL of Ag nanoparticles with a size of
5nm. The black curve in Figure a shows the UV-VIS spectrum of 0.5 mg RGO sheets in 1 mL of DMF
and 1 mL of Ag nanoparticles with a size of 5 nm in the absence of ALA. The two samples” UV-VIS
spectra were recorded at intervals of 5 min of exposure to UV light, for 60 min.
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Figure 8. UV-VIS spectra of the ALA solution resulting from the dissolution of 0.5 mg in the presence
of (a) 0.5 mg RGO in 0.5 mL of DMF and 1.5 mL of Au nanoparticles with a size of 5 nm and (b) 0.5 mg
RGO in 1 mL of DMF and 1 mL of Au nanoparticles with a size of 5 nm, as well as their variations at
exposure to UV light. The two samples’ UV-VIS spectra were recorded at intervals of 5 min of exposure
to UV light, for 60 min.
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3.3. Raman Scattering and SERS Spectroscopy Studies on ALA

In order to prove the adsorption of ALA onto metallic nanoparticles functionalized with sodium
citrate, Figure 9 shows the differences between the Raman spectra of ALA when this organic compound
is in the form of a powder (Figure 9a) and a layer deposited onto Ag and Au films resulting from
colloidal solutions of Ag and Au with particle sizes of 5 and 10 nm (Figure 9b—e). According to
Figure 9a, the main Raman lines of ALA peaked at 243, 372-418-457, 513, 565, 636, 684, 902, 1024,
1055, 1084-1230, 1307, 1442, 1649, 2846-2860, and 2916-2931-2974 cm ™!, assigned to the following
vibrational modes: deformation ring, deformation CSSC, stretching S-S, stretching 1, 2-dithiolane ring,
stretching C-S out-of-phase, stretching C-S in-phase, stretching C-C in 1, 2-dithiolane ring, stretching
C-C, stretching C-C trans, in-plane deformation C-H in a heteroatomic ring, twisting of CH, group,
deformation scissoring of CH, group, stretching C=0 in amide, and anti-symmetrical stretching CH,
in alkyl chain/anti-symmetrical stretching CHj in a 1,2-dithiolane ring. [2,25] The values of the ratio
between Raman lines’ intensities peaked at 513, 1442, 1024, and 2916 cm_l, i.e., 1513/12916/ 11442/12916/
and Ijgp4a/I2916 are equal to 0.57, 0.35, and 0.09, respectively. In the context of the discussion concerning
the interaction of ALA with metallic nanoparticles, it is important to know that the ratio I5;3/Igg4 has a
value of 2.36. In contrast to Figure 9a, the following vibrational changes are observed in Figure 9b,d,
i.e., in the case of ALA layers deposited onto metallic films resulting from a colloidal solution of Ag
nanoparticles with sizes of 5 and 10 nm: (i) a down-shift of the Raman lines from 513, 684, 1024, 1442,
and 2916 cm™! (Figure 9a) to 504, 684, 1018, 1430, and 2908 cm~l, respectively (Figure 9b,d); and (ii) a
Change in the value of the ratios 1513/129]6/ 11442/12916/ I] 024/129]6/ and 1513/1684 from 2, 028, 04, and 8.35
(Figure 9Db) to 3.94, 0.56, 0.79, and 8.2, respectively (Figure 9d). The changes in the intensities and
the positions of Raman lines when the ALA layer is deposited onto metallic films resulting from the
colloidal solutions of Au nanoparticles with sizes of 5 and 10 nm are noted in Figure 9¢,e as follows:
(i) the Raman lines from 513, 680, 1024, 1442, and 2916 cm™! (Figure 9a) shifted to 504, 673, 1014, 1430,
and 2909 cm~!, respectively (Figure 9c,e); (ii) in the 3000-3500 cm~! spectral range, a new Raman
line with a maximum at 3075 cm™! appeared; (iii) values of the ratios Isps/I2909, I1430/12909, T1014/12909,
and I5p4/I473 changed from 1.01, 0.29, 0.2, and 3.7 (Figure 9¢) to 2, 0.57, 0.4 and 3.67 (Figure 9e).

The variations above indicate a chemical interaction between metallic nanoparticles functionalized
with sodium citrate and ALA, as shown in Scheme 2. Regardless of the metallic nanoparticle type, i.e.,
Ag or Ay, the increase in the Raman line’s intensity with a maximum at 504 cm™! suggests preferential
chemical adsorption of ALA onto metallic nanoparticles, as reported in the case of other thiols [25].
Evidence of the chemical adsorption of ALA onto the metallic nanoparticle surface is shown by the
Raman line with a maximum at 234 cm™?, observed in Figure 9b-e, which was assigned to the stretching
vibration mode of the metal-adsorbate bond [2]. The presence of these Raman lines in Figure 9b-e can
be explained by considering the chemical mechanism of the SERS effect that involves a charge transfer
at the metal/dielectric interface—in our case, the Ag or Au nanoparticles and ALA, when new bonds
between the metal and adsorbate of the type Ag-S or Au-S are generated [25].
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Figure 9. Raman spectra of ALA in a solid state (a) and as layers deposited onto metallic films
prepared using colloidal solutions of Au nanoparticles with sizes of 5 nm (b) and 10 nm (c) and of
Ag nanoparticles with sizes of 5 nm (d) and 10 nm (e). The ALA layers were obtained by using ALA
solutions with a concentration of 1072 M.

Using a protocol proposed by Laurent et al. [26] to assess the enhancement factor (EF) of the SERS
process and the experimental results shown in Figure 9, the following EFs of ALA were calculated
for the Raman line situated in the spectral range 500-520 cm~!: (i) 1.15 X 107, in the case of Ag
nanoparticles with sizes of 5 nm and 10 nm, (ii) 8.16 x 10, in the case of Au nanoparticles with a size
of 5 nm, and (iii) 1.6 x 107, in the case of Au nanoparticles with a size of 10 nm.
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Figure 10 highlights the dependence of the Raman spectrum intensity of ALA on the Au
nanoparticles weight used to prepare metallic films. According to Figure 10a, the Raman spectrum
intensity of ALA is enhanced as Au nanoparticles’ weight with a size of 50 nm increases. This fact is a
consequence of the electromagnetic mechanism of the SERS effect, when the generation of localized
surface plasmons at the metal/dielectric interface occurs [14]. According to Figure 10b, for the same
weight of Au nanoparticles, a higher Raman intensity of ALA is found when the size of metallic
nanoparticles is equal to 50 nm compared to those with a size of 10 nm. In the case of Au nanoparticles
with a size of 50 nm, the EF of the ALA Raman line intensity situated in the spectral range 500-520 cm ™!
was equal to 5.18 x 107, a value superior to that reported in the case of Au nanoparticles with a size of
10 or 5 nm (Figure 9c,e).
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Figure 10. Raman spectra of the ALA layer deposited onto metallic films prepared using 1 mL (red
curve), 2 mL (blue curve), 4 mL (magenta curve), and 6 mL (green curve) colloidal solutions of Au
nanoparticles with a size of 50 nm (a). The dependence of the intensity of Raman spectra on the ALA

500 1000 1500 2000 2500 3000 3500
Wavenumbers (cm™)

layers deposited onto metallic films prepared from 6 mL colloidal solutions of Au nanoparticles with
sizes of 50 nm (black curve) and 10 nm (red curve) (b). In all samples, the ALA solution concentration
was 1072 M.

3.4. HRTEM and AFM Studies

A short characterization of the RGO sheets by HRTEM and the film of Au obtained from the
colloidal solutions of Au nanoparticles with a size of 50 nm before and after the adsorption of the RGO
sheets by AFM is shown in Figure 11. Figure 11a shows the TEM image of the RGO sheets stacked
with various folding. The HRTEM image of the RGO sheets (Figure 11b) highlights an interplanar
distance dgp, equal to 3.85 A.

The AFM image of the films obtained by the evaporation of a 0.12 mL colloidal solution of Au,
with a particle size of 50 nm, onto quartz substrates with an area of 1 cm?, are shown in Figure 11c;.
As a consequence of the agglomerate and aggregate processes of the Au nanoparticles, the AFM images
revealed that the gold nanoparticle diameter is ~60 nm (Figure 11c;). Two roughness parameters were
calculated from the AFM scans for the Au film, i.e., the root mean square (RMS) and roughness average
(Ra), with values equal to 18 nm and 13 nm, respectively. The deposition of the RGO sheets onto the
Au film induced RMS and Ra values of 91 nm and 71 nm, respectively. Ra’s higher value in the case of
the RGO sheets deposited onto the Au film caused their random orientation onto the metallic film
surface (Figure 11d).
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Figure 11. TEM (a) and HRTEM (b) images of the RGO sheets. The AFM image of the metallic film
prepared from Au nanoparticles’ colloidal solutions with a size of 50 nm before (c1, c2) and after the
deposition of the RGO sheets (d).

4. Conclusions

Using UV-VIS spectroscopy, new results are reported in this article concerning the
photodegradation of ALA in the presence of Ag and Au nanoparticles. We have demonstrated
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that (i) the presence of excipients and additional active compounds to ALA, by exposure to UV
light for 1 h, do not induce further changes once ALA has interacted with a colloidal solution of Ag
and Au nanoparticles with sizes of 5 and 10 nm. (ii) The changes reported in the position and the
relative intensities of Raman lines of ALA in the presence of Ag and Au nanoparticles with sizes
between 5 and 10 nm, in contrast to the Raman spectrum of ALA powder, are explained by taking into
account the chemical mechanism of surface-enhanced Raman scattering (SERS) spectroscopy. (iii) The
photodegradation process of ALA that has interacted with metallic nanoparticles was inhibited in the
presence of RGO sheets.
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Abstract: A performance mapping of GNP/epoxy composites was developed according to their
electromechanical and electrothermal properties for applications as strain sensors and Joule heaters.
To achieve this purpose, a deep theoretical and experimental study of the thermal and electrical
conductivity of nanocomposites has been carried out, determining the influence of both nanofiller
content and sonication time. Concerning dispersion procedure, at lower contents, higher sonication
times induce a decrease of thermal and electrical conductivity due to a more prevalent GNP breakage
effect. However, at higher GNP contents, sonication time implies an enhancement of both electrical
and thermal properties due to a prevalence of exfoliating mechanisms. Strain monitoring tests
indicate that electrical sensitivity increases in an opposite way than electrical conductivity, due to a
higher prevalence of tunneling mechanisms, with the 5 wt.% specimens being those with the best
results. Moreover, Joule heating tests showed the dominant role of electrical mechanisms on the
effectiveness of resistive heating, with the 8 wt.% GNP samples being those with the best capabilities.
By taking the different functionalities into account, it can be concluded that 5 wt.% samples with 1 h
sonication time are the most balanced for electrothermal applications, as shown in a radar chart.

Keywords: carbon nanotubes; thermal properties; electrical properties; strain sensing; joule heating

1. Introduction

Nowadays, polymeric materials are gaining much attention. They present some interesting
properties that make them suitable for use in a wide variety of applications, including as coatings for
environmental and corrosion protection [1-3] or as a matrix in composite materials due to their high
compatibility with most widely used reinforcements [4,5].

In this regard, the use of carbon nanoparticles such as graphene nanoplatelets (GNPs) or carbon
nanotubes (CNTs) is now of interest. This can be explained by their excellent mechanical, thermal
and electrical properties. In fact, they can reach values of Young’s Modulus over 1 TPa, thermal
conductivity around 5000 W/mK and electrical conductivities of 107 S/m [6-10]. These superior
properties make them highly suitable for multiple applications. More specifically, they are commonly
used as reinforcement for polymeric materials. Furthermore, when added to an insulator matrix, both
electrical and thermal conductivity grow several orders of magnitude, becoming conductive materials,
because of the creation of percolating networks inside the material [11-13]. These facts promote their
use, for example, in Structural Health Monitoring (SHM), electromagnetic interference shield and as
thermal interface materials (TIMs) [14-19].

This work is focused on the effect of GNP content and sonication time on several properties
such as electrical and thermal conductivity, strain-sensing and Joule heating capabilities. Here, GNP

Nanomaterials 2020, 10, 2431; d0i:10.3390/nan010122431 www.mdpi.com/journal/nanomaterials
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nanocomposites have demonstrated good capabilities as strain sensors with gauge factors, that is, the
correlation between the variation of the normalized electrical resistance divided by the applied strain
is much superior to that of CNT-based ones, especially at higher strain levels [20-25]. This is explained
by the 2D disposition of the GNPs within the material allowing a higher interparticle distance between
adjacent nanoparticles, thus leading to a more prominent tunneling effect [26-28]. In addition, GNPs
can be added into the resin in contents superior to those possible with CNTs without inducing a
drastic degradation of mechanical properties. Therefore, these materials present much higher values
of thermal conductivity, which mainly depends on nanofiller content [14,29,30].

However, the correlation among the different properties is sometimes not well understood, as there
are multiple factors affecting the final properties of the nanocomposite, including content, dispersion
and geometry of the nanofiller [11,24,31,32]. In this regard, several dispersion techniques are commonly
used to ensure a proper homogenization of the nanofillers inside the polymer. Among others, three
roll milling and sonication have proved to be the most effective techniques due to the higher shear or
cavitation forces induced during the process, which lead to an adequate breakage of larger agglomerates
along with some exfoliating mechanisms [33,34]. Moreover, the enhancement of one property can
lead to the degradation of another, as observed in highly conductive nanocomposites that present low
gauge factors, as the interparticle distance between adjacent nanoparticles is much lower [20]. For
these reasons, this study aims to better understand the role of nanoparticle content and dispersion
state in the final properties of the nanocomposites.

First, the electrical and thermal conductivity of GNP nanocomposites are determined for different
combinations of GNP content and sonication time. Then, two examples of specific applications are also
measured and deeply explored: their use as strain sensors by means of electrical measurements with
applied strain and their capacity for Joule’s effect resistive heating. Finally, a summary of the obtained
results is shown by balancing the final properties of each material in order to select the optimum one
as a function of the desired application.

2. Experimental Procedure

2.1. Materials

The nanocomposite is based on a GNP reinforced epoxy matrix. The resin is an Araldite LY 556 from
Hunstman supplied by Antala (Barcelona, Spain) with an amino hardener XB 3473 in a stoichiometry
proportion of 100:23 monomer to hardener from the same supplier.

GNPs are M25 supplied by XG Sciences (Lansing, MI, USA) with a lateral size of 25 um and a
thickness of 6 to 10 nm.

2.2. Nanocomposite Manufacturing

First, GNPs were manually dispersed into the epoxy resin. The mixture was then subjected to an
ultrasonication process by using a horn sonicator UP400S supplied by Hielscher (Teltow, Germany) at
an amplitude of 80% and a pulse period of 0.5 s. Sonication time and GNP content were varied in
order to analyze their effects in the final properties of the nanocomposites. Nanofiller content and
sonication time were varied accordingly to that shown in Table 1.

Once the dispersion was made, the mixture was degassed at 80 °C for 15 min in order to remove
the possible entrapped air. Then, it was subjected to a curing cycle at 140 °C for 8 h.

Finally, the plates obtained were demolded and machined to the dimensions required by the
different tests which are explained below.
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Table 1. Nomenclature used for materials manufactured and tested.

GNP Content (wt.%) Sonication Time (h) Designation

1 5GNP-1 h
5GNP-2 h
5GNP-3 h

8GNP-1 h
8GNP-2 h
8GNP-3 h

WN = | W

2.3. Electrical, Thermal and Microstructural Characterization

Four-probe DC volume conductivity tests were carried out for 4 different samples of 10 X 10 X
1 mm? dimensions for each condition (Figure 1a). Electrical resistance was determined as the slope of
I-V curve, and electrical resistivity was determined accordingly to the geometry of the samples. The
voltage range was set at 0-200 V for low conductive samples and 0-25 V for high conductive samples.
The tests were performed in a SMU, Keithley Instrument Inc. mod. 2410 (Cleveland, OH, USA).

electrodes

DC Supply

(9) (d)

Figure 1. Schematics of (a) electrode disposition on the electrical conductivity tests, (b) set-up of
thermal conductivity measurements (where the red arrows indicate the sense of the heat flow), (c) Joule
heating tests indicating the electrode’s disposition in the sample and (d) an example of thermal image
of a 5GNP-1 h sample (the dark shapes around the central region correspond to the silver paint coating
of the electrodes).
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Thermal conductivity was measured by estimating the heat flow through 50 mm diameter round
samples by using a Heat Flow Meter (FOX 50 Heat Flow Meter 190_C VHS 220VAC) from TA Instruments
(New Castle, DE, USA) as shown in the schematic of Figure 1b. The thickness of the samples varied
in the range of 4-5 mm. Two samples were tested for each condition and thermal conductivity was
determined at 30, 90 and 180 °C.

The GNP distribution was determined by means of Scanning Electron Microscopy analysis.
For this purpose, GNPs were filtrated after sonication process in an acetone bath using a 0.22 um
porous paper. The obtained powder was then analyzed by using a Hitachi S 3400N apparatus from
Hitachi Global (Tokyo, Japan).

2.4. Strain Monitoring Tests

Tensile tests were performed according to standard ASTM D638 at a test rate of 1 mm/min.
Simultaneously, the electrical resistance was measured in order to characterize the strain monitoring
capabilities of the manufactured materials by using an Agilent hardware 34410 A (Agilent Technologies,
Santa Clara, CA, USA).

To achieve this purpose, the electrical resistance was recorded between two electrodes made of
copper wire and silver ink to ensure a good electrical contact with the substrate. Here, the sensitivity,
also called, gauge factor (GF) of the materials has been determined.

GF is given by the ratio between the change of the normalized resistance divided by the applied
strain:

AR
Ko

&

GF = 1)

where AR/Ry denotes the change of the electrical resistance divided by the initial resistance of
the specimen.

In the tests conducted, GF was determined at low strain levels where crack mechanisms are not
supposed to taking place.

2.5. Joule Effect Heating Tests

Electrothermal properties were determined by resistive heating. In this experiment, thermal
conductivity samples were subjected to a varying applied voltage. The temperature of the samples
was measured by using a FTIR thermal camera (FLIR E50) (FLIR Systems, Wilsonville, OR, USA) as
shown in the schematics of Figure 1c,d. The electrodes were also made with copper wire and silver ink
with a distance of 30 mm between them. The voltage was applied by steps of 50 V until a temperature
of around 180 °C was reached in the sample as it is near the degradation of the epoxy matrix.

3. Results and Discussion

The electromechanical and thermal properties of GNP nanocomposites are discussed in this
section. First, electrical conductivity measurements are shown, while thermal properties are also
explored. Finally, the electromechanical characteristics of the proposed materials are given on the basis
of strain monitoring tests.

3.1. Electrical Properties of GNP/Epoxy Nanocomposites

Figure 2 shows the values of the electrical conductivity for GNP nanocomposites. It can be
observed that an increase of GNP content from 5 to 8 wt.% leads to a significant increase in the electrical
conductivity, from values of 10741073 S/m to values of 0.1-1 S/m. This is easily explained by the
effect of the higher volume fraction of the nanofillers that induces the creation of a higher number of
percolating networks inside the material as has been widely explored in other studies [35,36].

210



Nanomaterials 2020, 10, 2431

A

<
T

10"

<,
T

Electrical conductivity (S/m)

e
T

5 6 7 8
GNP content (wt. %)

=)
8

Figure 2. Electrical conductivity measurements for the different samples.

However, the effect of sonication time is quite more complex. Here, at lower GNP contents, it is
observed that the increasing sonication time leads to a reduction of the electrical conductivity. This is
explained by the effect that sonication has on the GNP mixture. On one hand, there is the prevalence
of exfoliating mechanisms of graphene layers during the sonication process [37], leading to a reduction
of GNP thickness and, thus, to an increase of the aspect ratio of the nanoparticles as well as to an
enhancement of GNP dispersion [38]. However, it has been also widely investigated that very large
sonication times lead to a significant breakage of the nanofillers due to the higher cavitation forces
induced during the sonication process [35]. This breakage of GNPs leads to a reduction in the lateral
size. Atlower contents, the viscosity of the media is low, so the cavitation forces are more effective [39].
This means that the optimum sonication time to achieve the best electrical performance is lower and
this fact explains that increasing this sonication time too much could result in a detriment of the
electrical properties, because of a very aggressive rupture of GNPs that leads to a reduction of the
effective aspect ratio.

On the other hand, when increasing the GNP content, the viscosity of the mixture is much
higher, so that cavitation process is not so efficient and the optimum sonication time to achieve the
desired properties is increased. For this reason, the highest electrical conductivity for 8 wt.% GNP
nanocomposites is achieved at 3 h of sonication time.

In this regard, the SEM analysis of GNP powder after sonication process can confirm the previous
statements. On one hand, when comparing 5GNP-1 h to 5GNP-3 h samples, an evident reduction of
the lateral size can be pointed out (Figure 3a,b), which is more prevalent than the reduction of GNP
stacking, which is qualitatively similar in both cases (Figure 3c,d) as, at low times, the sonication is
effective at this GNP content. However, in the case of GNP samples, the increase of the sonication
time from 1 h to 3 h promotes a very efficient reduction of the GNP stacking (Figure 3e,f) due to the
previously commented higher efficiency of the sonication process at higher times explained by the
higher viscosity of the mixture.

These statements are of high novelty, as sonication time can have a positive effect on GNP
properties depending on the viscosity of the mixture, as observed for 8 wt.% samples whereas longer
sonication times will have a negative effect at lower contents due to an initial higher efficiency of the
process that trends to rapidly break the nanoplatelets.
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100um

¥ Larger GNP
stacking areas

(e) )
Figure 3. SEM images of GNP powder after the sonication process for (a,c) 5GNP-1 h, (b,d) 5GNP-3 h,
(e) 8GNP-1 h, and (f) 8GNP-3 h samples.
3.2. Thermal Properties of GNP/Epoxy Nanocomposites

Figure 4 summarizes the values of the thermal conductivity for GNP nanocomposites. It is
observed that an increase of GNP content induces an enhancement of the thermal conductivity, as
expected, due to a higher presence of nanofiller. Here, the effect of sonication time is not so prevalent,
and only induces slight differences in the thermal properties of the nanocomposites. This can be
explained on the basis of the role of GNP geometry and distribution inside the material.
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Figure 4. (a) Thermal conductivity measurements and theoretical estimations (dashed line), (b) variation
of thermal conductivity for a 5 wt.% GNP sample accordingly to Hatta et al. model [40] as a
function of GNP aspect ratio, and (c) estimation of aspect ratio accordingly to Hatta model for the
different conditions.
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Thermal conductivity can be estimated from Hatta et al. model [40] knowing the thermal
conductivity of the epoxy and the GNPs:

S =5n= L@ x |/3 x (2 - 1)% — cosh™! xﬁ]533 = 1-2xSy; ©)
2x(f2-1)2

where f is the aspect ratio of GNPs, and S11, Sy and Sa3 are the thermal tensors in the principal axis.
In the case of a 3D randomly distribution of nanofillers, the thermal conductivity of nanocomposite
ke can be estimated from the thermal conductivity of matrix, km, (set as 0.22 W/mK) and from the
nanoreinforcement k; (set as 100 W/mK), as well as from its volume fraction, ¢:

£ =14 x[(kr —km) x (2% S33 + S11) + 3%k ]/ \
2
]:3><(1—¢>)><(kf—km)><511 X S33 +km‘[3><(511 +S33)—(Z)><(2><511 +533)]+ 3k ©)

(kp=km)

Therefore, the aspect ratio of the nanofillers also plays a significant role. In this context, the
dashed green line in Figure 4a indicates the estimation of the thermal conductivity when supposing
that the aspect ratio of GNPs is the same for every condition. It can be observed that at lower contents
the model generally overestimates the value of the thermal conductivity while at higher contents the
estimations are below the measured values. This can be attributed to the differences in the geometry
between GNPs for each condition. In this regard, the influence of the aspect ratio on the thermal
conductivity is analyzed in the graph of Figure 4b. Here, an increase of the aspect ratio leads to an
increase of the thermal conductivity, which is more prevalent in a range of 1/d from 10 to 1000.

Therefore, the increasing thermal conductivity with sonication time in the case of 8 wt.% GNP
nanocomposites is explained by the increase of the aspect ratio due to a better correlation between
the exfoliation induced by cavitation forces and the breakage of GNPs and, thus, a reduction on the
lateral size. The opposite effect is observed at lower contents, as explained previously, as the sonication
process is much more aggressive and, thus, at higher sonication time there is a more prevalent breakage
of GNPs in comparison to exfoliating effect. In this context, the graph of Figure 4c shows the prediction
of the aspect ratio of GNPs by adjusting the theoretical model to the experimental measurements.
Here, the reduction of the aspect ratio due to a very aggressive breakage of GNPs can be stated when
increasing the sonication time at lower contents, whereas the opposite effect is clearly seen at higher
contents, validating the previous statements.

3.3. Analysis of Strain Monitoring Capabilities

Figure 5 summarizes the measured gauge factor at a low strain level (¢ ~ 0.0025) for the different
GNP nanocomposites. It can be noticed that GF values show the opposite trend when compared to
the electrical conductivity measurements in Figure 2. This is explained by understanding the role
of tunneling mechanisms inside the material. According to Simmons [41], the electrical resistance
associated with tunneling mechanisms, Ry,,,e1, follows an exponential trend with the distance between
adjacent nanoparticles, also called tunneling distance, t:

R = —th ex (@
tunnel Aez\/Zm_(p p h

where h is Planck’s constant, m and e are the electron mass and charge, A the cross-sectional area of
GNPs, and ¢ the height barrier of the matrix.

Therefore, the higher the tunneling distance, the more prevalent the exponential effect of tunneling
resistance is. For this reason, lower values of conductivity, which imply higher values of tunneling
resistance, usually lead to higher values of sensitivity, as seen in several studies [20,42].

2mq>) 4
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Moreover, the electromechanical response of the samples shows a very prevalent exponential
behavior, as can be seen in the graphs of Figure 5b. This is in good agreement with previous studies,
where a prevalence of contact mechanisms takes places at a low strain level whereas the breakage of
electrical pathways is dominant at higher strain levels, thus leading to a sharper increase of electrical
resistance that is reflected in a higher GF at higher strain levels and, thus, to a very prevalent exponential
response [24,42].
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Figure 5. Electromechanic response of GNP nanocomposites showing (a) the measured GF and (b) an
example of a strain-sensing curve.

In this case, the effect of sonication time can significantly affect the sensing properties of these
materials. At lower contents and due to a higher efficiency of the dispersion method, there is a
reduction of the aspect ratio, as commented, that leads to an increase of percolation threshold [43,44].
This higher percolation threshold implies a higher distance between adjacent nanoparticles and thus,
a higher sensitivity when increasing this time. However, the opposite effect can be clearly seen at
higher contents, where the highest sensitivities are observed at the lowest sonication time. Therefore,
to achieve the best sensing response, the system with lower GNP content and higher sonication time
will be selected.
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3.4. Joule Effect Heating Analysis

Figure 6 summarizes the results of the Joule effect resistive heating tests, where the applied
voltage and its corresponding average temperature reached in the sample are correlated. Here, it can
be observed that both GNP content and sonication time have a significant influence in the resistive
heating capacities of the samples.
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Figure 6. Average temperature reached as a function of the applied voltage for each tested condition
(grey-colored area indicates the degradation zone of the epoxy resin).

On one side, by increasing the GNP content, the average temperature reached on the samples
increases drastically. More specifically, the maximum allowable temperature, given by the degradation
temperature of the epoxy resin (around 180-200 °C), is reached at 400-600 V under the 5GNP-1 h
and 5GNP-2 h conditions. However, for 8 wt.% GNP samples, the applied voltage needed is around
150-200 V.

On the other hand, the sonication time also affects the Joule heating properties of the
nanocomposites. For 5 wt.% GNP samples, an increase in the sonication time implies a drastic
decrease of resistive heating capabilities. In fact, samples with a sonication time of 1 h present a limit
voltage of 400 V while samples with a sonication time of 3 h do not reached the maximum allowable
temperature at the range of the voltage tested. Nevertheless, sonication time does not have a prevalent
effect for the samples with an 8 wt.% GNP content, where the maximum allowable temperature is
reached at a similar applied voltage.

These results can be explained accordingly to Joule’s Law:

Q=12xRxt 5)

where Q is the generated heat during the test, i, the current flow, R, the electrical resistance of the
specimen and t the time that the specimen is subjected to resistive heating.

Therefore, the electrical properties of these materials play a crucial role in their resistive heating
capabilities. Here, it can be concluded that the higher the electrical conductivity of the samples, the
higher the current flow, 7, and thus the heat generated during the Joule’s effect tests. This is in good
agreement with the previously mentioned electrical conductivity results shown in Figure 2. For 5 wt.%
GNP samples, there is a significant variation of electrical conductivity with sonication time which
is reflected in a poor heating capability for the samples at 3 h of sonication. Moreover, in the case
of 8 wt.% GNP samples, their higher electrical conductivity thus leads to higher heating properties.
Here, the differences observed among the different sonication times are less prevalent as the electrical

216



Nanomaterials 2020, 10, 2431

network formed inside the material is good enough to ensure proper electrical connections between
adjacent nanoparticles.

Furthermore, the Joule heating tests show very good heating capabilities in comparison to other
studies with similar reinforcements and equivalent geometries [45]. Here, the main difference is
correlated with the dispersion technique which, in the case of sonication, tends to form a more
homogeneous dispersion inside the material without seriously affect the electrical and thermal
properties of the GNPs themselves than in three roll milling process, where there is a prevalent
breakage of GNPs due to the high shear forces involved in the dispersion process, leading to lower
values of electrical and thermal conductivity and, thus, lower resistive heating capabilities.

3.5. Analysis of Optimum Conditions for Application

In this section, the behavior of the different manufactured samples is analyzed depending on the
property tested. The aim is to select the optimum conditions depending on the desired application. In
this context, Figure 7 shows a head-to-head comparison between the thermal and electrical conductivity
(Figure 7a) and between SHM and Joule heating capabilities of the different samples (Figure 7b).
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Figure 7. Graphs representing a comparison (a) between electrical and thermal conductivity and
(b) between SHM capabilities, given by the Gauge Factor and Joule heating properties, given by the
applied voltage to reach the maximum allowable temperature.

In the first case, specimens with higher GNP contents and sonication times show the optimum
combination of properties (hollow symbols of Figure 7a). This is explained by the prevalent role of the
nanofiller content along with the selection of a higher sonication time that allows a more significant
exfoliating effect without any substantial detriment on electrical and thermal properties of the GNPs
themselves. However, when comparing the capability for SHM applications and Joule heating ones,
the selection of an optimum condition is quite a bit more complex. This is explained by the opposite
effect of Joule heating capabilities, which are mainly governed by the creation of a highly conductive
electrical network inside the material and SHM ones, which are dominated by tunneling mechanisms
that are more prevalent in less conductive networks. Here, 5GNP-1 h samples are very competitive
(black solid symbol of Figure 7b), as they have a very high electrical sensitivity to strain due to a
higher prevalence of tunneling mechanisms. In addition, their electrical conductivity is high enough to
allow a relatively good Joule heating effect in comparison to 2 and 3 h samples because of a better
GNP dispersion inside the material without affecting the intrinsic thermal and electrical properties, as
previously explained.
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The selection of an optimum condition will therefore depend on the desired functionality. For these
reasons, a radar chart was constructed to obtain a complete overview.

In this chart, each measured property or functionality has been rescaled from 0 to 1, where 1
denotes the highest performance for this property. Therefore, the “best” material will have a factor of 1,
whereas the rest of conditions were rescaled accordingly to their value of this property.

This re-scalation follows a linear trend for Joule Effect, Gauge Factor and thermal conductivity.
However, due to the highest sensitivity to small variations of electrical conductivity, it has been rescaled
following a logarithmic trend, where 1 denotes again the highest measured conductivity and 0, the
value of conductivity at percolation threshold, fixed at 107® S/m as observed in other studies [46,47].

Figure 8 shows the calculated values of the factors for each property and condition tested. Here,
it can be observed that there is a high correspondence among electrical, thermal and Joule heating
properties, whereas electrical sensitivity follows an opposite trend due to the previously commented
factors. Accordingly, 5GNP-1 h seems to be a very promising solution for accomplishing all the
analyzed functionalities, due to the good balance conferred by a good GNP dispersion without any
detriment on nanoparticle intrinsic properties. More specifically, when compared to other works with
similar nanoreinforcements, they show much higher Joule heating capabilities [45,48] and similar
gauge factors at low strain levels [20,42], showing a high potential for diverse applications.
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Figure 8. Radar chart of the different tested properties for (a) 5GNP and (b) 8GNP samples, scaled
from 0 to 1.

4. Conclusions

Thermo-electrical and strain-sensing capabilities of GNP nanocomposites were deeply studied by
varying GNP content and sonication time.

It was observed that the strain-sensing capabilities and the electrical conductivity follow an
opposite trend. Here, the highest strain-sensing gauge factors have been achieved for the samples
with the lower GNP content and higher sonication time, which show the lowest electrical conductivity.
Furthermore, the effect of the dispersion procedure by means of sonication time on electrical and
electromechanical properties was also explored. At lower GNP contents, higher sonication times
induced a higher breakage of GNPs, with this effect being more prevalent than the exfoliating effect.
However, at higher GNP contents and due to the higher viscosity of the mixture, the exfoliating effect
is more prevalent at higher sonication times, explaining the higher values of electrical conductivity
reached for these samples.

Concerning the thermal and electrothermal properties, a similar trend to that of electrical
conductivity is noticed. Here, the samples with higher GNP content show the highest thermal
conductivities and Joule heating capabilities. However, dispersion procedure at higher contents
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does not play a crucial role, as there is a high enough percolating network to ensure good resistive
heating responses.

Therefore, by comparing the measured properties, it is possible to select the optimum
manufacturing conditions as a function of the desired application. In this regard, 5GNP-1 h samples
show a good balance among properties, as their Joule heating capabilities are much higher than 2
and 3 h sonication samples and their sensitivity is also much higher than 8 wt.% GNP specimens.
Furthermore, they are very competitive when compared to similar nanocomposites of the literature.
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Abstract: Leading-edge regenerative medicine can take advantage of improved knowledge of key
roles played, both in stem cell fate determination and in cell growth/differentiation, by mechano-
transduction and other physicochemical stimuli from the tissue environment. This prompted ad-
vanced nanomaterials research to provide tissue engineers with next-generation scaffolds consisting
of smart nanocomposites and / or hydrogels with nanofillers, where balanced combinations of specific
matrices and nanomaterials can mediate and finely tune such stimuli and cues. In this review,
we focus on graphene-based nanomaterials as, in addition to modulating nanotopography, elastic
modulus and viscoelastic features of the scaffold, they can also regulate its conductivity. This feature
is crucial to the determination and differentiation of some cell lineages and is of special interest to
neural regenerative medicine. Hereafter we depict relevant properties of such nanofillers, illustrate
how problems related to their eventual cytotoxicity are solved via enhanced synthesis, purification
and derivatization protocols, and finally provide examples of successful applications in regenerative
medicine on a number of tissues.

Keywords: graphene; graphene oxide; reduced graphene oxide; tissue regeneration; 2D-scaffolds;
hydrogels; fibers; stem cell differentiation

1. Introduction

Graphene consists of an atomic honeycomb lattice composed of carbon atoms that
can be considered as an indefinite large polycyclic aromatic hydrocarbon with an infinite
number of condensed benzene rings. Graphene family is constituted by several deriva-
tives such as graphene oxide (GO), reduced graphene oxide (RGO), graphene quantum
dots (GQDs), graphene nanosheets, monolayer graphene, and few-layer graphene [1]. A
schematic representation of graphene-based materials (GBMs) taken into account in this
review is shown in Figure 1. Although an accurate description of the state of the art in
GBM synthesis is out of the scope of this review, a brief outline is provided in Section 2.1.
It is vital to stress out that GBMs are highly heterogenous, especially when considering
biological properties and applications. Therefore, careful choice of the synthetic method
is required to obtain a material with the desired properties (i.e., dimensions, conductivity
and eventual functional groups).

Due its high electrical conductivity, mechanical properties and aspect ratio, graphene
has become attractive in many fields. In addition to being a rising star in scientific fields
other than biology and medicine, graphene, GBMs and composites are widely used for
important biotechnological and biomedical applications. Almost all graphene derivatives
and composites are being used and tuned to develop special delivery carriers for thera-
nostics [2], gene therapy and drug delivery, and a huge number of examples have been
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number of layers

reviewed in recent years [3—6]. Therefore, we can just list here a few examples of applica-
tions in biosensing and bioimaging, before moving to the focus of this review, which is
regenerative medicine.

graphene

0/C ratio (density of oxygen functional groups)

Figure 1. Structural overview of graphene-based materials.

Conductivity and high transporter capability of graphene allow for tuning biosen-
sor surface features and outperforming many other biosensor types in terms of speed,
accuracy, specificity, selectivity and sensitivity. In general, proteins (either catalysts or
receptors/ligands) are associated to the graphene-based biosensor surface via electro-
static interaction, covalent bond or by polymer mediated capture. To avoid electrostatic
interaction may alter the protein conformation, GBMs are combined with polymers in
nanocomposites where mild electrostatics combines efficient binding and maintenance
of the original conformation [7]. When instead the conformational dynamics of proteins
has to be studied, multilayer graphene nanopore sensors can be used [8]. Several com-
pounds can be detected electrochemically using graphene and GBMs as electrochemical
sensor, e.g., cancer markers and cells, ATP, DNA, glucose, toxins, or even proteins [6].
Graphene-based field-effect transistor (FET) biosensors, which can be integrated with
electronic chips, easing compatibility with industry standards, are especially applicable
in detection of charged molecules such as DNA. Graphene-based fluorescence resonance
energy transfer (FRET) biosensors are also widely used with small molecules, nucleic acids
and proteins, as reviewed by Zhao et al. [9]. Some biosensors integrate graphene in the
surface plasmon resonance (SPR) technology, showing improved sensitivity and detection
range [10]. Graphene quantum dots (GQDs) are of special interest to bioimaging in vitro
and in vivo because of their biocompatibility, tunable fluorescence with excellent photo-
stability, ultra-small size and hydrophilicity [11]. Stable photoluminescence makes GQDs
suitable for cancer bioimaging and has led to biofunctionalization for specific cancer cell
imaging and real-time imaging in living cells [12]. GO and RGO are used in bioimaging as
well, as their combination with different polymers (e.g. PGA), metal ions or bioimolecules
can modulate emissions in three main fluorescence regions (blue, green and red), making
(R)GO-derived platforms suitable for multiple tracing and bio-imaging purposes [13,14].

GBMs, and especially GO and RGO find plenty of applications in tissue engineering,
where they are employed as scaffolds for tissue regeneration. Tissue engineering is an
interdisciplinary technology that gains insights from material chemistry, engineering, cell
biology, and immunology to develop biomaterials capable of restoring, maintaining, or
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improving tissue function or a whole organ [15]. Scaffolds act as biological substitutes
that enhance cellular interactions and are able to stimulate the differentiation of stem cells
or precursor cells into the desired lineage. The extracellular environment provides bio-
chemical, biophysical, and electrical signals, which all together define tissue-specific niches
for proper tissue function and homeostasis. By recapitulating such features in biomimetic
scaffolds, the goal of tissue engineering is to guide stem cell development and differentia-
tion to resemble cell organization and behavior in the natural, tissue-specific environment.
Such approach offers an interesting translational perspective for tissue repair and regenera-
tion [16,17]. However, successfully reproducing a tissue is extremely challenging since a
number of different aspects must be taken into account. In this scenario, nanocomposite
materials have proven to be effective in mimicking the required characteristics.

Graphene-based scaffolds (GBSs) are a particular class of scaffold made from graphene,
GO and/or RGO nanocomposites. Among the plethora of nanomaterials available, graphene
and its derivatives are attractive candidates for developing tissue engineering scaffolds
thanks to their tuneable electrical conductivity, excellent mechanical properties, biocom-
patibility, chemically modifiable surface, and nanoscale dimension matching cell surface
receptors and extracellular matrix (ECM) nanoroughness/nanotopography. Morover, they
display good capacity to adsorb proteins from the serum (e.g., fibronectin, laminin and
albumin), favoring cell adhesion, proliferation and differentiation.

Graphene structural features and dimensions resemble many components of the extra-
cellular environment such as proteins of the ECM (e.g. collagen), ion channels, signalling
proteins and cytoskeletal elements [18]. Therefore, the introduction of graphene or its
derivatives into polymeric scaffolds endows them with features that can be tailored to
match the ones of the natural tissue of interest. For instance, each tissue has specific
mechanical and electrical properties that should be matched by artificial scaffolds. Intu-
itively, scaffolds for bone regenerative medicine should be stiffer (E > 10° Pa), whereas
nervous tissue requires much softer supports (E < 4-10 Pa) and muscles need substrate
with intermediate stiffness (E > 10* Pa) [19].

Being one of the toughest and strongest nanomaterials discovered so far, graphene
incorporation into polymeric scaffolds enhances their mechanical properties, toughness and
tensile strength [20]. Therefore, graphene percentage within the scaffold can be modulated
in order to better mimic the ECM mechanical properties of the tissue of interest. Moreover,
graphene nanocomposite scaffolds are endowed with nanoroughness, which contributes
to cell anchoring while modulating cell morphology [18]. This property is particularly
important for the differentiation of neuronal cells as graphene establishes tight contact with
the growth cone and guides the spreading of developing neurites [21]. Lastly, empirical
evidence suggests that engineering the electrical conductivity of the scaffold plays a crucial
role in producing a functional electroactive tissue. Since graphene is electrically conductive
and its conductivity is stable in biological environments, its incorporation in polymeric
scaffolds can reduce the polymer electrical resistance. As a result, graphene-based scaffolds
can be used to mimic and regenerate the electroactive tissues like the cardiac and neural
ones, but also to boost the repair of non-excitable cells that are subjected to electrical field
after an injury, like during bone repair and wound healing [22]. However, Burnstine-
Townley and co-workers pointed out that the actual role of scaffold conductivity in cell
differentiation is not completely clear. Specifically, disentangling the effect of a single
scaffold feature on cell fate can be challenging, as varying graphene content has effect
on several properties, such as surface roughness, cellular adhesion and interaction with
nutrients, growth factors and wastes [23].

At a glance, graphene ability to mimic the natural extracellular environment nanoto-
pography, to retain signalling molecules, to be easily incorporated in both natural and
synthetic polymers, and to modulate stiffness and conductivity of the scaffold make it the
ideal nanomaterial to provide cues needed to guide cell behaviour and hence an invalu-
able tool for regenerative medicine applications. Nevertheless, the toxicology profile of
graphene and its derivative has not been completely elucidated yet.
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Several drawbacks of GBMs employment for regenerative medicine approaches have
been reported which might include membrane damage, hydrophobic interaction, oxidative
stress, genotoxicity, mitochondrial disorders and autophagy. However, safety risks should
be evaluated case by case based on the intrinsic properties of GBMs, such as purity, surface
functional groups, lateral size, stiffness, hydrophobicity and structural defects. Moreover,
several reports showed that graphene cytotoxicity is influenced by multiple parameters such
as cell population tested as well as graphene dispersibility and functionalization [24,25].

2. Graphene-Based Scaffolds
2.1. Methods for GBM Synthesis

As thoroughly reviewed by Wu and co-workers graphene synthesis can be performed
through a plethora of bottom-up or top-down approaches [26]. Among the most common,
Chemical Vapor Deposition (CVD), Physical Vapor Deposition (PVD), spin coating, laser
ablation and arch discharge needs to be mentioned. Although a systematic review of
graphene synthetic methods is out of the scope of this review, it needs to be stressed
that the final properties, complexity and cost of a nanomaterial are strictly related to its
procedure of synthesis. Each protocol has its advantages and drawbacks, thus the choice
should be done taking into consideration the final application of the product. For the sake
of clarity, a brief overview of standard approaches is provided in this section.

CVD is often exploited to produce graphene for 2D composites and graphenic foams,
described in the next sections. In CVD, gaseous precursors (typically hydrocarbons)
are flowed at high temperatures over a metal surface, which acts as a catalyst for their
decomposition and leads to the condensation of carbon atoms, forming a graphene sheet.
In a typical process, graphene is grown onto a metal surface, supported with a polymer
(e.g., poly(methyl methacrylate)—PMMA), and the catalyst is etched by acidic treatment.
Subsequently, the graphene foil is transferred on a substrate and the supporting polymer
is appropriately dissolved. The choice of metal or alloy for deposition changes process
thermodynamics and kinetics, and allows to finely tune the number of graphene layers of
the resulting material. The most common metal catalysts for CVD are nickel [27,28] and
copper [29], with a preference for the latter due to its capability to produce single- and
bi-layered graphene.

However, bulk production of graphene is more conveniently achieved starting from
graphite and weakening the van der Waals forces between its stacked monoatomic carbon
layers. Examples for such top-down approaches are liquid-phase exfoliation, surfactant-
assisted liquid-phase exfoliation and chemical functionalization. In the first two meth-
ods [30-34], exfoliation is achieved through different combinations of factors such as (i) the
choice of a solvent with proper surface tension (e.g, y = 40 mJ m™) [35]; (ii) the use of sur-
factants, to minimize the interfacial tension between solvent and graphene; (iii) sonication
or other external mechanical driving forces; (iv) centrifugation stages to remove thicker
graphitic flakes. The principal shortcomings of these methods are the generation of defects
and the reduced size attributed to sonication-induced cavitation [36,37].

Among the most common chemical top-down methods, there is the oxidation and
subsequent exfoliation of graphite to GO, followed by either chemical reduction or thermal
cleavage of oxidized groups to obtain RGO. In a typical procedure, graphite is mixed
with sulfuric acid and oxidizing agents in an iterative and synergic action of intercalation
and oxidation [38]. Subsequent exfoliation in water then easily yield GO, which can be
further modified due its large amount of different oxygen functional groups (such as epoxy,
hydroxyl, carbonyl and carboxyl groups). Even if the production of GO induces a large
number of defects in the graphenic sp® network, the enhanced hydrophilicity that results
from the oxidation can be beneficial for its compatibility in different types of matrixes.

Oxidation is usually carried out at 40-50 °C. However, as demonstrated by Eigler and
co-workers, working at lower temperatures could reduce damages to the basal plane. They
demonstrated the possibility to synthesize a minimally damaged GO with an almost intact
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o framework of C atoms [39] and superior thermal properties [40] while maintaining the
oxidation temperature below 10 °C, and effectively controlling kinetics of process.

RGO is obtained from GO with different synthetic methods, yielding materials with
different properties. Indeed, thermal treatment (often improperly called “thermal reduc-
tion”) and chemical reduction of GO to RGO do not have the same effect on graphene
structure, hence on the properties of the resulting materials. The disproportionation in-
duced by thermal treatment of highly oxidized GO brings defective holes in the plane.

Chemical reduction, on the other hand, can be achieved with different reactants [41]
leading to different results: as an example, hydrazine leads to N-doping in plane, while
reduction with L-ascorbic acid leaves adsorbates on RGO that are not easily removed by
washing procedures [42]. Since complete reduction of GO is not achieved, RGO differs
from graphene due to the presence of residual functional groups; however, O/C ratio of
RGO is much lower than that of GO. Even if the sp? network is partially restored, the
performances are still lower than those of CVD graphene.

Stability and reactivity of GO are also affected by other parameters such as pH
of the dispersion, which is often neglected or underestimated. Indeed, Hirsch and co-
workers [43] found evidence that the carbon lattice is damaged by treatments with a base
at 40 °C while at 10 °C the partial cleavage of epoxy groups is observed. According to the
above-mentioned observations, assessing the O/C ratio, which is often the only parameter
considered to assess the successful synthesis of RGO, is clearly not enough to describe
the obtained material. It must also be emphasized that the choice of starting materials,
different methods of synthesis, and purification procedures have a direct impact on the
presence of impurities, that can have a biological effect and can lead to controversial results
when materials are used for bio-applications.

In the next sections, graphene-based nanocomposites will be considered. In these
materials, GBMs act as fillers while the matrix is typically an organic polymer (natural or
synthetic FDA-approved polymer), though bioglasses and ceramics are also used. In the
first part, two-dimensional (2D) scaffolds are discussed, whereas the second part is devoted
to three-dimensional (3D) scaffolds (Figure 2). In particular, three types of 3D scaffolds are
considered: porous foams, fibrous scaffolds, and hydrogels.

2.2. Two-Dimensional Scaffolds

Two-dimensional scaffolds are relatively low cost and easy to fabricate, thus they
are often used in preliminary studies to investigate the effect of a specific substrate on
cell behavior.

The simplest example of a graphenic 2D-scaffold is represented by CVD-grown
graphene (one or more layers) on a PMMA-supported metal catalyst, and then transferred
onto a substrate after etching of the metal catalyst. Jangho et al. used this technique to
transfer the monolayer graphene onto glass to study its effects on the reciprocal interactions
between cells and substrate and to test the possible promotion of human mesenchymal
stem cell (hMSC) neurogenesis and neurite outgrowth [44]. In a similar way Nayak et al.
transferred CVD-grown graphene on different polymeric substrates to verify the effect of
nanotopography induced by interactions between graphene and polymers. Differently
from the glass control, their 2D scaffold exhibited nanoripples due to a weaker adhesion,
and boosted hMSCs differentiation similarly to treatment with bone morphogenic protein
BMP2 [45].
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TWO-DIMENSIONAL SCAFFOLDS

THREE-DIMENSIONAL SCAFFOLDS

=t

Figure 2. Examples of two-dimensional and three-dimensional scaffolds. (a) CVD graphene on Si/SiO; chip and AFM
images of graphene transferred on different polymeric substrates [45]; (b) graphene transferred on nanopatterned substrate
and AFM image [46]; (¢) PLLA-RGO film obtained as reported in [47]; (d) graphite oxide paper [48]; (e) GO foams and SEM
images [49]; (f) PLLA-RGO electrospun fibers obtained as reported in [50]; (g) peptide-GO hybrid hydrogels and TEM

images [51].

Another method to obtain a graphene-coated surface is based on the chemical modifi-
cation of a substrate to enable specific interactions with graphene-based materials (GBMs).
Ryoo et al. used (3-aminopropyl)triethoxylane (APTES) to decorate the surface of glass
coverslips with aminic groups. As a result, they obtained a positively charged surface
which could effectively interact with negatively charged GO. Similarly, they exploited
(3-glycidyloxypropyl)trimethoxylane (GPTMS) to promote glass interaction with aminated
carbon nanotubes (CNT). In vitro tests proved carbon nanomaterial-coated glass to be
better at promoting the number and dimensionality of focal adhesions, suggesting good
biocompatibility [52].

Two-dimensional graphene-based scaffolds can also be obtained by vacuum filtration
of material suspensions. For instance, Jasin and co-workers fabricated graphene-based
paper as a substrate for cell growth, air drying vacuum filtrated dispersions of three
different starting materials: (i) graphite oxide and graphene oxide with (ii) small and
(iii) large average lateral dimensions. Although they did not observe any significant
difference on cell adhesion, morphology or proliferation, the smaller release of lactate
dehydrogenase (LDH) enzyme compared to control samples, suggested that their scaffold
can enhance cell viability [48].

A higher degree of versatility is achieved with hybrid or composite scaffolds, where
graphene is used as a filler or coating for polymeric matrices. As an example, Pandele
et al. prepared chitosan/GO composites by solution blending, obtaining films with a rough
surface useful for cell adhesion. The homogeneous dispersion of GO in a polymeric matrix
led to an enhancement of the mechanical properties due to the large aspect ratio of the
nanomaterial and its interaction with the polymer chains [53]. Furthermore, Jin et al. tested
the viability of a free-standing film composed of GO and bacterial cellulose (BC) obtained
from Gluconacetobacter intermedius. GO was added to the growth media and G. intermedius
bio-reduction capabilities were exploited to obtain BC-RGO composites. hMSCs seeded
onto these materials showed higher proliferation compared to ones seeded onto films of
RGO without the fibrous structure of cellulose [54]. Li et al. fabricated RGO-cellulose
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paper by drop-casting GO dispersions on cellulose paper, subsequently reducing it with
L-ascorbic acid (Figure 3).

ftp Graphene Aot
~  Oxid
o) ¢ Acid
Immersion Reduction
Coating  Graphene Oxide Coated Reduced Graphene Oxide
Cellulose (U-C) Paper Cellulose Paper Coated Cellulose (G-C) Paper

Figure 3. Assembly of RGO-cellulose hybrid paper through deposition of GO followed by in situ
reduction [55].

These scaffolds showed low resistivity (~300 ()/sq), increased mechanical strength
and a specific surface micro-topography induced by RGO, which led to improved stem cell
adhesion and osteogenic induction. Furthermore, their 2D-scaffolds could be employed
with pseudo-3D stacked multilayered constructs that can be configured by rolling or
folding, allowing designing a large number of different setups [55].

To enhance their biological effects, two-dimensional scaffolds can be micro- or nanopat-
terned with specific topographical cues that can direct cell growth and differentiation.
Different methods have been developed to this aim, and a pattern can be drawn with
either the help of a positive photoresists spin-coated on graphene oxide surface [56], or
by transferring CVD graphene on a polymeric nanopatterned substrate [46,57]. This latter
approach was adopted by Jangho and co-workers. They transferred a graphene layer
on a poly(urethane acrylate)-patterned surface featuring regular parallel nanogrooves,
thus obtaining a chemically homogeneous but mechanically heterogeneous substrate. In
fact, graphene has lower mechanical properties in regions where it is suspended between
nanoridges. Indeed, alignment of hMSCs along the nanotopographical cues of the substrate
was observed [46].

Among the plethora of chemical studies presenting new kinds of scaffolds, there is
a modest number of works specifically focused on specific GBM functionalization strate-
gies to improve biocompatibility or differentiation capabilities. As an example, Qi et al.
functionalized GO with L-theanine, an amino acid that promotes neuronal differentiation.
Its presence in a poly(lactic-co-glycolic acid (PLGA) film increased its hydrophilicity and
enhanced neuronal differentiation of neuronal stem cells (NSCs) [58]. In our lab we [47,59]
designed composite poly-L-lactic acid (PLLA) scaffolds with different carbon nanostruc-
tures (CNS) as filler—namely RGO, carbon nanohorns (CNH) and CNT—covalently func-
tionalized with p-methoxyphenyl (PhOMe) groups in order to improve biocompatibility,
and the electrical and mechanical properties of materials. RGO- and CNH-based scaffolds
(RGO-PhOMe and CNH-PhOMe respectively) showed promising activity in enhancing the
expression of myogenic markers during human circulating multipotent stem cell (hCMCs)
differentiation. Moreover, electric percolation was found to take place within the consid-
ered range of RGO concentration, tough with lower performances compared to CNT-based
samples. This difference is likely due to the influence of aspect ratios on electrical behavior.

Despite the aforementioned potentialities, 2D scaffolds have limitations. First of all,
a two-dimensional environment is not suited to reproduce natural ECM. Then, nutrients
are directly available to cells and wastes can diffuse to a limited extent. Lastly, altered
cell—cell interactions may result in unpredictable cell responses. Therefore, in recent years
the focus has shifted towards the study and design of 3D-scaffolds in order to overcome
these limitations.
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2.3. Three-Dimensional Scaffolds

As already mentioned, 3D scaffolds recapitulate tissue biophysical features thus are
better candidates for in vivo applications. Scaffolds with a three-dimensional architecture
should be endowed with a highly interconnected porous network. Recently, Lutzweiler and
co-workers reviewed the effects of porosity, pore size and shape, interconnectivity and cur-
vature in scaffolds used for tissue regeneration: not only these properties directly influence
migration of nutrients and wastes inside the scaffold, but also the permeation and commu-
nication between cells [60]. Recent evidence suggests that scaffolds with pore diameters
between 100 and 750 um are generally beneficial while larger pores make cells experience
a planar pseudo-2D environment, which differs from their natural environment [61,62].

2.3.1. Foams

The easiest method to fabricate porous scaffolds involve freeze-drying filtrates or
suspensions. For example, Dominguez-Bajo et al. produced RGO foams by drying GO
slurries, obtaining structures with 43% of porosity and 30 um of pore size after thermal
reduction. In addition, these scaffolds had a relatively low Young’s modulus (~1.3 kPa)
and made a good candidate for nervous tissue engineering. When their applicability on
neural repair after spinal cord injury was tested in vivo, not only scaffolds were populated
by nerve cells, but the authors also observed full vascularization [63]. In another instance,
the same group exploited ice segregation-induced self-assembly, based on unidirectional
freezing of dipped suspensions and lyophilization, to fabricate hierarchically channeled
RGO scaffolds with controlled porosity and pore size (80% and 150 um respectively) [64].
Liao et al. exploited a freeze-drying approach to produce a porous hybrid scaffold based
on a copolymer composite of methacrylated chondroitin sulfate (CSMA) and poly(ethylene
glycol) methyl ether-e-caprolactone-acryloyl chloride (PECA) with GO, synthesized by
heat initiated free radical polymerization. Not only scaffolds pore size could be tuned by
CSMA:PECA ratio, but the compressive strength increased with PECA content, with values
consistent with cartilage tissue. The plateau limit of conductivity (1.84 S/m) resulted at 3%
GO content [65].

In a similar way, Hermenean et al. fabricated a porous chitosan/GO scaffold with
improved mechanical performance—i.e., increased compressive strength and tunable
Young’s modulus while keeping scaffold flexibility—observing that the incorporation of
3% of GO significantly enhanced bone regeneration in vivo, compared to pure chitosan
scaffolds, even in the absence of additional differentiating agents, confirming the active
action of GO in facilitating cell infiltration and differentiation [66].

Graphene foams are the first porous structures composed of single layer graphene,
applied in tissue engineering. Besides porosity, these scaffolds are endowed with a wrinkled
topography induced by the synthetic process, which is beneficial for cell adhesion and
proliferation since it better mimics the ECM [67,68]. Li et al. compared NSCs differentiation
performance on 2D CVD graphene scaffolds and 3D graphene foam and observed improved
proliferation and differentiation towards mature phenotypes on the latter substrate [69].

In the techniques described so far, pore size and interconnectivity depended on the
Ni foam features. However, Xiao et al. recently managed to finely tailor these properties,
fabricating an ordered architecture of Ni: they used photolithography to define a mask in
which Ni was deposited by electroplating and aligned. Graphene was then grown through
CVD on the resulting Ni template (Figure 4). Thanks to this procedure, they managed
to design a scaffold with defined features by tuning pore and skeleton size (10-50 pm
range), orientation angles (45° or 90°), electrical conductivity (60-80 S cam~! range) and
density (around 3-4 mg cm~3). Such a scaffold was able to direct neuronal growth and
align neurons along a defined path to form a network [70].
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Figure 4. (I) (a—d) Schematic illustration of the procedure used to fabricate a 3D-CG. (II) (a—d) SEM images of four layer
freestanding 3D-CGs with different patterns, pores, and skeleton sizes [70].

Another method to fabricate porous structures has been employed by Rasch et al. [49].
Starting from tetrapod-shaped ZnO, pressed and annealed in a mold, they were able
to synthesize templates with high porosity (50 to 98%). GBM deposition was obtained
by infiltrating a GO suspension in the templates, followed by chemical etching with
hydrochloric acid. Their protocol allowed easy, versatile and cost-effective deposition of
nanomaterials. Moreover, biological evaluations of these scaffolds by Schmitt et al. showed
they could be promising for nervous tissue engineering [71].

An alternative approach to induce porosity in scaffolds is supercritical foaming which
allows to control scaffold morphology through a careful choice of experimental parameters,
such as chamber pressure, temperature and decompression rate. Evlashin et al. exploited
this process to manufacture RGO-reinforced polycaprolactone (PCL/RGO) and PCL/GO
foams in a carbon dioxide atmosphere. Although the presence of RGO in the polymer
matrix led to an increase of pore size, those foams showed poor cell adhesion properties.
Conversely, they found PCL/GO scaffolds to enhance cell adhesion. However, both
composites displayed lack of interconnected porosity, resulting in cells attaching only on
scaffold surface [72]. Polymer-enriched hybrids can also be obtained starting from CVD
graphene foams, by depositing the polymer from a solution through spin or dip coating.
Resulting scaffolds show improved mechanical performances and cellular responses. In
order to retain porosity, it is crucial to avoid pore saturation through fine optimization
of dip coating time and by choosing a polymer with a favorable, near zero contact angle.
Nieto et al. exploited this technique with a copolymer of polylactic acid (PLA) and poly-e-
caprolactone (PCL) and achieved improved tensile strength due to filling of the pre-existing
microcracks in pristine G foams. In vitro tests demonstrated these materials are able to
support hMSCs viability and differentiation, making them suitable for musculoskeletal
tissue engineering [73].

Alayer-by-layer (LBL) technique was followed by Song and co-workers who deposited
a positively charged polymer, poly(diallyl dimethylammonium) chloride (PDDA) on a
negatively charged Ni template and subsequently placed negatively charged GO onto
its surface, which was then thermally converted to RGO. Electrochemical deposition of
polypyrrole (PPY) and hydroxyapatite (HA) on top, increased scaffold roughness and
surface area, favoring cell adhesion and proliferation as confirmed by in vitro tests on the
pre-osteoblast cell line MC3T3-E1 [74].

Besides metallic templates, polymeric organic foams are used for polymer replication
technique, especially in the inorganic scaffold field. Deliormanl: et al. used polyurethane
foam to fabricate HA scaffolds, eliminating the template and sintering HA by heat treat-
ment. PCL/GO was added by dip coating, leading to a scaffold with improved mechanical
performance and higher bioactivity [75].
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The same procedure can be applied to bioactive glass, another important class of use-
ful scaffolds in tissue engineering. As an example, Turk et al. incorporated 10% graphene
directly in the glass matrix before sintering borate-based porous scaffolds, doubling the
compressive strength and obtaining an electrical conductivity (0.060 S/cm) which could
be exploited to electrically stimulate cell growth [76]. Moreover, Deliormanl et al. fab-
ricated more chemically stable and biocompatible silicate-based scaffolds coated with
PCL/graphene with pore size between 100-500 um, without detrimental effects of polymer
coating on pore structure [77].

An alternative approach to porous structure design is 3D printing, which allows to
accurately control scaffold geometrical features without the limitation of using a tem-
plate. Jakus et al. exploited a PLGA-based ink where they incorporated graphene with
the use of surfactants and plasticizers. The mechanical properties of composites are af-
fected by graphenic particles, with an increase of elastic modulus to a value of 16 MPa at
20 vol% loading of graphene, but with detrimental effects at higher loadings (40-60 vol%
of graphene). In addition, they observed an anisotropic alignment of graphene flakes,
enhancing electrical conductivity due to shear forces produced during the 3D printing
extrusion process, which increased with the decrease of the nozzle diameter [78].

Cabral et al. used extrusion 3D printing to produce multicomponent scaffolds, based
on tricalcium phosphate chitosan and gelatin, which mimicked the inorganic and organic
components of bones, respectively. GO was added to this blend and reduced to RGO
in situ by L-ascorbic acid treatment. When comparing mechanical properties of scaffolds
incorporating GO or RGO they found the latter to better mimic bone Young modulus, thus
their scaffold might be useful as a temporary support for bone regeneration [79].

2.3.2. Electrospun Fibers

Fiber-based scaffolds are largely employed in tissue engineering because they in-
trinsically resemble the microstructure of natural tissues. Fiber diameter, porosity, and
orientation are the main features that influence cell growth and tissue regeneration [80].
One of the most common techniques to produce continuous fibers is electrospinning. Elec-
trospinning offers several advantages, including (i) ease of processing, (ii) possibility of
large-scale production (iii) availability of advanced modes [81]. Moreover, it is highly versa-
tile and electrospun fibers can be deposited in a random orientation or in an aligned fashion
which enhances cell alignment and elongation along the contacted fiber direction [82]. Most
thermoplastic materials can be electrospun by fine-tuning the properties of the polymeric
solution and the electrospinning parameters such as voltage, electrodes distance and flow
rate. The American Food and Drug Administration (FDA) approved several thermoplastic
biomaterials for in vivo implantation. Nevertheless, their applications are restricted by
the high hydrophobicity, low mechanical properties, lack of specific interactions with
cells and sometimes relative slow in vivo degradation rate. Luckily, these limits can be
easily overcome by introducing proper nanofillers, and several examples of electrospun
thermoplastic materials reinforced with GBMs have been reported [83-85]. As highlighted
by Song et al., the solubility of the filler strongly influences the mechanical properties of
the final material: a poor dispersibility or a too-high loading leads to aggregation, which
results in fractures and disconnections along the nanofibers. It has been observed that
electrospinning graphene-based composites yields thinner fibers (Figure 5), but on the
other hand, even a small amount of GO or RGO inside the electrospun fibers reinforces
their structure and overcomes the detrimental effect of a reduced diameter on mechanical
properties. Therefore, it is crucial to finely tune the CNS content in order to find the right
balance between a uniform CNS dispersion, nanofiber diameter and reinforcement effect.
Besides, it has been widely demonstrated that incorporation of CNS in fibrous scaffolds
results in an improved biomimetic microenvironment that enhances cell adhesion and
proliferation on different cell types [84].
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Figure 5. Surface morphological and constructional images of PCL/GO composite nanofibers with different GO concentra-
tions (Wt%): (A) SEM images and (B) TEM images. The red ellipses in SEM images are the fractures [84].

Generally, the smaller thickness induced by graphene-based nanofillers on electrospun
fibers allows mimicking the structure of ECM even better. It is believed that the effect of
GBM:s on fiber diameter is due to the electrical conductivity of the feeder solution, which
is a key factor in determining the diameter and size distribution of the electrospun fibers.
Moreover, it is reported that fiber diameter is highly correlated to the viscosity of the
feeder solution. Scaffaro and colleagues pointed out that the decrease of viscosity of a PCL
solution by addition of GO induces electrospinning of thinner fibers. On the other hand,
they observed an opposite effect on viscosity (and fiber diameter) with GO-grafted-PEG
(GO-g-PEG). Functionalization of the filler not only increased fiber diameter, but also
improved dispersion of the filler and maximized the filler /matrix interfaced area, making
GO-g-PEG more effective than GO in reinforcing composite fibers, in particular at low
concentration [86].

In 2019, Basar and co-workers developed a PCL/GO composite scaffold [87] by func-
tionalizing GO with either an RGD-peptide (GRGDSP), thiophene (Th) or both. Besides
having the aforementioned effect on fiber diameter, GO functionalization yielded an en-
hanced electrical behavior to the scaffold, with conductivities reaching 15.06 uS cmlin
PCL/GO-GRGDSP-Th (2% of GO), a 15-fold increase compared to neat PCL (0.95 uS cm ™Y,
However, while scaffolds with higher content of GO (2%) showed higher electrical perfor-
mances, the elastic modulus and tensile strength of 0.5% GO-scaffolds were found to be
higher. Once again, this result was associated with the uniform dispersion of GO in the
polymer matrix. Interestingly, this modification resulted in an increment of both electric
conductivity and mechanical stability due to the ability of sulfur moieties to enable the
crosslink between GO and PCL [87].

Scaffold properties can also be altered by combining different organic or inorganic
fillers. Lui et al. developed electrospun PLA scaffolds reinforced with GO (1-3 wt %)
and/or nano-HA (15 wt %). Interestingly, addition of 15 wt % nano-HA improved both
elastic modulus and tensile strength, whereas concentrations of GO above 2% diminished
them due to filler aggregation. Nanofiller addition slightly increased scaffold glass transi-
tion temperature and modified the hydrophobicity of PLA, enhancing the polymer water
uptake, which in turn assisted cell adhesion and proliferation [88].

Different strategies have been developed to obtain polymeric nanofiber scaffolds based
on graphene and its derivatives. However, nanocomposites fail to provide a pure graphene
interface. An alternative approach aims to immobilize nanostructures on the surface of
polymeric nanofibers. The surface of aliphatic polyesters such as PCL and PLA can easily
be functionalized with hydroxyl and amino groups by treating the polymeric scaffold
with a diamine solution. In tissue engineering, aminolysis of polyesters improves their
interactions with cells and allows them to form a stable graphenic coating [89]. Recently,
Jalili-Firoozinezhad et al. reported an easy method to generate electrically conductive
nanofibers by coating a PCL nanofibrous mat with GO liquid crystals, which were then
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reduced to RGO to form PCL-templated graphene nanofibers [90]. Proper electrical con-
ductivity and nanofibrous topography of these constructs make them an ideal platform
for cell culture, tissue engineering, drug delivery, and biosensor applications. Prelimi-
nary in vitro analyses using hMSCs revealed no induced cytotoxicity and confirmed an
enhanced cellular metabolism and proliferation rate compared to standard culture plates
and PCL nanofibers.

Indeed, coated fibers can be obtained without any surface treatment. Wang et al.
developed a conductive graphene-based fibrous scaffold by coating RGO via an in situ
redox reaction of GO on the surface of silk fibroin/poly(L-lactic acid-co-caprolactone)
(ApF/PLCL) composite nanofibers [91]. The authors highlighted that the coating did not
affect the nanoscale topography of the scaffold and enhanced its mechanical properties,
electroactivity and biocompatibility. They then investigated how these conductive scaffolds
regulated in vitro and in vivo cell behavior and differentiation under electrical stimulation.
RGO-coated ApF/PLCL scaffolds boosted cell migration, proliferation and myelin gene
expression of Schwann cells (S5Cs), whereas pheochromocytoma-derived PC12 cells cul-
tured on these scaffolds exhibited enhanced differentiation. In vivo implantation of the
constructs promoted peripheral nerve regeneration in rats.

Polymer core-CNS shell fibers can be obtained by electrospinning the polymer into a
solution of graphene or one of its derivatives. Subsequently, it is possible to further func-
tionalize or reduce the shell. Jin et al. exploited this principle to develop an RGO core-shell
nanofiber (RGO-CSNFM) [92]. The RGO core-shell structure displayed high mechanical,
electrical conductivity (10.0 S cm~!) and a charge carrying capacity. This property is likely
due to both RGO-CSNFM large surface areas and the extended 7—7 conjugated bond
network generated over the surface of the RGO shell layer. Wu et al. developed an LBL
method to coat electrospun nanofibers that mimic vascular ECM and enhance proliferation
of endothelial cells. PLLA surface modification was achieved via electrostatic LBL self-
assembly by alternately immersing PLLA fibers in a positively charged solution of 0.1 wt%
chitosan and a negatively charged solution of 0.1 wt% heparin (PLLA-CS/Hep) or 0.1 wt%
heparin/graphite oxide (PLLA-CS/Hep/GO). After the LBL coating, the hydrophilic-
ity and mechanical properties of the modified PLLA nanofibers were greatly enhanced.
Moreover, the CS/Hep/GO coating positively influenced cell attachment, viability, and
proliferation of endothelial cells [93].

The versatility of electrospinning allows to obtain complex and ordered structures.
A compelling example has been reported by Shao and co-workers [94] who used elec-
trospinning to develop a 3D scaffold with multiple orthogonal aligned fibers. This pe-
culiar architecture improved mechanical properties and decreased issues that may arise
when working with parallel fibers or random networks. Moreover, a 3D structure better
mimics the natural cellular environment. They developed an electrospun PLGA /silk fi-
broin/GO/hydroxyapatite (PLGA /TSF/GO/HA) 3D scaffold. hMSCs seeded onto these
scaffolds showed enhanced proliferation and elongated morphology along the long axis
of the nanofibers. Lastly, biological assays indicated that composite scaffolds enhanced
osteogenesis and alkaline phosphatase activity.

In another work, Zhang and co-workers combined GO nanosheets and aligned
aminolyzed PLLA nanofibers which favored nerve regeneration. The aminolysis of PLLA
nanofibers allowed to form a stable GO coating. Schwann cells (S5Cs) cultured on these
nanocomposite scaffolds displayed improved proliferation and elongation along the fiber
direction compared to those grown on the aligned PLLA and aminolyzed-PLLA. The coated
structure was also able to improve differentiation and neurite outgrowth of pheochromo-
cytoma derived PC12 cell line. The authors suggest that these results may arise from the
modification of surface chemistry and roughness induced by the GO coating [95].

2.3.3. Hydrogels

Hydrogels are three-dimensional entangled networks able to retain large amounts
of water. Despite being mostly liquid, they display a solid-like rheological behavior and
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recently they have been employed as scaffolds for tissue engineering [96,97]. Hydrogels
can be categorized into two main classes based on the forces involved in building the
network: (i) chemical and (ii) physical gels. The network of chemical hydrogels is obtained
through covalent cross-linking of its components, which generates a permanent structure.
On the other hand, the structure of physical hydrogel is characterized by reversible non-
covalent interactions which make these gels suitable for cell encapsulation but highly
susceptible to environmental conditions (i.e., ionic strength, pH, temperature), such that
even minor changes can cause the network to collapse. Indeed, physical hydrogels exhibit
lower mechanical properties than their chemical counterpart. However, even chemical gels
generally cannot withstand high mechanical stress despite the covalent cross-links [98].

Graphene and graphene derivatives in hydrogels may play the role of (i) self-assembling
gelator molecule or (ii) filler in order to prepare multi-functional nanocomposite hydrogels.
Self-assembly has been recognized as one of the most effective “bottom-up” strategies for
building structured networks. Driven by non-covalent 7t-7 interactions that arise from
their 2D structure, graphene and graphene derivatives spontaneously re-organize into a
3D structure. Self-assembled hydrogels can be prepared through a one-step hydrothermal
method starting from a graphene-based solution [99]. For example, Yang and colleagues
have demonstrated the jellification of GO at the solution—filter membrane interface, creating
highly conductive and anisotropic films [100].

The employment of pure graphene and/or graphene derivatives hydrogels is quite re-
stricted, thus they are mainly used as high-quality nanofillers for composite hydrogels [101].
Different synthetic and natural polymers able to form hydrogels are suitable for tissue
engineering scaffolds. Among synthetic polymers we may mention polyethylene glycol
(PEG), poly(acrylamide), poly(lactic acid) or synthetic peptides. Natural-derived poly-
mers such as alginate, chitosan, collagen, silk or gelatin are also widely used to fabricate
hydrogel scaffolds for tissue engineering. Polymeric scaffolds display good biocompa-
bility and biodegradability but lack, for example, the ability tolerate strong mechanical
forces [102,103].

Alginate is a natural polysaccharide composed of 3-D-mannuroic acid (M) and o-L-
guluronic acid (G) typically obtained from brown seaweed. In the presence of various
divalent cation (Ca?*, Mg?*), alginate polymers form gels via non-covalent cross-linking of
the carboxylate groups of the G blocks on the polymer backbone. Even if the concentration
of crosslinker, percentage of G content and jellification time allows to tune the properties
of alginate hydrogels, other limitations cannot be overcome without the use of specific
fillers. Particularly, alginate-based hydrogels do not permit good control over their internal
architecture, they lack cell receptors adhesion sites and suffer from low protein adsorption
capability [104]. As independently highlighted by Losic et al. and Chen et al. [105,106],
the introduction of GO and RGO in an alginate matrix allows to modify and control
the porosity of the gel (ca. 99%+0.3%), making the pores size uniform from surface to
its inner core and fostering cellular activity. GO and RGO composite gels also allow
to reach the optimal swelling index required for an efficient scaffold. Investigation of
mechanical and electrical properties revealed an optimum GO content of 0.1 wt%. Above
this concentration a detrimental effect was observed due to an imperfect dispersion of GO
within the alginate matrix.

Chitosan, as well its derivatives, is a widely available natural polymer characterized by
excellent biological properties (i.e., biocompatibility, coagulation activity, biodegradability).
Agarose (AG), on the other hand, is a polysaccharide obtained from red algae, displays a
thermo-sensitive behavior and exhibits mechanical properties similar to that of soft tissues.
However, its employment is limited by the lack of cell recognition sites.

Sivashankari and Prabaharan used GO as a nanofiller for the fabrication of agarose/
chitosan (AG/CS)-based scaffold [107]. Through a freeze-drying method, they prepared
3D AG/CS/GO scaffolds with different concentrations of GO (0-1.5 wt %). GO introduced
changes in the scaffold morphology, in their swelling behavior and in their water retention
ability. In particular, AG/CS/GO scaffolds with 1 and 1.5 wt % of GO exhibited the highest

235



Nanomaterials 2021, 11, 404

porosity (Figure 6), with an average pore size (237-274 pm) matching the demands for bone
tissue regeneration [108,109]. Even with the increase in porosity, GO likewise enhanced
the mechanical properties due to interactions established between fillers and polymer
matrix and favored cell attachment and proliferation. Freeze-drying techniques are widely
employed for scaffold generation and also allows to obtain anisotropic scaffolds. Liu et al.
developed a highly oriented hydrogel through directional freezing of CS/GO suspension
on a copper plate cooled with liquid nitrogen [110]. This method produced micro-sized ice
rods within the suspension, which act as template for a honeycomb-like structure resem-
bling a bone lamellae structure. The resulting hydrogel displayed anisotropic mechanical
behavior improved by the incorporation of GO and were able to guide the growth of mouse
osteoblastic MC3T3-El1 cells along the longitudinal direction of the honeycomb structure.

Figure 6. SEM images of (A) AG/CS (0% GO), (B) AG/CS/GO (0.5% GO), (C) AG/CS/GO (1% GO),
and (D) AG/CS/GO (1.5% GO) composite scaffolds [107].

Self-assembling peptide-based hydrogels (SAPHs) have been widely employed as
vehicle for drug delivery, but they can also be employed in tissue engineering due to their
biocompatibility and non-immunogenic nature [104,111,112]. Ligorio et al. used GO as
nanofiller in a peptide (FEFKFEFK) hydrogel for tissue engineering [51]. After conditioning
with cell culture media (i.e., pH 7.4), all gels displayed an enhanced storage modulus.
Bovine nucleus polposus (NP) cells were cultured on these hydrogels to assess cell viability
and GO-hydrogels with shear modulus similar to the native NP showed higher viability
and constant metabolic activity throughout the culture period.

Wang et al. prepared a silk fibroin scaffold incorporating exfoliated graphene [113].
An aligned silk fibroin hybrid hydrogel was obtained by application of an electric field.
Even if aligned silk nanofiber gels were previously proven to be able to influence behavior
such as cell orientation and migration [114], they failed to actively induce neural differen-
tiation. The nanocomposite hydrogels displayed anisotropic mechanical properties, and
the one with the highest content of graphene showed doubled parallel and orthogonal
compressive moduli compared to graphene-free samples, making them suitable for nerve
tissue engineering. After the addition of graphene, cell proliferation was further enhanced,
indicating that graphene sheets effectively induced neurite differentiation.

In recent years, injectable hydrogels have drawn major attention since they need
minimal invasive procedure to be administered and have reduced therapeutic costs. The
hydrogel precursor should be injected as a controllable liquid (i.e., characterized by low
viscosity) and must jellify into a robust hydrogel as quickly as possible in situ [115]. Finally,
it is uttermost important that gelation occurs after injection and at physiological condi-
tions (temperature and pH). Recently, Lee et al. developed an injectable GO-incorporated
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glycolchitosan-oxidized hyaluronic acid (gCS/oHA) hydrogel [116]. Gelation of gCS/oHA
was obtained through the cross-link between the aldehyde group on oHA and the amine
groups of gCS (Schiff-base reaction). Frequency sweep experiments were used to investi-
gate the mechanical properties in a plate—plate geometry. The results showed that when
the GO content increased, the G” value gradually increased too, suggesting a more robust
hydrogel formation. GO may enhance polymer cross-linking through hydrogen bonding
interactions [117,118]. GO-incorporated hydrogels displayed lower cytotoxicity and higher
osteogenic activity compared to control both in vitro and in vivo. High levels of COL1
expression observed in cultures hinted that these injectable gels could be suitable for treat-
ing bone injuries. Saravanan et al. explored chitosan-glycerophosphate-based injectable
hydrogels for treatment of bone defects [119]. Due to newly introduced non-covalent
interactions, GO (0.5% w/v) composite hydrogels significantly increased swelling, protein
adsorption and cell interaction compared to their GO-free counterparts. Moreover, GO
introduction reduced gelation times and controlled degradation rates.

Poor dispersion of GBMs within the polymer matrix causes aggregation [105], which
may be detrimental for scaffold properties. To achieve homogeneous and stable dispersions
of GBMs, covalent and/or non-covalent functionalization may be required. Diez-Pascual
et al. [120] fabricated poly(propylene fumarate) (PPF)-based nanocomposites reinforced
with GO, non-covalently functionalized with PEG (PEG-GO). PEG functionalization re-
duces the aggregation tendency and cytotoxicity of GO without impairing its unique
features. The presence of PEG-GO leads to a threefold increase of Young’s modulus at 3%
loading of filler and improved cell adhesion and growth. The results have been ascribed
to the roughness of the scaffold, the hydrogen-bonded network established between GO
and the polymer and the good GO dispersion inside the matrix. Polymers may be also
covalently bonded to GO, for example by esterification. Noh et al. designed a graphene ox-
ide GO covalently functionalized with acrylated polyethylene glycol (PEGA-GO) through
ester formation [121]. The PEGA-GO was photopolymerized with polyethylene glycol
diacrylate (PEGDA) leading to gel formation. GO-doped hydrogels boosted cell adhe-
sion and osteogenic differentiation, though no changes were observable in swelling and
mechanical properties.

Wau et al. took advantage of the abundant functional groups on the surface of nano-
sized GO to link starch chains via esterification [122]. Starch is a widely available and
cost-effective polysaccharide, which does not release degradation products that induce
inflammations in vivo. Nanosized GO was synthesized from starch through microwave-
assisted degradation and then covalently bonded to the polysaccharide itself to improve
its mechanical features and bioactivity. In another example, Ruan et al. crosslinked car-
boxymethyl chitosan (CMC) to GO by amide bond formation [123]. The obtained GO-CMC
scaffolds appeared rougher than their GO-free counterparts and showed better retention
properties and slower degradation rates thanks to the higher cross-linking degree compared
to the GO-free and CS/GO-CS samples. Water uptake and retention rates are important
parameters, since the scaffold is the vessel for nutrients and metabolites for cell activity.
The authors highlighted that GO introduction also deals with the poor mechanical strength
typical of bare CMC [124].

3. Stem Cell Differentiation and Mechano-Transduction
3.1. Tissue Engineering and Stem Cells

Stem cells are non-specialized cells with self-renewal potential and the ability to
differentiate into various cell types if directed with appropriate stimuli, making them a
powerful tool for the regeneration of injured tissues [125]. Embryonic Stem Cells (ESC) are
pluripotent stem cells able to originate all the cell types of the body [126]. Despite their
ideal self-renewing capabilities and differentiation potential, they are not widely used for
tissue engineering studies due to the ethical restrictions of human embryo use in research.
As a valid alternative, tissue engineering switched the focus to adult stem cells, which are
stem cells residing throughout the body whose role is to maintain and repair the tissue
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in which there are found. Such cells have a limited differentiation potential compared to
ESCs but offer the advantage of being isolated directly from the patient for autologous
regenerative therapies. Good examples of adult stem cells are the Mesenchymal Stem Cells
(MSC) and Hematopoietic Stem Cells (HSC). They both can be isolated from patient bone
marrow and can regenerate bone, cartilage, and adipose tissue (MSCs), as well as the entire
immune system (HSCs) [127,128]. However, some adult stem cells, like neuronal stem cells
(NSCs), can be isolated only with very invasive procedures and in small quantities [129].
As of now, the most promising stem cell type for regenerative applications are the induced
Pluripotent Stem Cells (iPSCs). iPSCs are generated from the “reprogramming” of somatic
cells back to the pluripotent “embryonic” state [130]. Therefore, they show the same
“unlimited” self-renewal and differentiation capabilities of the ESCs, with the advantage of
being free from ethical issues as reprogrammed from patient or donor-matched somatic
cells [131]. Challenges associated with the iPSC clinical use are (i) the difficulties in
finding HLA-matched donors (especially for mixed-race patients) and (ii) the time and
costs for the development of patient-derived iPSCs, particularly considering the extensive
validation and stringent regulatory processes that would require each patient-derived cell
line [132,133]. However, recent works proposed new strategies to engineer such iPSCs to
make them “invisible” to the recipient immune system, showing that we are very close to
the generation of off-the-shelf, universally compatible iPSCs for the allogenic treatment of
a myriad of diseases [134-136]. The interaction between stem cells and the extracellular
microenvironment is critical in controlling stem cell differentiation, as depicted Figure 7.
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Figure 7. Schematic representation of biophysical and biochemical cues on cell differentiation.

3.2. Cues Controlling Stem Cell Behavior

Biochemical cues are provided by reciprocal interactions between the cell, soluble
bioactive agents, and the ECM. Soluble molecules, such as growth factors, chemokines,
and cytokines, diffuse to bind the cell surface receptors and have potent effects on cell
growth, proliferation, and differentiation. Insoluble ECM macromolecules (e.g., collagens,
elastin, and laminin), glycoproteins (e.g., fibronectin and vitronectin), and polysaccharides
(e.g., heparan sulfate and hyaluronic acid) form a meshwork of fibers or fibrils with ECM
glycoproteins incorporated into them. The resulting matrix is tissue-specific and functions
as both a structural and signaling scaffold to cells [137].

Many works showed that some of the aforementioned molecules—if administrated
both in vitro and in vivo—are able to elicit specific cell responses [138]; moreover, different
strategies have been developed to link such proteins to biomaterial scaffolds in order to help
delivery at the injured sites [139]. However, coating surfaces with recombinant proteins
or native matrix macromolecules extracted from animal tissues encounters the problem
of eliciting immune responses, in particular when using proteins from different species.
Furthermore, their isolation and purification from native tissues or their production as
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recombinant proteins at a larger scale for tissue engineering purposes is expensive and sub-
ject to batch-to-batch variability [140]. For these reasons, the production of specific motifs
known to mediate regulatory signals as synthetic peptides presents significant advantages
compared to using entire recombinant/native tissue proteins: (i) low immunogenic activ-
ity; (ii) increased stability; (iii) low production costs; and (iv) simplified preparation and
immobilization onto substrates. Moreover, peptides can be: (v) presented to cells at surface
densities significantly higher than those possibly achieved with entire proteins or domains;
and (vi) tailored in composition for each tissue-specific application [141]. The biomimetic
peptides most used for scaffold functionalization are the ones representing the ECM protein
epitopes for integrin binding and therefore promoting cell adhesion [142]. In addition,
tissue-specific peptides, resembling active motifs of growth factors and transmembrane
proteins, have also been used to tune the cell differentiation [143,144].

Cells are capable of sensing and responding to biophysical cues, over a wide range
of length scales. Many of these cues are provided by the ECM, which acts as a cellu-
lar scaffold and is the primary extracellular component in tissues. Invivo, the ECM,
through its structure and molecular composition, presents a variety of geometrically de-
fined, three-dimensional (3D) physical cues in the submicron to micron scale, referred
to as topographies. Cell response to topographies is mediated by a phenomenon called
contact guidance, which is known to affect cell adhesion, morphology, migration, and
differentiation [145]. Another physical cue displayed by the ECM is mechanical stiffness
through which, similar to topography, a diverse set of cellular functions can be modulated.
Matrix sensing requires the ability of cells to pull against the matrix and cellular mechano-
transducers to generate signals based on the force that the cell must generate to deform
the matrix. Mechano-sensitive pathways subsequently convert these biophysical cues into
biochemical signals that commit the cells to a specific lineage [145]. For example, MSC
differentiation can be modulated by substrate stiffness [146], while developing neurons
are able to transduce topographical stimuli through the interaction of the growth cone
with the immediate environment. Such mechanical cues direct neurite extension, ensuring
appropriate and regulated connectivity within the overall neural circuitry [147].

ECM mimicry can be achieved using either natural or synthetic polymers intercon-
nected by physical and ionic interactions and even covalent linkages [148]. Electrospun
polymer fibrous substrates with controlled fiber architectures and diameter provide topo-
graphical cues to cells by presenting geometries mimetic of the scale and 3D arrangement of
the collagen and laminin fibrils of the ECM. Such polymer fibers present a high surface-to-
volume ratio and porosity and are hence well-suited for promoting cell adhesion, growth,
and differentiation and enable growth factor/drug loading; such properties are inher-
ent to bioactive matrix microniches [50,149]. Recent advances in 3D bioprinting strongly
improved our ability to imitate natural features of ECM. As an additive manufacture tech-
nology, the 3D bioprinting allows deposition of polymers, hydrogels, cells, growth factors,
and peptide active motifs by using a layer-by-layer approach to build up arrangements fa-
vorable to tissue-like structure formation, which are endowed with superior differentiating
properties compared to the conventional 2D culture vessels [148].

Endogenous electrical signals are present in many developing systems and influence
crucial cellular behaviors—such as cell division, cell migration, and cell differentiation [150].
Some cell types, like osteoblasts, neurons, and cardiomyocytes, are especially sensitive to
electrical signals as they activate membrane receptors and downstream intracellular signal-
ing elements leading to specific cell responses [151]. Not only cells, but also extracellular
matrix proteins, such as collagen, fibrin, and keratin, can generate electrical currents upon
mechanical stress, a phenomenon known as piezoelectricity [152].

Electrically conductive scaffolds not only enhance path finding of growing axons [153],
but also improve cell survival and functional integration after transplantation in vivo by
providing structural support for transplanted cells and facilitating synaptogenesis with
host cells by restoring the neuronal network activity [154,155].
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Since electroactive myocytes are responsible for heart and muscle contraction, electri-
cally conductive materials found applications in cardiac and muscle tissue engineering as
they support and maintain cell electrophysiology [22].

Even though bone cells are non-excitable cells, stress-generated piezoelectricity has
been shown to stimulate bone precursor cell proliferation and differentiation to restore the
injured site, making electroactive materials and electrical stimulation a valid tool for bone
regeneration strategies [156].

Stem cells are also sensitive to electrical cues and their differentiation can be mod-
ulated by electrical stimulation and culture on electroactive materials. NSC ability to
undergo neuronal and glial differentiation is boosted by electroactive material and exoge-
nous electrical field [157,158]. The use of electrically conductive material have also been
shown to promote the neuronal differentiation of adult stem cells derived from non-neural
tissue without the addition of neuron-specific growth factors and cytokines [159,160]. Car-
diomyocyte differentiation of iPSCs, ESCs, and MSCs is possible with the use of chemically
defined media, but it dramatically increases if coupled with electroactive materials, show-
ing protein expression, cell morphology, and contractility of the natural tissue [161,162].
Similarly, MSC differentiation into osteoblasts can be achieved with specific osteogenic
media; but it is further supported by the aid of electroactive scaffolds [163].

3.3. The Importance of the “Nanoscale”

Cells have micro and nanoscale sensitivity because the extracellular environment
presents a variety of spatially defined cues in the sub-micron to micron scale (Figure 8).

Protein Cell Tissue Organ

Figure 8. The relative scale of biological molecules and structures.

At the nanometer level, the extracellular environment affects sub-cellular behaviors
such as the organization of cell adhesion molecule receptors. At the micron level, the
extracellular environment affects cellular and supracellular characteristics such as cell
morphology and [163]. The nanoscale physical features of the scaffolds can affect cell
behavior. Natural tissues have indeed a hierarchical structure ranging from the macroscale
(>1 mm) to the microscale (1 pm-1 mm), and the nanoscale (<1 um). As a result, individual
cells (typically in the size range 10-50 pm) respond in different ways to structures at
different length scales. It has been shown that integrin receptors possess characteristic
dimensions on the order of 10 nm [164]. The basement membrane of organs consists of
nanoscale fibers (line topography) and pores (holes) that range in diameter from a few
nanometers to several hundred nanometers [165]. The tubular fibers of collagen also have
nanoscale dimensions [166] and laminin shows a nanoscale texture as well [167]. Given
that cell ECM is patterned down to the nanoscale, cell-biomaterial interactions in scaffolds
can be optimized by incorporating features of nanoscale dimensions. Indeed, surfaces
topographically structured at the submicron scale can affect a wide variety of growth
parameters, such as cell adhesion, morphology, viability, genic regulation, apoptosis,
motility, and differentiation [168]. Evidence from nanoscale topography analysis suggests
that nanoscale features eliciting a cell response are in the same size range (50-70 nm) that
is associated with integrin cluster formation [169]. Further studies showed that scaffold
nanotopography can control cell fate by altering cell and nucleus shapes, hence activating
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intracellular signal transduction and silent gene expression [125,170]. This is particularly
true for neurons that, thanks to their growth cones, sense and actively respond to the surface
nanotopography with a surprising sensitivity to variations of few nanometers [171].

Molecular deposition and lithographic techniques allow the patterning of tissue-
specific molecules with nanometer resolutions. For example, the deposition of molecules
that promote and support neuronal adhesion, growth, and differentiation on regenerating
scaffolds enables the selective adhesion and growth of neural cells and a controlled neurite
extension along the geometric pattern [172]. Apart from peptide/protein nanopatterns,
nanomaterials and nanotechnology tools can also be used to develop special scaffolds
able to recapitulate the architecture of structural proteins within ECM and the nanoscale
features that model native ECM nanotopography [142]. Nanomaterials take advantage of
their unique molecular features to induce, with high specificity, a number of desired physi-
ological responses in target cells and tissues, while minimizing undesirable effects [173].
The peculiar mechanical and chemical properties of nanomaterials can be exploited for
integration with native tissue in long-term implants; moreover, their nanoscale features
have the potential to interact with the biological system at the molecular scale, while
offering elevated levels of control [174].

Combinations of stimulatory cues may be used to incorporate nanoscale topographical,
biochemical, and electrical cues in the same scaffold to provide an environment for tissue
regeneration that is superior to inert scaffolds. This approach—able to precisely regulate
cell differentiation, morphology, and polarization—is fundamental for the development of
next-generation scaffolds suitable for clinical applications.

3.4. Role of the Biomolecular Corona

Interactions between the surface chemistry of nanomaterials and surfaces of biological
components (proteins, phospholipids, organelles, DNA etc.) are crucial to determine the
effects on cells and tissues. As soon as a nanomaterial comes in contact with a biological
fluid (i.e., cell culture media, blood or interstitial fluid) it is coated with ions and proteins
and develop a new interface which is often referred to as the protein corona or biomolecular
corona (BC). This layer at the nanobio interface defines the biological identity of the
nanomaterial, determining cell interactions, uptake and clearance [175]. Protein adsorption
by GBMs has been reported in numerous studies. Umadevi and Sastry [176] analyzed
non-covalent interactions on the surface of carbon nanostructures and highlighted that the
graphitic lattice of graphene allowed hydrophobic interactions and strong 7-7 stacking with
aromatic amino acids (Phe, Tyr, Trp) with binding energies between 15 and 20 kcal mol 1.
Surface chemistry is key in tuning the strength and type of interactions. Epoxide, hydroxyl
and carboxyl groups on the surfaces favor hydrogen and electrostatic bonding with proteins,
facilitating adsorption on GO compared to pristine graphene or RGO. GBMs have been
shown to strongly bind to different serum proteins such as albumin, fibronectin (Fn),
collagen, and laminin [177]. Therefore, when cells grow onto a graphene-based scaffold,
they show an enhanced capacity to form focal adhesions by clustering integrin molecules
and favoring cell adhesion [125]. In addition, GBMs capacity to adsorb proteins results in
trapping growth factors produced by the cells during their differentiation. Such growth
factors can progressively be released during cell maturation, allowing a continuous supply,
which is suitable for long-term cell differentiation [177].

Not only graphene physical properties favor the adsorption of proteins, but they
also offer tremendous opportunities for the covalent functionalization of protein active
motifs and chemical groups [178]. Such approach allows the stable attachment of signalling
molecules to the graphene structure to influence cell behaviour, but it also simplifies
combination of graphene with both natural and synthetic polymers for the development of
superior scaffolds combining multiple cues for cell growth and differentiation.
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4. Nanotoxicology and Functionalization
4.1. In Vitro Cytotoxicity

The use of graphene-based nanomaterials (GBMs) does not come without possi-
ble concerns about in vitro cytotoxicity and in vivo biocompatibility. As anticipated
in Section 3.4, the biomolecular corona (BC) plays an important role in regulating the
fate and toxicity of nanomaterials that interface with a biological environment. Due to the
unique and distinct physico-chemical properties of graphene and its derivatives, there is
an enormous variability at the nano-bio interface which leads to different intrinsic toxi-
cological effects. Moreover, nanomaterials are often pre-bound to chemical moieties that
originate from the manufacturing process, from stabilizers used in their preparation or from
exposure to gasses or buffers, all of which might further impact biocompatibility. Therefore,
any generalization would be inaccurate, possibly misleading and must be avoided [25,179].

Pristine GBMs have been shown to have a dose- and time-dependent in vitro toxicity
in both procaryotic [180-183] and eucaryotic cells [184-187]. Graphene has a hydrophobic
nature that often causes irreversible aggregation in cell culture media and it has been
reported to agglomerate on cell membranes causing physical damage [188]. Conversely,
oxidized derivatives of graphene, such as graphene oxide (GO) and reduced graphene oxide
(RGO), are more hydrophilic and show little aggregation in biological buffers resulting in
lesser cytotoxicity [179]. According to Chatterjee and co-workers [189], who performed a
comprehensive study about biological interaction of oxidized graphene derivatives, GO and
RGO had similar toxic responses with different dose-dependency and distinct molecular
mechanisms which were attributed to their peculiar surface oxidation status. However,
the presence of oxidative functional groups on the surface can lead to the generation of
reactive oxygen species (ROS). In addition, if they are not correctly washed, graphene
nanomaterials might retain residual chemicals applied to separate the graphitic layers or
during the fabrication of oxidized derivatives.

To solve these problems, novel green approaches for nanoparticle synthesis and
modification have been developed, involving the use of biocompatible surfactants and
reducing agents. According to Askari et al. [190], graphene nanosheets can be synthetized
in the presence of Herceptin, a natural antibody, using an ultrasonic-assisted exfoliation
method. The toxicity of graphene was tested in 3D spheroid cultures of human breast
adenocarcinoma cell line (SKBR-3) to better mimic the natural tissue micro-environment.
The authors concluded that that presence of Herceptin and its residues on graphene
nanoparticles created a biocompatible platform suitable for cell growth. In another study,
Narayanan et al. [191] described a facile and green synthesis of reduced graphene oxide
by the deoxygenation of GO under aqueous alkaline conditions in the presence of soluble
starch as a reducing agent (SRGO). The cytotoxicity of SRGO on skin fibroblasts was
evaluated using a Wst-1 assay and showed that SRGO showed a substantial increase in
cell viability at high concentrations (200 pg mL~1) compared to non-reduced GO. The
authors also investigated the hemocompeatibility profiles of the nanomaterials and revealed
that both caused a hemolysis effects compared to negative controls. However, SRGO did
not exhibit a direct proportionality between hemolytic activity and concentration, with
hemolysis staying as low as ~4.9% in maximum concentration samples.

4.2. Hemocompatibility and Interaction with Immune System Cells

Understanding interactions between nanomaterials and blood is key to determining
in vivo biocompatibility due to the unavoidable contact between the two. Thanks to the
protein corona effect, nanoparticles that touch blood or enter the bloodstream are coated by
a milieu of proteins that may undergo conformational changes, exposing new epitopes and
promoting phagocytosis or elimination from the circulation [192]. Nanomaterials can cause
hemolysis and activate or interfere with clotting and coagulation cascades [193], seriously
hindering the health of the organism.

The hemolytic property of nanoparticles is influenced by their distribution size, shape,
surface charge and chemical composition [194]. Jaworski et al. [195] studied pristine
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graphene, RGO and GO effects on chicken embryo red blood cells (RBCs) and reported
altered RBC morphology with loss of biconcavity. All of the nanomaterials exhibited
dose-dependent hemolytic activity towards RBCs, with highest hemolysis rates observed
at 5 mg mL~!. Pristine graphene showed the highest hemolysis (73%), followed by RGO
(42%) and GO (27%), correlating with the degree of surface oxidation. Lower hemolytic
concentrations and activity have been reported by other groups [193]. However, according
to Duan et al. [196] the hemolytic potential of GO can be largely reduced by pre-incubating it
with BSA or FBS, exploiting their extremely high protein adsorption ability. In another work,
Sasidharan et al. [197] provided evidence that pristine graphene and GO have excellent
hemocompatibility showing no hemolysis, platelet activation or plasma coagulation up to
a relatively high concentration (75 ug mL~1) and under in vitro conditions. The authors
also highlighted that pristine graphene had the potential to upregulate the production
under sterile conditions of pro-inflammatory cytokines, such as IL-6 and IL-8. Cytokines
are soluble glycoproteins released during an inflammatory response that recruit immune
cells in order to tackle foreign bodies that have entered the organism.

Understanding interactions of GBMs with the immune system is of considerable
relevance both from a toxicological and biomedical perspective. The BC of carbon-based
nanomaterials is abundant in complement proteins. These proteins play a central role in
modulating the immune and inflammatory responses towards intruders and may be a
key factor in generating chronic ailments (such as allergy and sterile inflammation) by
recruiting neutrophils and macrophages [198,199]. In addition, complement activation can
promote cell-mediated immunity by enhancing generation of antigen-specific immunoglob-
ulins by B-cells, activation of T-cells and uptake by dendritic cells [200]. Neutrophils and
macrophages are part of the reticuloendothelial system (RES) which is responsible for
the uptake and clearance of foreign bodies that have entered the organisms: the former
are normally the first to intervene in an inflammation reaction, whereas the latter arrive
later and promote tissue healing. It has been reported that macrophages better uptake
hydrophilic systems compared to hydrophobic graphene since it is poorly dispersible in
water and remains blocked on the cell surface [197]. Similarly, neutrophils are involved
in nanoparticle clearance and it has been shown that exposure to carbon-based nanoma-
terials may upregulate neutrophils infiltration in tissues [201]. Carbon nanomaterials are
also known to trigger apoptosis and/or cell death in macrophages, causing significant
impairment in the immune resistance of subjects if used in vivo. However, Lin et al. [202]
reported in a recent study that macrophage viability and activation are found to be mainly
unaffected by few-layered graphene (FLG) at doses up to 50 pg mL~! and therefore it is of
little toxicity for M1 and M2 human macrophages, even though it triggers cell stress, ROS
and inflammatory cytokines. Notably, neutrophils and macrophages are cleared from the
circulation via the liver, spleen and kidneys and there is evidence that bone marrow may
also play a major role in their clearance [203]. Therefore, nanomaterials carried by these
cells can accumulate in those districts, causing unexpected issues and altering their fate.

4.3. In Vivo Biocompatibility

In vivo biodistribution and pharmacokinetics of GBMs have been studied in small
and large animal models [204-209] in order to investigate the adsorption, distribution,
metabolism and excretion (ADME). The fate of nanomaterials in organisms is influenced
not only by their properties, but also from the pathway of exposure. Thanks to the wide
range of potential applications of GBMs in biomedicine, exposure can occur in a number of
ways including inhalation, intratracheal instillation, oral gauge, injection (intraperitoneal,
intravenous or subcutaneous) or through debris generated from worn or biodegraded
implants [204,210]. Once inside the organism, nanomaterials can make their way into
the bloodstream even if not directly injected there and spread throughout the body. In
addition, there is evidence that GBMs can diffuse across biological barriers such as the
blood-air, blood-brain, blood-testis or blood-placental barrier, and accumulate in organs
causing acute and chronic inflammation, tissue lesions and necrosis [211,212]. Krajnak and
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coworkers [213] examined graphene nanoparticles of different sizes and different forms
(carbon black, graphene, GO and RGO) to determine if pulmonary exposure resulted in
changes in vascular function and expression of acute response markers in mice. It was
observed that while graphene altered gene expression in cardiovascular system, no changes
were produced in the peripheral vascular function. On the other hand, pulmonary exposure
to the oxidized forms of graphene had a more acute effect on heart and kidneys and
repeated exposure might lead to injury or dysfunctions. Another study reported that GO
provokes severe and persistent injury in mice lungs including granulomas persisting for up
to 90 days [214]. Biodistribution experiments on intratracheally instilled carbon-14 labeled
FLG showed that even if it was mainly retained in lungs, it was also redistributed to the
liver and spleen passing through the air-blood barrier. However, no detectable absorption
of FLG was observed when administered orally [212]. Conversely, radioactive-labelled
RGO given through an oral gauge was rapidly absorbed in the intestine, metabolized
by the kidneys and then excreted via urine [215]. Intravenous injection of GO in mice
elicited blood platelets aggregation and extensive pulmonary thromboembolism, while low
uptake was observed in the RES [216]. Surprisingly, a recent study by Newman et al. [217]
highlighted that GO sheets accumulate preferentially in the spleen and progressively
biodegrade over nine months. They evaluated the potential consequences of this prolonged
accumulation and found limited effects on spleen histopathology and splenic function.
Cell-mediated immune response was measured by determining the populations of T
lymphocytes, specifically CD4+ and CD8+ cells as the major immune component of the
splenic white pulp. Moderate changes were seen in both cell populations in mice injected
with GO (2.5, 5, and 10 mg/kg) at both 24 h and one month after administration and no
significant differences in the levels of the proinflammatory cytokines IL-6 and TNF-oc were
detected at any time point compared to control. However, they registered a significant
drop in anti-inflammatory cytokines expression at 24 h and at the one-month time point
for all tested GO doses. The authors concluded that reduction in cytokine expression after
GO treatment may indicate the involvement of the innate immune system in regulating the
effects of GO.

4.4. Minimizing GBM Toxicity

Although the inherent toxicity of graphene and its derivatives is a major drawback
for their biomedical applications, it is a well-known problem, and different strategies
have been developed to overcome it. In an attempt to enhance their overall safety and
minimize the risks for adverse reactions in humans from exposure, Bussy et al. [218] of-
fered a set of rules for the development of graphene and its derivatives: (1) use small,
individual graphene sheets which are more efficiently internalized by macrophages in the
body and removed from the site of deposition; (2) minimize aggregation using hydrophilic,
stable, colloidal dispersions of graphene sheets; (3) use excretable graphene material or
chemically-modified graphene that can be degraded effectively. Biological responses to
these nanomaterials depend on various properties and it has been reported that smaller
particles and higher oxidation improve biocompatibility [219]. Most importantly, variations
in surface chemistry play a major role determining their toxicity and pharmacokinetic
profile [220]. Highly hydrophobic graphene tends to aggregate in aqueous solvents thanks
to intermolecular attractive Van der Waals forces, -7 stacking, hydrogen bonds and electro-
static interactions [221]. This tendency makes it hard to manipulate and characterize their
biocompatibility and it has been suggested that the high percentage of controversial results
in toxicity statistics could be owing to the dissimilarities in GBMs solubility [222]. There-
fore, improving the dispersion of graphene-based nanomaterials in various solvents is a
prerequisite for their further applications. Recent strategies include sonication, stabilization
with surfactant and surface functionalization.

Wojtoniszak et al. [223] showed that GO and RGO exhibit a surfactant-dependent
toxicity by comparing the homogeneity of GO and RGO dispersions in phosphate buffered
saline (PBS) and cell viability on mice fibroblasts L929 cells. Three different dispersants were
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used, namely PEG, poly(ethylene glycol)-block-poly(propylene glycol-block-poly(ethylene
glycol) (Pluronic P123), and sodium deoxycholate (DOC). The authors concluded that both
materials had relatively good cytocompatibility in the 3.125-12.5 pug mL~! range, with
lowest toxicity detected in PEG-stabilized GO.

The BC can be tuned and modified by exploiting the ability of GBMs to adsorb moieties
from the culture medium. As previously discussed, biological and bioactive species (DNA,
carbohydrates and proteins) can be used as surfactants to stabilize graphene nanomaterials
in aqueous solution, paving the way for different biomedical applications [191,224,225].
Pre-incubation in protein solutions was shown to form a thin coating on nanomaterials in
suspension, minimizing cytotoxicity by limiting their direct interaction with cells. It has
been reported that GO and RGO coated with BSA [226], FBS [227] or serum proteins [228]
showed attenuate cytotoxicity and could improve biocompatibility. In addition, another
interesting method of surface modification is functionalization through exposure to a
specific enzyme, peptide or antibody [190,229]. Bussy et al. [230] exposed human lung
carcinoma (A549) and bronchial epithelial (BEAS-2B) cell lines to GO and analyzed its effect
in serum-free HEPES-buffered salt solution (BSS), Dulbecco’s phosphate-buffered saline
(PBS), and the normal media recommended for these cell lines (F12 for A549 and RPMI
for BEAS-2B). Surprisingly, they reported more pronounced cellular responses in both BSS
and PBS, but not in F12 or RPMI, and concluded that the interaction between GO and
cells may differ depending on the concentration of salts and ions present in the aqueous
environment. These charged moieties could influence nanofiller aggregation, bundling,
stacking, or other colloidal properties of the negative surface-charged nanoparticles. In
summary, the presence of proteins and other moieties in the cell culture medium influences
the results on cytotoxicity and we could consider that GO and RGO might not be hemolytic
in vivo where an abundant BC forms on their surfaces and protects the nanomaterial. These
types of non-covalent surface functionalization are not stable in prolonged circulation and
it is important to consider the dynamic changes of the BC as the nanoparticles translocate
from one biological compartment to another or from the ECM intracellular locations [231].

Covalent functionalization is another strategy for enhancing solubility in different
matrices and is frequently used to obtain nanocomposites, as previously discussed in
Section 2. However, covalently bonding molecules to the surface leads to the disruption of
the graphitic lattice changing its electronic and transport properties [232]. A number of
surface modifications allow to obtain more hydrophilic GBMs with remarkably reduced
toxicity. According to Kiew and coworkers [233], graphene-based nanomaterials with
hydrophilic surfaces weaken the opsonin—protein interaction and could avoid being recog-
nized by macrophage, thus an inflammatory response. Among the different strategies, the
combination with polymeric materials represents a commonly used approach to overcome
the limitations of graphene-based nanomaterials in biomedicine [234]. Several studies
have reported that covalent modification with polyethilenglycole (PEGylation) can re-
duce cytotoxicity resulting in increased biocompatibility and stability in physiological
buffers [235]. PEG is known to prolong particle circulation in the blood due to its ability
to camouflage particle surfaces, sterically shielding against opsonization and uptake by
the RES cells [192]. Other approaches involve the covalent attachment of conductive poly-
mers (such as poly(pyrrole), poly(aniline), poly(allylamine)) or biodegradable synthetic
polymers (e.g. poly(lactic) acid, poly(glycolic) acid, poly(lactide-co-glycolide)) or natural
polysaccharides such as chitosan [236], alginate, hyaluronic acid and dextran (DEX). Like
PEGylation, dextran coating reduces the adsorption of proteins the surface and improves
biocompatibility. Compared with non-functionalized GO, GO-DEX conjugates showed
improved stability in physiological solutions, accumulation in liver and spleen after in-
travenous injection, and most importantly clearance from body within a week without
causing noticeable short-term toxicity [237].

Finally, graphene and its derivatives have been used in combination with biocompati-
ble polymeric matrices to obtain conductive nanocomposites with enhanced cell adhesion,
differentiation and biocompatibility [238]. These materials trigger reduced biological re-
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sponses without the impairment of the GBMs capability to cross cell membranes and deliver
therapeutic species [239]. As our lab has recently shown, organic-functionalized carbon
nanofillers dispersed in a polymeric poly(L-lactic) acid exhibited enhanced cell viability
(~90%) and supported cell growth [59], while having interest effects on the differentiation
of neuronal precursors [50] and human circulating multipotent stem cells [47,159].

5. Examples of Tissue Regeneration
5.1. Bone Regeneration

Bones possess a remarkable regenerative capacity, as they maintain the ability to re-
model themselves throughout adult life and they can repair fractures spontaneously [240].
After bone damage, soluble factors accumulate at the injury site and recruit mesenchymal
stem cells, which, in turn, proliferate and differentiate toward osteoblasts. Subsequent
calcification of the region results in a woven bone, which is finally remodeled by the renew-
ing and resorptive actions of osteoblasts and osteoclasts [241]. Despite this regenerative
process, there are instances where injuries may require clinical intervention to be com-
pletely healed. Autologous bone graft is a standard medical procedure for the treatment of
bone-related diseases. Unfortunately, it is mostly limited by the availability of appropriate
donor tissue [242]. Several scaffolds have been developed to enhance bone regeneration to
overcome this issue and some representative examples are reviewed in this section.

For instance, graphene was used to coat three-dimensional hydroxyapatite scaffolds
to support the growth and osteogenic differentiation of hMSCs. Scaffolds were found to be
self-standing, as hMSCs differentiation did not require common differentiative molecules
(i.e., dexamethasone or the bone morphogenetic protein 2) [160]. Moreover, graphene
oxide was covalently linked to chitosan (CS), an animal-derived polymer already known to
support cell adhesion and proliferation. The resulting polymer had better elastic modulus
and hardness, which resulted in an increase in cell adhesion, spreading, proliferation,
and formation of the extracellular matrix. Most importantly, cells grown onto GO-CS
scaffolds showed an enhancement in calcium and phosphate deposition levels, a hallmark
for osteoblastic differentiation [243].

Arnold and co-workers managed to enhance hMSCs osteogenic differentiation by di-
rectly functionalizing GO. Expressly, they set up an elegant universal synthetic procedure to
covalently tether polyphosphates onto GO, generating a new phosphate-graphene material
(CaPG) [244]. Their approach allowed them to obtain scaffolds with hydroxyapatite-like
functionality at the interface, loaded with osteoinductive ions. They developed a 3D scaf-
fold and assessed that its mechanical properties were comparable with bones (Young'’s
modulus up to 1.8 GPa, compressive storage modulus up to 291 MPa, shear storage mod-
ulus up to 545 MPa, and ultimate compressive strengths up to 300 MPa). When hMSCs
were seeded onto those scaffolds, a significant increase in the osteogenic marker alkaline
phosphatase (ALP) and increased calcium deposits were observed, even when cells were
cultured in growth medium (designed to maintain multipotency). Histological analyses of
mice tissue after scaffold implantation showed no apparent damage, toxicological effects,
or inflammation up to 8 weeks after treatment. More importantly, CaPG scaffolds enhanced
donor cells’ retention and provided differentiative signals favoring bone regeneration
without using growth factors to direct osteogenesis.

Li and co-workers employed graphene oxide and lysozyme films to favor bone regen-
eration while minimizing the possibility of infection. Precisely by depositing overlapping
layers of GO and lysozyme onto a chitosan base they obtained a construct not only able to
support dental pulp stem cell growth and differentiation but also with improved antimi-
crobial activity. While GO is responsible for scaffolds stiffness and roughness, lysozyme
improves the antimicrobial activity of GO by degrading the bacterial cell wall [245].

Among 3D scaffolds, Li and co-workers [246] provided an interesting proof of concept
of the usage of 3D-printed alginate hydrogels as scaffolds for bone engineering. They
used 3D-bioprinting to obtain gelatin-alginate scaffolds with defined porosity, then coated
them with RGO. Although hydrogels are much less stiff than other composites, the authors

246



Nanomaterials 2021, 11, 404

observed a significant increase in adipose-derived stem cell (ADSC) differentiation toward
the osteogenic lineage, as proven by the increase in ALP expression and calcification of
the substrate.

Graphene oxide osteogenic potential was further investigated by Wu and co-workers,
which grafted it with a peptide derived from the bone morphogenetic protein 2 [247]. GO-
BMP2 was then bonded to silk-fibroin electrospun fibers to obtain biocompatible scaffolds
that favor MSC adhesion and differentiation in vitro and in vivo and is are able to repair
mice bone defects in less than 14 days.

5.2. Muscle Regeneration

Skeletal muscles made up most of the mass of the human body and are essential for
motion and support. They are composed of multinucleated myofibers, which developed
from mononucleated stem cell precursors during embryonic development. Satellite cells
are unipotent stem cells that remain associated with adult myofibers and are responsible for
muscle growth and regeneration [248,249]. Because of them, muscle tissue is endowed with
a remarkable regenerative capacity, and most injuries sustained during everyday life fully
recover via well-characterized processes [250]. However, severe injuries such as volumetric
muscle loss and neuromuscular degenerative diseases, or aging, can result in significant
muscular impairment, severely dampening life quality. In recent years, the possibility to
produce scaffold recapitulating features of adult muscle tissue to enhance regeneration
has drawn much attention, and several features that can enhance muscle regeneration
have been identified. Among those, Gilbert and co-workers found substrate elasticity
to be pivotal for muscle regeneration, as substrates mimicking tissue elasticity (~12 kPa)
were able to sustain muscle stem cell self-renewal in vitro and differentiation in vivo [251].
Moreover, it was found that electroconductive scaffolds can enhance myoblasts fusion into
myotubes in vitro, possibly by mimicking neuromuscular activity [252,253]. Starting from
the observation that scaffold elastic properties are pivotal to resist the dynamic condition of
the muscle tissue environment, Jo and co-workers [254] developed polyurethane/graphene
oxide nanocomposite fibrous scaffolds to form a flexible and myogenic stimulating ma-
trix for tissue engineering. They found nanocomposite to have better tensile strength,
hydrophilicity, and biocompatibility than pristine materials. When they seeded mouse
skeletal muscle cells C2C12 (a standard model for muscle differentiation studies) onto their
scaffolds, they found an enhancement in cell adhesion and spreading, as demonstrated by
the increase in the expression of actin and vinculin. Scaffolds were also capable of inducing
muscle differentiation, as immunocytochemistry against myosin heavy chain (MHC, a
marker for mature muscle cells) and RT-PCR against MyoG, x-actinin, and MyoD (markers
for differentiating muscle cells) showed an increase directly proportional to GO concen-
tration. Most importantly, they also found that scaffolds were able to sustain dynamic
tensional stimuli, which, in turn, further increased the expression of differentiative markers.

As muscle cells are aligned along the fiber axis, materials patterned with surface fea-
tures resembling native extracellular environment can influence mechanotransduction and
favor cell differentiation. Park and co-workers [255] employed femtosecond laser ablation
(FLA) to produce GO and RGO-based micropatterned conductive PAAm-hydrogels, which
can support muscle differentiation in vitro and proved to have good stability in vivo. All
scaffolds resembled muscle tissue Young’s modulus, but only rGO-based ones possessed
enough conductivity to deliver signals to cells. FLA allowed them to pattern scaffolds with
20 pm wide, 10 um deep canals, and only scaffolds with a pattern distance comparable to
cell dimension (50-80 pm) proved to affect differentiation. Specifically, when fusion index
(i.e., the ratio of nuclei inside myotubes to all nuclei) and nuclear shape (which becomes
less rounded during differentiation) were considered, it was found they could be improved
by 50 and 80 um patterned scaffolds independently on their conductivity. Morphological
analyses were confirmed by immunocytochemical and qRT-PCR analyses, which demon-
strated an increase in the expression of differentiative and mature myoblast markers (i.e.,
MHC, MyoG, and MyoD). In spite of this, conductivity proved to be pivotal to enhance
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cell aspect ratio, and electrical stimulation (2V, 10ms duration, 1 Hz) enhanced myotube
formation with respect to untreated control. Hydrogels were also found to be suitable for
implantation, as they remained intact for 4 weeks after subcutaneous implantation in mice,
proving they can be a good platform for tissue implantation.

Besides skeletal muscle, cardiac muscle regeneration has drawn much attention be-
cause of the severity of heart diseases. Cardiomyocytes are specialized muscle cells which
have a crucial role in the propagation of electric signal throughout the heart. Unlike
skeletal muscle cells, cardiomyocytes have a reduced regenerative potential, and, after
damage, are often replaced by scar tissue, which may lead to pathological heart failure. In
an elegant comparative study, Lee and co-workers [256] compared the effects of gelatin
methacrylic (GelMA) functionalized with either CNTs, GO, or RGO on the structural or-
ganization and functionality of rat primary cardiomyocytes. Even though all scaffolds
resembled the elastic modulus of the heart, GO functionalized scaffolds exhibited low
conductivity. Moreover, GO and RGO functionalized scaffolds displayed higher surface
roughness compared to the GeIMA and CNT-GelMA ones. Despite those differences, all
scaffolds proved to support cell attachment and proliferation; however, they had different
effects on cell differentiation. Specifically, when cells were stained against Cx43 (indicating
electrical and metabolic coupling between cells), troponin-I and sarcomeric a-actin (both
involved in muscle contraction), where enhanced only on RGO and CNT-GelMA but not
in GO-GelMa. Moreover, even RGO failed to enhance the expression of troponin-I. Cells
were further analyzed by patch-clamp to determine the extent and shape of the membrane
action potential. Based on results, they found that CNT-GelMA led to the formation of
ventricular like cardiomyocytes, whereas GO-GelMA resulted in an atrial-like phenotype.
Instead, RGO-GelMA led to cells with a mixed phenotype. This finding suggests that
different properties of the graphene derivative in the scaffold can be exploited to fine-tune
cardiomyocyte phenotype.

In the context of injectable gels, Choe et al. developed an RGO-modified alginate gel
and studied its antioxidant activity for cardiac tissue repair post myocardial infarction
(MI) [257]. One of the hallmarks of Ml is the high oxidative stress of heart tissues due to the
formation of reactive oxygen species. Mesenchymal stem cell transplantation is a promising
treatment for repairing heart tissues post MI, but after transplantation, their survival is
compromise by the oxidative stress of the tissue. In their study, Choe et al. encapsulated
hMSC in alginate microgels with a spherical shape (235 £ 11 um diameter) suitable for easy
injection. Nanocomposite microgels displayed higher cell viability than GO- and RGO-free
beads. To further improve survival, hMSCs were first enclosed in GO/alginate hydrogels
and then GO was reduced. Nanocomposite microgels showed greater scavenging activity
in all assays, while the graphene-free counterpart had a negligible antioxidant activity.
These injectable anti-oxidizing nanomaterial-embedded microgels were able to scavenge
radicals and lower the oxidative stress post MI, support MSC viability and maturation,
thus increasing therapeutic activities and regeneration of infarcted tissues.

5.3. Nerve Regeneration

The nervous system represents the most intricate and vulnerable system in the human
body, as, despite its pivotal importance, it is substantially unable to regenerate itself after
injury. Because of its vital role, its organization is extraordinarily complex. Briefly, the
nervous system comprises two main classes of cells: the glial cells and neurons. Neurons
act as functional units, as they are characterized by peculiar electrophysiological features
which allow them to rapidly transmit information between each other. Connections are es-
tablished during neuritogenesis by the sprouting of dendrites and axons from the cell body.
Specifically, each growing axon is tipped by the growth cone, a complex molecular machin-
ery that senses environmental stimuli to guide growth toward the proper target [258]. On
the other hand, glial cells consist of various specialized cell types (including Schwann cells,
oligodendrocytes, and astrocytes) that regulate homeostasis, form myelin sheets around
axons, and provide support and protection for neurons by maintaining a proper microenvi-
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ronment [259]. Anatomically, the nervous system has been divided into the central (CNS)
and peripheral (PNS) nervous system. Besides their different physiological role, they also
respond differently to damages. Central nervous system regeneration is made more chal-
lenging, mainly because adult CNS is naturally resilient to cell repair and differentiation.
For instance, after axotomy, glial cells of the CNS secrete inhibitory cues and form a physical
and chemical barrier, the glial scar, which prevents regenerating axons to cross the injury
site and reach their new target. Moreover, the basal expression of anti-regenerative cues
such as chondroitin sulfate proteoglycans, Nogo-A, and myelin-associated glycoproteins,
semaphorin 4D, and ephrin, is upregulated, further suppressing the capacity of the axonal
growth cone to elongate [260-262]. Conversely, PNS neurons are endowed with a higher
regenerative capacity due to the lack of CNS inhibitory factors [263].

Because of the inability of central neurons to regenerate, traumatic brain injury, and
spinal cord injury have profound adverse effects on life quality and are a significant cause
of mortality [264]. Efforts from the scientific community to address this issue resulted in
several pharmacological and surgical therapeutic strategies [265]. However, in recent years
graphene and its derivatives emerged as intriguing tools to design biomaterials mimicking
tissue properties, encapsulate biomolecules and favor stem cell differentiation or tissue
regeneration [266-269]. Recently, Quian and co-workers [266] used 3D printing and layer-
by-layer casting methods to produce graphene and polycaprolactone scaffolds, which
improved axonal regrowth and remyelination. Their technique allowed them to optimize
quality control, mechanical strength, drug delivery distribution, and achieve the ideal
electric conductivity for nerve growth. To increase scaffold biocompatibility, they coated it
with polydopamine (PDA) and arginylglycylaspartic acid (RGD), which can encapsulate
small molecules and favor cell adhesion, respectively. When tested with rat-immortalized
Schwann cells, they found the optimal proliferation and viability rates on scaffolds at 1%
graphene in PCL and that those scaffolds were able to support cell proliferation or up
to seven days. Moreover, they found a higher expression of vinculin and N-cadherin on
PDA/RGD-G/PCL scaffolds rather than on control scaffolds, indicating that graphene can
have a role in promoting cell adhesion. Western blotting and qRT-PCR analyses indicated
that not only scaffolds were able to induce expression of neural markers (such as glial
fibrillary acidic protein, Class III 8-tubulin, and S100) but also they increase the expression
of neurotrophic factors (NGF, BDNF, GDNF, and CNTF), which are vital to establishing
a permissive environment for nerve regeneration. Moreover, when Schwann cell-loaded
PDA /RGD-G/PCL scaffolds were grafted onto Sprague Dawley rats, histological and
immunohistochemical observations 18 weeks after surgery suggested that regenerated
nerves were well organized, lacked scar tissue and, most importantly, functional recovery
was comparable to autograft implants.

As neurons require network formation to acquire proper function, tools to build
3D neuronal networks are required to enhance their function. An elegant method to
encapsulate neurons onto a self-assembled micro-roll made of a bilayer of graphene and
parylene-C [268], provided a proof of concept for designing a 3D neuronal network, which
might also serve as a platform for modeling neurodegenerative diseases or producing cells
suitable for transplantation. Their approach allowed them to create a support that allows
neurons to interact with their surroundings without mixing with the external population,
thus keeping a precisely controlled cell distribution. They exploited a sacrificial layer of
calcium alginate to support a graphene layer, which was then coated with a parylene-C
layer. Finally, the bilayer was patterned with an array of microscale pores to allow axons,
but not cell bodies, to contact surrounding cells. Self-assembly into a tubular structure
was induced by treating the sandwich with ethylenediaminetetraacetic acid (EDTA) to
de-polymerize the alginate layer. Accessibility of reagents to the internal of the micro-roll
was assessed by Ca* imaging in response to the addition of glutamate: encapsulated
hippocampal neurons showed a coherent and coordinated response, and no delay with
the response of external neurons was observed. Moreover, the formation of functional
synapses between neurons was demonstrated both by immunocytochemistry against
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synapsin I, which is expressed by neurons at the synapse puncta, and by monitoring
the synchronization of spontaneous Ca>* waves. Besides serving as support for cell
growth, the authors claim the graphene in their scaffold might serve as an electrode for
electrophysiological recording and neuronal activity stimulation.

In order to study the role of substrate conductivity in neuronal network formation
and alignment, Wang and colleagues developed a 3D conductive GO-coated scaffold
based on printed PLCL microfibers using a near-field electrostatic printing (NFEP) [270].
NEFEP is a technique that combines electrostatic spinning and 3D printing that allows to
obtain fiber sizes of a few micrometers and complex architectures [271]. By manipulating
the motion of the collection surface along X-Y-Z axes, NEFP easily generates arbitrary
patterns (2D or 3D). PLCL scaffolds with different fiber overlay angles, diameters, and
spatial organization were coated with GO, which was then reduced to RGO in situ without
damaging the architecture. Depending on the layer thickness, RGO coating improved
electrical conductivity while increasing surface roughness. The scaffolds were then used
to assess the correlation between electrical stimulation (ES) and neurite outgrowth of the
pheochromocytoma-derived PC12 cell line and primary neurons from hippocampal tissue
of embryonic mice. ES enhanced neurite outgrowth and alignment with respect to control
without ES stimulation. Strikingly, while neurite outgrowth resulted in being strictly
correlated with the strength of the electric field, its directionality did not seem to influence
neurite alignment. However, it was found that neurite outgrowth tightly followed the
orientation of the smaller microfiber pattern and a more dispersive distribution of neurites
was observed on fibers with higher diameters, where neurites had a higher tendency to
branch out and lose their directional orientation (Figure 9).
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Figure 9. A diagram of the key procedures toward neuronal-like network formation with the
guidance of conductive microfiber patterns under electrical stimulation [272].

Glial cells are as necessary as neurons to ensure proper nervous system function-
ality, therefore their regeneration after injury is as crucial as neuronal restoration [272].
Specifically, oligodendrocytes are responsible for myelination of central neurons and must
be restored to ensure proper neuronal connectivity. The most common way to obtain
oligodendrocytes is to differentiate multipotent NSCs or induced pluripotent stem cells
(iPSCs). However, the process has proven to be challenging, as it requires long culture
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periods (up to 150 days) and has a limited yield [273]. Shah and co-workers [267] de-
veloped a nanocomposite PCL-GO scaffold, which allowed for NSCs differentiation into
oligodendrocytes in just 6 days of culture. They treated electrospun PCL nanofibers of
200-300 nm diameter with oxygen plasma to render their surface hydrophilic, then GO
was deposited on their surface at either 0.1, 0.5, or 1 mg/mL. Finally, laminin, an ECM
protein essential for adhesion, growth, and differentiation of NSCs, was used to coat scaf-
folds. Rat hippocampal NSCs displayed significant differences in cell morphology after
just 6 days of culture. Moreover, concentrations of GO as low as 0.1 mg/mL were able to
strongly enhance the expression of the myelin basic protein (MBP), a marker specific for
oligodendrocyte differentiation. The absence of an effect on the expression of the neuronal
marker Tubf3 and the astrocytic marker GFAP further suggested those scaffolds were
able to selectively direct differentiation toward the oligodendrocytic lineage. When they
treated cells grown on PCL-GO with integrin signaling inhibitors, they observed a steep
decrease in oligodendrocyte markers. This observation suggested that the GO-coating of
the nanofiber scaffolds might promote differentiation through specific microenvironmental
interactions that activate integrin-related intracellular signaling.

Besides rigid scaffolds, biocompatible conductive hydrogels have attracted much at-
tention because of their ability to better reproduce the mechanical properties of host tissues.
Javadi and co-workers [269] developed a biocompatible hydrogel, based on polyurethane
(PU), poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(4-styrenesulfonate)
(PSS) and liquid crystal graphene oxide (LCGO). They obtained a formulation with ex-
cellent conductivity, tensile modulus, and yield strength to support neuronal stem cells
differentiation toward neurons and glial cells (as proven by the increase of the neuronal
marker Tubf3-3 and the astrocyte marker GFAP). The authors claim LCGO liquid crystal
nature synergistically combined with the properties of PEDOT:PSS to increase hydrogel
mechanical and electrical properties.

Starting from evidence that the cholinergic system is involved in several neuron
protective processes, cortical plasticity, and functional recovery after brain injury, Pradhan
and co-workers developed a choline-graphene oxide functionalized (CFGO) injectable
hydrogel based on poly(acrylic acid). Not only their hydrogels were able to support
neuronal cell growth and differentiation, but they also stabilized the actin cytoskeleton.
As choline is involved in enhancing neural recovery in TBI treatment, they injected their
hydrogels in mice with parietal cortex brain injuries. They found scaffolds were able to
restore cortical loss in just 7 days of treatment [274].

5.4. Wound Healing

GBMs have also been employed as fillers for wound healing hydrogels. Rehman
and co-workers [275] developed RGO-GelMA hydrogels which enhance migration of
fibroblasts, keratinocytes and endothelial cells in vitro and favor angiogenesis, in vivo, in
chicken embryos. The authors speculate that this property could be due to an increase
in intracellular ROS levels caused by RGO. In another study, Li and co-workers [276]
developed N-acetyl cysteine (NAC) loaded GO-collagen membranes. In this formulation,
GO has been reported to enhance mechanical properties and water retention of the collagen
scaffolds, whereas NAC is used to lower ROS levels in the damaged tissue. The membrane
accelerated cell migration, maturation and angiogenesis, leading to rapid skin regeneration.
Moreover, the expression of profibrotic factors was found to be downregulated, indicating
those scaffolds could promote scarless wound healing. A common problem of wound
healing hydrogel is their vulnerability to bacterial infection [277]. To solve this problem,
Yan and co-workers [278] developed an Ag reduced GO sodium alginate film which not
only is able to inhibit bacterial growth but also to stimulate rapid wound healing in vivo.

6. Conclusions

Graphene-based scaffolds have been proven to be versatile tools in mediating tissue
regeneration, as highlighted by the examples of in vitro and in vivo applications that have
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been discussed in this review. However, much more effort is required from the scientific
community to clarify and rationalize their mechanism of action. It is clear that different
composites can be employed to obtain similar results and yet subtle changes in scaffold
formulation may result in completely different results. Therefore, a systematic analysis of
the effects of scaffold composition on differentiation is required in order to disentangle
the role of each scaffold component on cell fate. This would allow for a direct comparison
between different scaffolds and a finer rational design. Moreover, it needs to be stressed that
most applications rely on qRT-PCR data to prove successful differentiation. However, this
approach reveals only an average trend in cell differentiation, without detecting potentially
significant and biologically important differences between cells seeded onto different spots
of the scaffold. Even when immunocytochemical data are provided, most authors fail to
mention whether or not those data are representative of the whole sample or are just isolate
cases. Coupling scaffold engineering with single cell RNA sequencing would overcome
those limitations, allowing both a better understanding of scaffold effects on cell physiology
and comparisons between the in vitro culture and the in vivo reference.

To date, scaffold engineering has focused on regeneration of a single tissue. However,
clinical applications often require grafting of whole organs. Obtaining a scaffold that
is able to efficiently reproduce a whole organ, or even multiple tissues (e.g., innervate
muscles), has proven challenging and further studies are required before any viable clinical
usage. In our opinion, finding the rationale behind graphene regulation of cell fates will
allow us to obtain scaffolds that can reliably support and differentiate cells in a number of
pre-determined types at the same time.

Although a molecular rationale for graphene-mediated effects is still lacking, it is
remarkable that graphene-based scaffolds are able to determine cell fate more rapidly and
efficiently than any other differentiation protocol, even without the addition of exogenous
pro-differentiation factors. Indeed, in recent years research on mechanotransduction has
unveiled several details on how nanotopography and stiffness stimuli are perceived and
transduced by cells, whereas further efforts are needed to elucidate the contribution of other
chemical and physical stimuli from the tissue environment. In particular, conductivity is of
special interest to neuronal cell fate and differentiation, as it is specific to the nervous system.
In addition to the aforementioned nanotopographic features, graphene and GBMs are
endowed with tunable conductivity. Therefore, graphene-based nanomaterials represent a
useful and cost-effective tool to enhance neuronal differentiation and tissue repair.
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Abstract: In this study, poly(9-vinylcarbazole) (PVK)-based LEDs doped with reduced graphene
oxide (rGO) and cadmium sulphide (CdS) nanocrystals were fabricated by spin-coating. The hybrid
LED structure was a layer sequence of glass/indium tin oxide (ITO)/PEDOT:PSS | rGO/PVK/AlL
rGO was included in the poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
layer due to its energy bands being close to PEDOT:PSS bands, and the possibility of using water
for dispersing both polymer and flakes. Optical properties such as photoluminescence and UV-Vis
absorption were not affected by the addition of rGO to the PEDOT:PSS solution. However, PVK-
based LEDs with rGO showed increased current density compared to those without rGO in the hole
transporting layer. Higher electroluminescence intensities were observed for rGO-enriched LEDs,
although the shape of the spectrum was not modified. LEDs including CdS nanocrystals in the
poly(9-vinylcarbazole) emissive layer did not show such dependence on the rGO presence. Though
the addition of rGO to PEDOT:PSS still produces a slightly higher current density in CdS doped
LEDs, this growth is no longer proportional to the rGO load.
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1. Introduction

Organic-semiconductor devices have gained popularity in recent years due to sev-
eral advantages they offer compared to their inorganic counterparts, namely mechanical
flexibility, low cost [1], and a simple manufacturing processes [2,3]. Deposition of organic
polymer layers can be achieved by means of simple techniques such as spin-coating. With
this technique, uniform layers are applied onto a flexible or rigid substrate by means of
centrifugal force. In these devices, specifically in light-emitting diodes (LEDs), the optical
and electrical properties could be modified by the inclusion of different dopants, such as
graphene and its derivatives, or semiconductor nanocrystals.

Since 2004 [4], graphene and its derivatives have generated high expectations in
several areas, including as solar cells [5], field-effect transistors [6], electrocatalyst [7],
transparent electrodes [8], graphene transistors [9], etc. Graphene has excellent properties,
such as excellent thermal conductivity [10], electron mobility [11] and transparency [12],
that make possible its involvement in the aforementioned areas. The simplest process
for synthesizing graphene consists in the oxidation and exfoliation of graphite. This
process transforms graphite into graphene oxide (GO). In a later step, GO is reduced,
and either graphene or reduced graphene oxide (rGO) is synthesized depending on the
reduction degree.

Not all the properties of graphene are extensible to graphene derivatives (GO or rGO).
In the case of reduced graphene oxide, certain properties are maintained, but to a lesser
extent, such as a conductivity of 200 S/m!. In this paper, we will study the possibility of
manufacturing hybrid LEDs with graphene derivatives. Normally, in these devices, the
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hole transport layer is formed by Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS), but in our analysis, this layer will be doped with different proportions
of rGO. Reduced graphene oxide was chosen because the value of its energy bands
(—5.2~—4.9 eV) [13] is very close to PEDOT:PSS, (—5.1~—5 eV) [13]. Additionally, rGO is
aqueous dispersible, like the PEDOT:PSS, eliminating the possible problems that a mixture
of different solvents might cause in the spin-coating technique [14].

On the other hand, Cadmium sulphide (CdS) nanocrystals (NCs) have been studied
in recent years [15] due to their ability to modify the optical and electrical properties of
the organic devices [16]. Cadmium sulphide nanoparticles have been used to improve or
modify the properties of different devices, such as organic solar cells [17], light-emitting
devices [18], hybrid memory devices as a compound of polymer composites and CdS
nanocrystals [19,20], and memory devices with other nanoparticles, such as graphene oxide
nanocrystals [21]. CdS is a semiconductor with a direct bandgap energy of 2.4 eV. This
bandgap energy makes it suitable for applications in the visible band of the electromagnetic
spectrum. A simple way to synthesize CdS nanocrystals could be through the process
of thiolate decomposition [22]. This route is based on a two-step process: (i) synthesis
of a thiolate (compound formed by the future surface ligand and the precursor metal of
the nanoparticle) and (ii) reaction with a sulphur source, originating the nanocrystals. It
should not be overlooked that a critical factor of nanocrystal behaviour is their size [23,24],
since the optical properties depend on this parameter. To control the size and solubility, the
nanocrystals are coated with ligands [25]. In this route, the nanocrystals are coated with
thiophenol. The presence of thiophenol makes them soluble in dimethyl sulfoxide (DMSO).
However, since the control of the exact mass of nanoparticles in solution is imprecise with
this method, they were dried following reference [14]. Moreover, thiophenol was chosen
as a ligand because thiophenol is formed by an aromatic ring [26]. This aromatic ring is
expected to improve the charge transfer between the nanocrystals and the surrounding
polymer because of the ring resonance. The influence of rGO on devices with their emission
layer doped with CdS was also studied.

The aim of this paper is to analyse the influence of rGO and CdS nanoparticles
embedded in PVK polymer on the electrical and optical properties of hybrid LEDs with
active layers based on these materials.

2. Materials and Methods
2.1. Materials

Cadmium nitrate-tetrahydrate (Cd(NO3)-4H,0, 99.99%), thiophenol (99%), sulphur
powder (99.98%), poly(9-vinylcarbazole) (PVK, 98%), poly(3,4-ethylenedi-oxythiophene):
poly(styrene sulfonate) (PEDOT:PSS, 1.3% water solution), toluene, methanol and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (Darmstadt, Germany) and used
without further purification. Reduced graphene oxide (rGO) was obtained from Graphenano
“nanotechnologies” (Yecla, Spain) and used without further purification.

2.2. Characterization

The measurements of optical absorption were carried out with a T92+ UV /VIS spec-
trophotometer from PG instruments Ltd. (Lutterworth, UK), and the measurements of
photoluminescence (PL) were performed with a Modular Spectrofluorometer Fluorolog-3
from Horiba Scientific (Madrid, Spain). In all the photoluminescence measurements, the
excitation wavelength was fixed at Aexc = 365 nm.

Transmission electron microscopy (TEM) analysis was performed using a Jeol 2010
(Tokyo, Japan) operating at 200 kV. High-resolution TEM (HRTEM) images were obtained
by phase contrast at Scherzer defocus in order to obtain easily interpretable images.

Current density vs. voltage (J-V) curves of the LEDs were measured using Keithley
2400 Sourcemeter equipment (Bracknell, UK).
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Electroluminescence (EL) characterization was performed with a Triax 190 monochro-
mator (Madrid, Spain) and a multichannel thermoelectrically cooled CCD Symphony
detector by Horiba Jobin Yvon (Madrid, Spain).

2.3. Synthetic Pathway of PEDOT:PSS | rGo Dispersions

A rGO solution was prepared and mixed with PEDOT:PSS. A reduced graphene
oxide flake solution was prepared with distilled water at 4 wt%. When the solution
was completely dispersed, it was mixed with the PEDOT:PSS, 1.3% water solution, in
accordance with the proportions in volume shown in Table 1. The rGO was redispersed
in distilled water because PEDOT:PSS was dissolved in water, too. In this sense, possible
problems resulting from the phase separation of different solvents were avoided. In the
spin-coating process, the use of solution with different solvents could cause craters and
agglomerations in the deposited layer, as we observed in our previous study [14].

Table 1. Summary of the quantities used in the PEDOT:PSS layer doped with rGO.

Solution PEDOT:PSS rGO

(mL) (mL)

PEDOT:PSS 1.000 0.000
PEDOT:PSS | rGO [30:1] 1.000 0.033
PEDOT:PSS | rGO [15:1] 1.000 0.067
PEDOT:PSS | rGO [5:1] 1.000 0.200

2.4. Synthesis of CdS Nanocrystals Powder

The route used for the synthesis of CdS NCs was an extension of the thiolate de-
composition method [14]. The main advantage of this method is that nanocrystals end
up in a powder, making it simpler to embed them in the organic polymer. The first step
in this process was the synthesis of cadmium thiolate, Cd(C¢Hs5S),. For this, 1.54 g of
Cd(NO3),-4H,0 was dissolved in 25 mL of distilled water and 25 mL of methanol and the
solution was stirred for 30 min. In another flask, 1.03 mL of thiophenol was dissolved in
50 mL of distilled water. After that, when both solutions were well dissolved, the solutions
were mixed and the blend was stirred. When Reaction (1) evolved, the mixture turned a
whitish colour and the cadmium thiolate precipitated. The white powder was filtered and
dried obtaining the cadmium thiolate.

CA(NO3),-4H,0 + CsHs-SH — Cd(CgHsS)0 1)

In a second step, two more solutions were prepared, 0.08 g of Cd(C¢HsS), was
dissolved in 2 mL of DMSO and, in another vial, 0.17 g of sulphur was dissolved in
20 mL of toluene. Both solutions were stirred for thirty minutes and when the thiolate
was dissolved, 0.4 mL of sulphur solution was added. The mixture changed and turned
yellowish, indicating that the CdS NCs had been synthesized correctly. The nanocrystals
ended up dissolved in DMSO and it was necessary to eliminate the solvent in order to avoid
phase separation when mixed with the polymer solvent. To achieve this, the yellowish
solution was heated to 200 °C for one hour. Once the solvent was evaporated, CdS NCs
were obtained.

2.5. Hybrid LEDs Fabrication

Hybrid light-emitting diodes with a layer sequence of ITO/PEDOT:PSS | rGO/PVK:
CdS/Al were fabricated by spin-coating. Commercial glass substrates covered with
a semitransparent ITO layer were routinely cleaned by sequential sonication in 1,2,4-
trichlorobenzene, acetone and isopropyl alcohol, and then dried with Nj.

Aqueous PEDOT-PSS dispersion with rGO was spin-coated onto the clean ITO surface
and then annealed at 100 °C for 60 min. Then, the active layers were spin-coated and dried
at 80 °C for 60 min.
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Finally, the metallization of the cathodes was performed by evaporating aluminium
in a high-vacuum chamber (10~° mbar) until a thickness of 200 nm was achieved.

3. Results
3.1. CdS NCs Characterization

Absorbance and photoluminescence measurements were performed. The PL spectra
are shown in Figure 1A. Therein, a narrow peak is observed at low wavelengths, the
maximum of the narrow peak had a wavelength at 411 nm. This peak corresponded with
the maximum photoluminescence peak of toluene (blue line). The solvent peaks are not
usually observed in PL graphs, because the emission intensity of nanoparticles normally
hides the emission intensity of solvents. In this case, toluene was present in the CdS curve
because the concentration of measured solution was very low. This low concentration
made the emission intensity of nanoparticles lower. The low concentration can also explain
the noise that was observed in the CdS photoluminescence. In this PL spectrum, the main
peak shows its maximum at 576 nm.
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Figure 1. Photoluminescence spectra (A) of CdS nanocrystals (black line) and toluene (blue line).
Optical absorption spectrum (B) of CdS NCs (black line).

To correctly observe the absorption edge and calculate the bandgap energy, the Tauc
relation [27] was applied. In Figure 1B, (ahv)? versus hv are plotted, showing an excitonic
shoulder, pointing to the absorption edge (dotted line). The resulting value of the band gap
is 3.07 eV (403.7 nm). According to this, the wavelength corresponding to the maximum
intensity at the CdS NCs photoluminescence spectrum (Figure 1A) should be at lower
wavelengths, close to the absorption edge. This shift towards higher wavelengths is due to
defects in the nanocrystal surface. The defects originate deep surface states, producing trap
emission.

To characterize the size of the nanoparticles, two different methods were used, a the-
oretical method, whose calculations are based on the band gap energy, and the direct
measurement from TEM images. As a theoretical method, the equation suggested by Brus
was employed [28].

En = Ep + (W22 /2R?) x (1/me* + 1/my,*) — 1.8e2/(4megeR), )

where E; is the nanoparticles band gap, E; is the energy gap of the bulk material, m,* and
my,* are the effective masses of electrons and holes, and ¢ is the dielectric constant. Solving
the Brus equation (Equation (2)), these nanoparticles had an average size of 3.11 nm.

To prepare samples for TEM analysis, a drop of CdS NCs solution in toluene was
deposited on a carbon grid and then dried at room temperature. A high-resolution image of
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the CdS nanocrystals is shown in Figure 2, as well as the histogram of the size distribution
of more than 50 particles. Diameters range from 2.2 nm to 4.4 nm, and the average size is
3.20 & 0.06 nm. When comparing the size calculated from the Brus equation (Table 2) to the
image measurement, a minimal difference can be observed (0.09 nm) that can be neglected.
It was verified that the Brus equation performs a good approximation of the real size.

Figure 2. TEM images corresponding to CdS NCs and histogram of the size distribution for the

nanocrystals.

Table 2. Summary of the CdS NCs characterization. Absorption edge, PL peak and size.

Absorption Edge Emission Peak Size (Brus) Size (TEM)
NCs

(eV) (nm) (nm) (nm)
CdSNCs 3.07 404 576 3.11 3.20 £ 0.06 nm

When measuring the interplanar distances of the CdS crystals in the HRTEM images,
two different types of planes arise. The planes match the distances of the cubic zinc-blende-
type structure and the hexagonal wurzite-type structure. In Figure 2, the {100} family planes
of the cubic structure and the {011} family planes of the hexagonal phase are identified in
two particles. The presence of both crystalline structures can justify the dispersion in the
histogram of Figure 2. In addition, in Figure 1B, a second shoulder can be located at lower
energy values. The dispersion in the histogram and the presence of the two shoulders in
UV-Vis absorption, Figure 1B, confirm the two different structures [14]. The heat used to
evaporate the solvent changes the NC structure. The energy could be enough to increase
the size and transform the nanoparticles with cubic zinc blend structures into hexagonal
wurzite-type structures [14,29,30].

3.2. Synthesis and Characterization of the Hybrid Solution

As discussed in the introduction, the active layer of the devices was doped with CdS
NCs. The active layer was prepared from a solution of PVK mixed with CdS nanocrystals.
CdS nanoparticle powder was weighed and added to a solution formed by PVK dissolved
in toluene. This solution had a PVK:CdS mass ratio of 8:1 at 3 wt%. Moreover, another
solution with pristine PVK was also prepared with a concentration of 3 wt%. Optical
absorption and photoluminescence measurements of these solutions were performed with
the results shown in Figure 3.
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Figure 3. Photoluminescence (A) and absorption spectra (B) from pristine PVK and PVK doped
with CdS NCs and photoluminescence (C) and absorption spectra (D) from PEDOT:PSS doped with
different proportions of reduced graphene oxide.

The PL curves of pristine PVK and PVK with CdS NCs are plotted in Figure 3A. Both
spectra exhibited a main peak corresponding to the PVK polymer located around 385 nm
not shown in the figure. The influence of the nanoparticles was clearly visible in the blue
line. The maximum of the secondary peak of the PVK solution with CdS NCs was localized
at 577 nm. The same wavelength value that was presented in Figure 1A, where the CdS
nanocrystals were measured without PVK. The photoluminescence of hybrid PVK shows a
normal decrease in the PVK emission because the content of PVK polymer was reduced in
the hybrid solution. Additionally, PVK photoluminescence quenching was observed [31].
In the hybrid solution, the excited electrons of the highest molecular orbital (HOMO) of
the PVK polymer can either drift to the polymer’s lowest unoccupied molecular orbital
(LUMO) or go to the conduction band of CdS. This migration produces a charge transfer,
lowering the PVK intensity [13]. As for the optical absorption, a constant background
absorption was observed in the total range of wavelengths (Figure 3B) due to the high
concentration of CdS NCs.

To study the influence of reduced graphene oxide on the devices, rGO was included
in several hybrid LEDs with different proportions. For this purpose, the hole transport
layer, represented by the PEDOT:PSS polymer, was doped with different rGO masses.

We performed optical absorption and photoluminescence measurements to check the
influence of rGO in our devices. To observe if the addition of reduced graphene oxide had
any influence on the optical properties of the hole transport layer solution, absorbance
and PL measurements were performed on the samples described in Table 1. The excitation
wavelength for the photoluminescence measurements was Aexe = 365 nm. To perform
UV-Vis absorption measurements, PEDOT:PSS and PEDOT:PSS doped with rGO solutions
were diluted to prevent re-absorption. Diluted solutions were measured.

No difference was observed between the PL curves of PEDOT:PSS doped with rGO
and those of PEDOT:PSS, as shown in Figure 3C. There was no significant difference in
optical absorption measurements, either (Figure 3D). Since the introduction of reduced
graphene oxide on PEDOT:PSS did not influence the optical characteristics of PEDOT:PSS,
we assume that it should not influence the optical characteristics of hybrid LEDs.
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3.3. Hybrid LEDs with rGO

Once the CdS nanocrystals and the different solutions were synthesized and charac-
terized, hybrid light-emitting diodes were manufactured to check the influence of rGO on
the devices. The hybrid LEDs consisted of a structure formed by the following stacked
layers based on the solutions presented in the previous sections: glass/ITO/PEDOT:
PSS(1rGO)/PVK(:CdS)/ Al Figure 4. Different devices were manufactured, employing PE-
DOT:PSS as a hole transport layer and PVK as the active layer. Excluding the changes in the
concentrations of graphene and CdS nanoparticles, the same conditions were maintained
for the fabricating process of LEDs.

A B
| ITO | | ITO |
C D

ITO ITO

Figure 4. Structure of the different devices fabricated. ITO/PEDOT:PSS/PVK/Al
(A), ITO/PEDOT:PSSItGO/PVK/Al  (B), ITO/PEDOT:PSS/PVK:CdS/Al (C), and
ITO/PEDOT:PSS | rGO/PVK:CdS/Al (D).

Polymer and hybrid layers were deposited using the spin-coating technique. The hole
transport layers were spin-coated at 2000 rpm on the substrate. When the hole transport
layers were dried, the emission layers were deposited at 4000 rpm by spin-coating.

Two types of hybrid LEDs were produced, without or with CdS NCs embedded in
the PVK active layer. In the first one, the solutions indicated in Table 1 were employed
to spin cast the hole transport layers, and pristine PVK was used as the emissive layer.
An LED without reduced graphene oxide was manufactured as a reference. The emission
layer was composed of PVK at 3% wt. When the devices were fabricated, we collected the
measurements of current density vs. voltage (J-V). The curves are shown in Figure 5A.

Hybrid LEDs doped with rGO exhibited changes in electrical properties. The current
density increases with the inclusion of rGO. The maximum improvement was found for
the hybrid LED with [PEDOT:PSS | rGO] = [5:1], and this decreases with the ratio of rGO.
The current density values at the threshold voltage are shown in Figure 5C. This current
increases with rGO concentration. On the other hand, the threshold voltage is reduced by
the presence of rGO in the PEDOT:PSS layer.

The variation of the electrical behaviour in the hybrid LEDs indicated that the rGO in-
clusion in the PEDOT:PSS layer improved the hole transport [32]. rGO is a two-dimensional
structure with graphene distributions. In graphene distributions, the charge carriers tend
to move. The reduction by means of which graphene transforms into reduced graphene
oxide eliminates part of the graphene conducting regions present in rGO [33]. In these
distributions, the 7-bond (C=C) and o-bond (C-H) alternate, generating optimal paths for

271



Nanomaterials 2021, 11, 645

the hole transport. With the increase of reduced graphene oxide, the number of graphene
distributions increases in the layer, augmenting the optimal paths for transport.
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Figure 5. J-V curves (A), threshold voltage (B), and current density (C) at threshold voltage for the
hybrid LEDs with rGO in the PEDOT:PSS layer.

Next, we studied the electroluminescence of the hybrid LEDs doped with rGO. Re-
garding the emission intensity, LEDs doped with reduced graphene oxide showed higher
emission intensity than reference PVK-LEDs, as indicated in [34,35].

In Figure 6, the spectra were normalized to the maximum peak emission. All EL
curves showed a similar morphology, with a narrow uppermost peak and two shoulders at
longer wavelengths. To study these features, Gaussian deconvolutions were carried out
for all spectra, indicated as non-solid lines in Figure 6 for PEDOT: PSS + PVK. Gaussian
deconvolution is a statistical process where electroluminescence is decomposed by Gaus-
sian curves, where the mean of each Gaussian curve coincides with the wavelength of the
maximum emission peak, and the standard deviation is the difference of the wavelength of
the maximum emission peak (mean) and the wavelength at which a (1 — 1/+/¢) % decrease
from the maximum emission peak is produced. We allowed three Gaussian curves to
fit each spectrum. The wavelengths corresponding to the maximum of each Gaussian
emission peak are detailed in Table 3.

Table 3. Positions of emission peaks for the hybrid LEDs with rGO and PVK LED.

Hybrid LEDs Gaussian Emission Peaks (nm)
PEDOT:PSS + PVK 428 495 596
PEDOT:PSS | rGO [30:1] + PVK 427 512 602
PEDOT:PSS | rGO [15:1] + PVK 425 506 594
PEDOT:PSS [ rGO [5:1] + PVK 425 505 597
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PEDOT:PSS + PVK

PEDOT:PSS|rGO [30:1] + PVK
PEDOT:PSS|rGO [15:1] + PVK
] PEDOT:PSS[rGO [5:1] + PVK
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Figure 6. Normalized electroluminescence of PVK LED and hybrid LEDs using rGO in their hole
transport layer. PEDOT:PSS + PVK (black), PEDOT:PSS [ rGO [30:1] + PVK (red), PEDOT:PSS | tGO
[15:1] + PVK (blue) and PEDOT:PSS | rGO [5:1] + PVK (green). Gaussian deconvolution of PEDOT:PSS
+ PVK (non-solid lines).

The EL spectra are different from the PL curves (Figure 3A). Like any polymer, PVK is
a chain of monomers (a small molecule) bonded together. It is also known that photolumi-
nescence of PVK has two peaks, one around 390 nm, produced by a small superposition of
monomers, called p-PVK, because it is related to the phosphorescence of PVK. Another
contribution is located around 410 nm, and is produced by the total superposition of the
monomers, known as f-PVK, due to its relation to fluorescence of PVK [36]. In the EL
curve of the PVK-reference, the peaks are not in the same positions as those observed
for photoluminescence. The PVK electroluminescence presents a shift towards higher
wavelengths. According to Ye et al. [36], with the increase of temperature, the emission
intensity of p-PVK decreases and the emission intensity of the f-PVK increases and, at
low temperatures, the PVK photoluminescence exhibits a broad peak at high wavelengths
(~550 nm). This peak corresponds to the radiative transition of triplet states. In addition,
Ye affirms that the PVK is a polar polymer, and that an electric current polarizes PVK.
The polarization of PVK enhances the effect of f-PVK, since it reduces the intermolecular
distance, and hence, the energy. Therefore, the peak of f-PVK is shifted towards higher
wavelengths.

In PVK-reference, the maximum emission occurs for the narrowest peak, located at
428 nm, and the two shoulders that showed the EL curve were at 495 and 595 nm. The peak
at 428 nm corresponds to the peak f-PVK enhanced by the electric field at room temperature.
The two shoulders did not have any correspondence with the photoluminescence. Ye [36]
stated that, for EL processes, the proportion of triplet states is increased compared to PL
processes; this enables the observation of phosphorescent emissions at room temperature.
This is the origin of the peak located at 495 nm. Finally, the lower shoulder observed in
the EL spectrum close to a wavelength of 600 nm is attributed to the electromer of PVK.
This emission is only visible in EL, not in PL, because photoexcitation does not normally
generate the free charge carriers needed to form this complex.

For LEDs doped with rGO, the position of the f-PVK around 425 nm was not signif-
icantly modified. Additionally, the two shoulders that showed the EL curves of hybrid
LEDs did not exhibit variations in wavelength with respect to the PVK-reference. Therefore,
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the rGO modified the emission intensity of the EL spectra, but this did not change the
shape of the EL curves.

To verify that rGO does not modify the electroluminescence spectra, we compared
the CIE 1931 chromatic coordinates of the manufactured LEDs. The colour coordinates
for PVK-LED were (0.28, 0.28). The use of rGO did not qualitatively modify the chromatic
coordinates. These were (0.28, 0.29) for PEDOT:PSS | rGO [30:1] + PVK; (0.27, 0.27) for
PEDOT:PSS I rGO [15:1] + PVK and (0.28, 0.27) for PEDOT:PSS | rGO [5:1] + PVK.

3.4. Hybrid LEDs with rGO and CdS NCs

Having determined the electrical behaviour due to the inclusion of rGO, we studied
the rGO influence on LEDs doped with CdS nanocrystals. In Figure 7A, the J-V curves are
plotted. In these curves, it can be observed that at the same voltage values, the current
density is higher in the doped LEDs (with any dopant, rGO or CdS NCs) than in the pristine
PVK LED. In devices without rGO, the CdS inclusion considerably increased the electrical
conduction. Since in PVK LED, the PVK lowest unoccupied molecular orbital (LUMO) is
—2.3 eV, and for aluminium it is —4.3 eV, these values cause a potential barrier, the value of
which is 2 eV. The inclusion of CdS nanocrystals in the active layer generates distributions
where the potential barrier decreases, favouring the electron transport. The conduction
band of CdS NCs is closer to that of aluminium than that of PVK LUMO, (the conduction
band of CdS NCs is around —4 eV). Therefore, some electrons will occupy the CdS conduc-
tion band, producing improvements in electrical behaviour [14]. Additionally, LEDs doped
with rGO and their active layer composed of PVK with CdS nanocrystals also increased
the electrical conduction of the pristine PVK LED. With the same voltage, the CdS NCs
augmented the current density of the LEDs manufactured previously. This modification of
electrical behaviour can be justified by changing the hole transport. However, in this case,
the improvement of the hole transport is not the only factor present. To the enhancement
by rGO is added the influence of the nanoparticles. CdS nanoparticles reduce the potential
barrier for electron injection.
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Figure 7. J-V curves (A), threshold voltage (B), and current density (C) at threshold voltage for the
hybrid LEDs with rGO in the PEDOT:PSS layer and CdS NCs in the active layer.

In LEDs doped with reduced graphene oxide and CdS nanocrystals, a change was
observed. These LEDs had a higher current density at threshold voltage than the reference
PVK LED, Figure 7C. Additionally, the doped devices had a lower threshold voltage than
the reference, Figure 7B. However, in this case, the direct relation between the rGO load and
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improvement of electronic transport was eliminated by the presence of the nanoparticles,
and was not observed, as indicated in Figure 7B,C. Nevertheless, hybrid LEDs with rtGO
in the hole transport layer show higher currents and lower threshold voltages than LEDs
without rGO. We expected that the electrical conduction would modify with the rGO
increase, because more areas of rGO are present, but as shown in Figure 7A, this relation
was not produced. The inclusion of CdS nanocrystals produced a higher electrical increase
than the inclusion of rGO. In addition, the electrical conduction was higher in LEDs with
two dopants than in the devices with a single dopant, but in these devices, the relation
“electrical evolution-rGO” was not perceived.

A possible hypothesis to explain this behaviour is related to the morphology of the
layers, mainly the interface between the hole transport layer (HTL) and the emissive layer.

Spin-coated layers of PEDOT:PSS are quite smooth, but their roughness increases
when rGO is embedded, proportionally to the ratio. If the layer deposited on top of this
HTL is pristine polymer, the roughness is corrected to some grade because of the ability of
this soft material to coat the underlying surface. Thus, devices with a PVK emissive layer
show an influence on the electrical characteristics correlated with the rGO load. On the
other hand, if the layer deposited on top of the PEDOT:PSS | rGO layer contains inorganic
nanoparticles that are rigid and non-deformable, the interface between the HTL and the
emissive layer will have an abrupt profile with several imperfections acting, most probably,
as charge carrier traps and recombination centres.

This might be the reason for CdS NCs enriching LEDs with higher rGO load in the
HTL; the electrical characteristics do not show the same trend observed for LEDs without
CdS nanocrystals.

The electroluminescence of hybrid LEDs doped with rGO and CdS nanocrystals was
measured. To observe more clearly the influence of nanoparticles in the EL spectra, the
proportion of PVK versus CdS NCs increased to the ratio [PVK:CdS] = [2:1] by weight.
Thanks to this increase, the influence of CdS was more evident.

As in devices doped exclusively with rGO, all EL curves of hybrid LED doped with
rGO and CdS NCs were normalized, and the average was calculated. All the results
are plotted in Figure 8. Gaussian deconvolution was also performed to locate the peak
positions of the spectra.

PEDOT:PSS + PVK:CdS [2:1]

1 e PEDOT:PSS|FGO [30:1]
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Figure 8. Normalized electroluminescence of PVK LED and hybrid LEDs using rGO in their hole
transport layer and doped with CdS NCs. PEDOT:PSS + PVK:CdS [2:1] (black), PEDOT:PSS | rGO [30:1]
+ PVK:CdS [2:1] (red), PEDOT:PSS | rGO [15:1] + PVK:CdS [2:1] (blue), and PEDOT:PSS | GO [5:1] +
PVK:CdS [2:1] (green). Gaussian deconvolution of PEDOT:PSS + PVK:CdS [2:1] (non-solid lines).
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The electroluminescence of hybrid PVK LEDs presented a narrow peak at shorter
wavelengths and a broad emission for longer wavelengths. We carried out Gaussian
analysis (Table 4) to determine the origin of the broad peak and the composition of the
emission spectra.

Table 4. Positions of emission peaks for the hybrid LEDs with rGO and PVK LED doped with CdS
NCs. As reference, pristine PVK LED is also listed.

Hybrid LEDs Gaussian Emission Peaks (nm)
PEDOT:PSS + PVK 428 495 596
PEDOT:PSS + PVK:CdS [2:1] 431 517 620
PEDOT:PSS | rGO [30:1] + PVK:CdS [2:1] 417 527 611
PEDOT:PSS | rGO [15:1] + PVK:CdS [2:1] 422 526 613
PEDOT:PSS I rGO [5:1] + PVK:CdS [2:1] 423 521 611

The narrow peak visible at lower wavelengths (Table 4) is due to the phosphorescence
emission of PVK as in PVK-LED reference (428 nm) [14]. The broad peak of hybrid LEDs
with CdS NCs was decomposed into two peaks. In Section 3.1, we indicated that two
types of nanocrystals were present in the devices: cubic and hexagonal nanocrystals. These
different structures are related to different sizes of CdS NCs, so the hybrid LEDs exhibit
both contributions in their electroluminescence [14].

The addition of different amounts of rGO to hybrid LEDs with CdS NCs did not
significantly shift the wavelength of the emission peaks’ maximum intensity. In Figure 8,
the highest peak is identified with CdS nanocrystals. In these devices, the charge carriers
from the HOMO of PVK can migrate to the LUMO of PVK or to CdS. Due to this fact, the
luminescence of the polymer and the nanoparticles are present in the electroluminescence.
In our previous study [14], we demonstrated that with an increasing quantity of nanoparti-
cles, the CdS luminescence is extended, because more charge carriers are able to migrate to
CdS. At this point, the quantity of CdS nanoparticles is sufficient for it to account for the
highest peak. As in Section 3.3, we studied the CIE 1931 colour coordinates, too. In our
previous research, a shift towards the white colour was produced by the inclusion of CdS
NCs in pristine PVK-LEDs [14]. The nanocrystals shifted the CIE coordinates to CdS NCs
light emission [14]. Thus, we verified the relation of rGO and CdS NCs with PVK-LED, in
their chromatic coordinates. The colour coordinates of PEDOT:PSS + PVK:CdS [2:1] were
(0.37, 0.34). The nanocrystals produced the abovementioned shift towards the coordinates
of CdS light emission (0.45, 0.50). As in the case of the previous study, the presence of rGO
did not introduce qualitative variations to the chromatic coordinates of PVK-LEDs doped
with CdS NCs. The CIE coordinates of all the manufactured LEDs are collected in Table 5.
Apparently, hybrid LEDs with rGO [15:1] and CdS NCs are the closest to D65 white light
emission.

Table 5. CIE 1931 colour coordinates of emission peaks for manufactured LEDs.

Hybrid LEDs CIE 1931 Coordinates

PEDOT:PSS + PVK (0.28,0.28)
PEDOT:PSS I 1GO [30:1] + PVK (0.28,0.29)
PEDOT:PSS I1GO [15:1] + PVK (0.27,0.27)
PEDOT:PSS IrGO [5:1] + PVK (0.28,0.27)
PEDOT:PSS | rGO [30:1] + PVK:CdS [2:1] (0.36,0.37)
PEDOT:PSS | rGO [15:1] + PVK:CdS [2:1] (0.34,0.32)
PEDOT:PSS | rGO [5:1] + PVK:CdS [2:1] (0.36, 0.34)

4. Conclusions

Organic light-emitting diodes with the transport hole layer doped with reduced
graphene oxide, and the active layer doped with CdS nanoparticles, were successfully
fabricated.
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Devices without nanoparticles showed an evolution in their electrical behaviour. This
change was proportional to the amount of rGO. The rGO caused a decrease in the threshold
voltage and an increase in the current density of the threshold voltage. Devices doped
with rGO and CdS modified their electrical behaviour, too. However, the inclusion of CdS
nanocrystals eliminated the dependence of the evolution on the amount of rGO.

Electroluminescence measurements were performed. As a result, it was demonstrated
that rGO inclusion did not modify the position of the observed emissions in the spectra.

We did not find a clear influence of rGO on the electroluminescent emission in PVK-
based LEDs, with or without CdS NCs. The CIE coordinates for LEDs doped with CdS NCs
are quite close to white light sources; in particular, the LEDs including an intermediate load
of rGO in the PEDOT:PSS layer emitted the light that was closest to the average midday
light in Europe, known as D65.
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Abstract: Graphene oxide (GO) exhibits different properties from those found in free-standing
graphene, which mainly depend on the type of defects induced by the preparation method and
post-processing. Although defects in graphene oxide are widely studied, we report the effect of
drying time in GO and how this modifies the presence or absence of edge-, basal-, and sp’-type
defects. The effect of drying time is evaluated by Raman spectroscopy, UV-visible spectroscopy, and
transmission electron microscopy (TEM). The traditional D, G, and 2D peaks are observed together
with other less intense peaks called the D’, D*, D**, D+G, and G+D. Remarkably, the D* peak is
activated/deactivated as a direct consequence of drying time. Furthermore, the broad region of
the 2D peak is discussed as a function of its deconvoluted 2D14, 2D, and D+G bands. The main
peak in UV-visible absorption spectra undergoes a redshift as drying time increases. Finally, TEM
measurements demonstrate the stacking of exfoliated GO sheets as the intercalated (water) molecules
are removed.

Keywords: graphite; few-layer graphene; graphene oxide; Raman; TEM; UV-vis; Lorentzian fitting

1. Introduction

Graphene, a two-dimensional carbon nanomaterial arranged in hexagonal symme-
try, has already demonstrated excellent electronic, mechanical, electric, magnetic, and
thermal properties [1-3] which guarantee exciting applications, including composites [4],
energy storage [5], catalysis [6], field-effect transistors [7], and plasmonics [8-10]. Several
strategies are currently used for preparing graphene, for instance, chemical vapor deposi-
tion (CVD) [11], epitaxial growth [12], liquid-phase exfoliation [13], shear-exfoliation [14],
zeolite-shear exfoliation [15], and chemical exfoliation [16].

Among them, the liquid-phase exfoliation and chemical exfoliation strategies are
the most practical methods for preparing graphene in large quantities. In particular,
the chemical exfoliation uses strong oxidizing agents to produce graphite oxide [17,18],
which under sonication yields graphene oxide (GO) [19]. After the oxidation process,
GO is covered by different functional groups (hydroxyl, epoxide, carboxyl, and carbonyl
groups [20,21]) which increase the interlayer spacing up to 0.87 nm [22]. Moreover, GO is
a large-band gap material [23], limiting its use for electronic applications, but opening a
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multitude of other applications as the removal of heavy metals [24] or dyes [25] as well as
GO-based hydrogels [26].

Depending on the oxidation process, e.g., Hummers [27], Marcano [28], and Chen [29],
GO could present different structural defects, for example, edge-, vacancy-, and sp>-type
defects [30,31]. The study and control of such defects is of vital importance before choosing
any of its widespread intended applications. In this respect, Raman spectroscopy is the
most used characterization technique to scrutinize the quality of the as-made GO. The
Raman spectra of graphite, single-layer graphene, few-layer graphene (FLG), and GO are
widely reported in the literature, characterized by three prominent peaks, namely the D
band, the G band, and the 2D band [32]. Less intense peaks called the D’, D*, D**, D+G,
and G+D can also be observed [33].

The study of these bands is fundamental in characterizing graphene-derived materials.
In this context, Kaniyoor et al. showed a study of the Raman spectrum of GO, considering
seven different preparation strategies [33]. It is worth noting that the Raman spectrum of
GO is significantly different from that of single-layer graphene (SLG) and must be carefully
analyzed. Consequently, there is a lot of discrepancy in the literature over the Raman
spectra of oxidized graphenes. Some reports show similarly intense D and G peaks with
a highly broadened and low intense 2D band region [34-36]. In fact, in many published
papers, the 2D band is neither shown nor discussed.

The different strategies for preparing GO present environmental issues during the
preparation process. As an example, Hummers et al. [27] reported the strategy most used:
The oxidation process is carried out by treating natural graphite with KMnO,4 and NaNOj3
in concentrated H,SOy. This procedure involves the generation of toxic gases, such as NO,
and N, Oy, limiting the large-scale production of GO. Recently, we have demonstrated a
scalable eco-friendly protocol by excluding NaNOj3 from chemical reaction [29,37] and
subjecting the resulting graphite oxide to simple purification steps to obtain GO. Therefore,
an investigation of the Raman spectrum of the as-made GO is not reported yet.

In this paper, such a study is presented. Instead of giving a comparison between
GO preparation methods (oxidation or reduction strategies) as reported in [33], we report
the effect of drying time to obtain GO powder, by using Raman spectroscopy. This study
is complemented by transmission electron microscopy (TEM) and UV-visible (UV-vis)
absorption measurements. For comparison purpose, the Raman spectra of natural graphite
and FLG prepared in ethanol, are also reported.

2. Materials and Method

All chemicals were used as received, without further purification. Graphite powder
(<150 pum, 99.99%), sulfuric acid (H,SOy4, ACS reagent, 95.0-98.0%), potassium perman-
ganate (KMnOj, ACS reagent, >99.0%), hydrochloric acid (HCI, ACS reagent, 37%), hydro-
gen peroxide (H,O,, 30%, Merk, Kenilworth, NJ, USA), and ethanol (purity > 98.0%, CAS:
64-17-5) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.1. Synthesis of GO

GO was prepared as reported in our earlier paper [37]. Briefly, 3.0 g of graphite
powder was added to 70 mL H,SO4 while stirring in an ice-water bath. Then, 9.0 g KMnO4
were added. The resulting mixture was transferred to an oil bath and agitated for about
0.5 h. After that, 150 mL distilled water was added, and the solution was stirred for 20 min.
Additionally, 500 mL distilled water was added, followed by 15 mL H,O; and stirred up
to see a yellowish solution. The resulting graphite oxide suspension was washed with
1:10 HCl solution and distilled water eight times through centrifugation. The precipitated
material was re-dispersed in water by sonication using an ultrasonic bath (Branson 2510
Ultrasonic Cleaner). The suspension was centrifugated at 1000 rpm for 0.5 h, and then,
dried in a drying stove (2005142, 60 Hz, 1600 W, J.P. Selecta, Barcelona, Spain) at 80 °C
for 0.5h, 1h,3h,5h, 24 h, taking 15 mL samples from the suspension. The obtained GO
powder was used in subsequent characterization.
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2.2. Synthesis of Few-Layer Graphene

To perform the sonication process as simple as possible, 100 mg of graphite was
added into 100 mL of ethanol using closed tube containers. The resulting mixture was
sonicated employing an ultrasonic bath (Branson 2510 Ultrasonic Cleaner, 40 kHz, 130 W)
in continuous operation. The sonication time was set to 7 h, and the resulting dispersion
was centrifuged for 10 min at 1000 rpm to remove non-exfoliated graphite particles. Sol-
vent evaporation is avoided because the sonication is made in sealed containers, and the
temperature of the bath is controlled by fluxing fresh water every 0.5 h.

2.3. Characterization

Raman spectra of graphite, FLG, and oxidized graphenes were obtained using a Jasco
NRS-500 spectrometer with a 532 nm laser wavelength (0.3 mW, 100x objective). The
surface morphologies of the samples were taken out on a transmission electron microscope
(TEM, JEM 1400 Plus) operating at 80 kV. For TEM and Raman characterization, GO and
FLG samples was prepared by drop casting onto formvar-coated copper grids, and glass
substrates, respectively. Similarly, the GO samples subject to drying-time experiment were
directly deposited on the corresponding substrates. The UV-visible measurements were
recorded using a UV-vis spectrometer (Thermo Scientific, Evolution 220, Waltham, MA,
USA), re-dispersing the treated GO by mid-sonication for 5 min.

3. Results and Discussion

Let us stress again, the main goal of the present work is the Raman study of the effect
of the drying time on graphene oxide samples. As commented, [33] showed a detailed
study of the Raman spectra of GO considering different preparations processes, and the
effect of the temperature was widely understood [38]. The dependency of graphene oxide
layers on drying methods was also briefly reported [39]. Very recently, the study of the
effect of the Raman excitation laser on GO was reported [40].

3.1. Raman Spectrum of Graphite

Natural graphite has a crystal structure made up of flat graphene layers. These layers
are stacked in a hexagonal honeycomb-like network, usually following the AB Bernal
stacking or AA’ stacking. The interatomic in-plane distance is 1.42 A, while the out-of-
plane distance between graphene layers (due to van der Waals interactions) can have values
ranging from is 3.35 A up to 3.70 A.

The Raman spectrum of natural graphite is shown in Figure 1. The main feature is the
first order spectrum displaying the Epg in-plane optical mode (commonly called G peak)
at 1577 cm~! (Figure 1a). This narrow G peak appears due to the bond stretching of all
pairs of sp? hybridized carbon atoms in both rings and chains [41]. The G* peak found
at 2447 cm~! is characteristic of graphitic materials. The 2D peak appears at 2720 cm ™!,
characterized by two bands (Figure 1b), the intense 2D,4 band at 2720 cm~?, and a less
intense 2D; 5 band at 2677 cm~!. These bands are originated due to the splitting of 7
electrons as an effect of the interaction between stacked graphene layers.

The position and shape of the 2D peak depends, mainly, on the number of layers.
Indeed, the 2D peak in SLG is fitted by a single Lorentzian function, say, the 2D band
which is located around 2680 cm~! [42]. Moreover, the intensity ratio bp/Ig in SLG is >11
while our starting graphite shows a Ioppa /I = 0.45, typical of any natural graphite.

Hence, the G peak is related to the C—C stretching mode in sp? carbon bonds and the
2D peak is a fingerprint to evaluate “qualitatively” the number of layers in the obtained
graphene or graphene-derived material. The absent (or negligible intensity) of the D peak
evidences a defect-free pristine graphite due to the D peak is ascribed to the basal/edge
structural imperfections, corresponding with an increase in the amount of disorderly
carbon and a decrease in the graphite crystal size [43].
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Figure 1. Raman spectrum of graphite (a) from 1000 to 2000 cm ™! and (b) from 2300 to 3000 cm ™~
recorded using 532 excitation laser. The intensity was normalized by the most intense peak and the
fitting of the peaks using Lorentzian functions.

3.2. Raman Spectrum of Few-Layer Graphene

The Raman spectrum of FLG prepared in ethanol by sonication was discussed in detail
in Refs. [44,45]. The three significant peaks of FLG are depicted in Figure 2, the D peak at
1339 cm !, the G peak at 1578 cm !, and the 2D peak at 2719 cm L. Additionally, other
less intense peaks are detected, the D** peak at 1385 cm™!, the D’ peak at 1615 cm ™!, the
D+G at 2901 em ™!, and the G+D’ at 2961 cm L.

a) 1G b)
i Re=0.994

[,

f\o- )\ R?=0.996 c I
o ,y\éxn:zf ;}g«w‘;w S 2
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Figure 2. Raman spectrum of FLG (a) from 1000 to 2000 cm~! and (b) from 2300 to 3000 cm ™!
recorded using 532 excitation laser. The intensity was normalized by the most intense peak and the
fitting of the peaks using Lorentzian functions.

Here, the D and D’ peaks are activated due to (i) the induced structural damage after
the sonication process and (ii) the reduction of the lateral size of the graphene sheets.
However, the D peak is narrow and significantly less intense than the G peak, suggesting
edge defects (folded edge samples) rather than basal defects (vacancies or impurities). The
intensity ratio Ip /I was found to be <0.5. The type of defects can be deduced analyzing the
D’ peak and the intensity ratio Ip /Iy. In particular, the value of Ip /I ~3.7 is associated
to edge-type defects, but basal defects cannot be ruled out completely since the D** and
D+G peaks are also present. Particularly, these peaks (with an appreciable intensity) have
been found in highly disordered carbon samples.
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Therefore, the origin of these low-intensity peaks (D**, and D+G) in FLG appear as
an effect of the structural damage due to the sonication time, solvent type, and sonication
power, crucial parameters to be controlled to attain the scalable production of graphene dis-
persions. On the other hand, defects do not activate the G+D’ peak because of momentum
conservation restrictions [46].

Compared to graphite, the 2D peak in FLG is also characterized by two bands, the
2D 4 at 2685 cm ™! and the 2D, at 2720 cm ™ 1. Three main characteristics are observed: (i)
The complete shape of the 2D peak changes, (ii) the intensity of the 2D; 5 band increases
close to that of the 2D, band, and (iii) the intensity ratio of Iypoa /Iop1a is 1.12 (in graphite,
Lpoa/Iopia = 2.78). All these evidences support the transformation of graphite into FLG,
likely no more than 10 layers.

3.3. Raman Spectrum of Non-Dried Graphene Oxide

We now move to the focus of this communication. The Raman spectrum of GO (obvi-
ously different from that of graphite and FLG) is shown in Figure 3, and the corresponding
peak position and full-width at half maximum (FWHM) are reported in Tables 1 and 2.
Notice that the G+D’ peak is not detected in the wavenumber window analyzed from
1000 cm ! to 3000 cm ! (Figure 3b). This peak is assumed to be shifted at higher wavenum-
ber values (>3100 cm~!) because of the spectral weight of the D+G peak.

2 DA A o) D+G ity
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Figure 3. Raman spectra of GO (a) from 1000 to 2000 cm ™! and (b) from 2300 to 3000 cm ™! recorded
using 532 excitation laser. The intensity was normalized by the most intense peak and the fitting of

the peaks using Lorentzian functions.

Table 1. Peak position and full-width at half maximum (FWHM) of GO at different drying times in
the region from 1000 to 2000 cm™~!. The FWHM was obtained using Lorentzian fitting.

D*-FWHM D-FWHM D**-FWHM G-FWHM D’-FWHM

(cm—1) (cm—1) (cm—1) (cm—1) (cm—1)
0.0 h - 1348-122 1511-122 1576-58 1608-36
0.5h 1121-61 1347-127 1498-131 1571-64 1606-39
1.0h 1135-64 1346-126 1514-126 1576-60 1608-37
3.0h 1135-46 1347-147 1511-129 1572-65 1605-41
5.0h 1125-174 1346-151 1517-127 1576-63 1606—41
24 h 1124-89 1344-143 1518-130 1577-62 1607-40
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Table 2. Peak position and full-width at half maximum (FWHM) of GO at different drying times in
the region from 2300 to 3000 cm~!. The FWHM was obtained using Lorentzian fitting.

2D1o-FWHM (cm~1)  2D,5-FWHM (cm~1)  D+G-FWHM (cm—1)

0.0h 2679-246 2755-140 2937-207
0.5h 2685-259 2751-46 2930-222
1.0h 2685-259 2751-46 2930-222
3.0h 2669-255 2755-141 2928-251
50h 2653-200 2750-200 2921-144
24h 2653-188 2749-175 2922-131

It is well known that in GO, the D and D’ peaks are related to the presence of defects
such as folded edges, vacancies, impurities (functional groups or remaining metal species),
and the change from sp? to sp® hybridization [47-50]. In particular, a decrease in the
D’ peak intensity can be considered as straight evidence of GO reduction. On the other
hand, the intensity ratio Ip /Iy in our as-made GO is ~ 2.2, erroneously suggesting only
the predominance of edge defects in its structure, even a lower value than that observed
in FLG.

The D** band is due to contributions from the phonon density of states in finite size
graphitic crystals, C—H vibrations in hydrogenated carbon, and hopping-like defects [51].
Depending on the preparation process, GO also displays a D* band related to the sp?
diamond line on disordered amorphous carbons, but the broad region between ~1400 cm !
and ~1650 cm~! is not attributed to diamond carbon phases [31,52,53]. Although the D*
band is not perceptible in non-dried GO, this band appears after the drying-time experiment
(discussed below).

Interestingly enough, the 2D band region (Figure 3b) is characterized by intense 2Dj 5
and D+G bands and a less intense 2D, band in contrast to those observed in natural
graphite (Figure 1b) and FLG (Figure 2b). The intensity ratio Ipppa /Ipia = 0.22 in GO
decreases about 12 times and 5 times compared to graphite and FLG, respectively. These
outcomes are probably due to a good chemical exfoliation and reduction of the number
of layers, but the resulting material has sufficient defects to activate the D, D’, D**, and
D+G bands.

3.4. Raman Spectrum of Dried Graphene Oxide

Figure 4 shows the Raman spectra of GO dried at different times from 0.5 h to 24 h,
keeping the temperature fixed (80 °C). The D, G, and D’ peaks are observed which are not
substantially affected in position, FWHM, or intensity in the drying-time testing (Table 1,
Figure 5). In fact, a thermal reduction of the material obtained is not expected, as confirmed
by FT-IR results (no shown here). Interestingly, the D* band is not as intense at 0.5 h and
1 h, and can be seen as the drying time increases from 3 h to 24 h.

Two intervals are observed: (i) From 0.5 h to 3 h, the D* peak is shifted at 1135 cm~!
while the FWHM value remains relatively unchanged, and (ii) from 5 h to 24 h, the peak
position is shifted to lower wavenumber values while the FWHM value notably increases,
giving the highest value at 5 h (FWHM = 174) and 24 h (FWHM = 89). In contrast, the peak
position and FWHM value of the D** peak are not clearly affected by the drying time, but
its intensity increases along with the intensity of the D* band.

As seen in Figure 5, the relative intensity of the D’ (blue line) and G (orange line)
bands shows a constant trend, while the D* (green line) and D** (magenta line) display a
square-root-like dispersion. From the curve fitting, it can be seen that the most significant
effect of drying time is <10 h. These outcomes show that it is not possible to transform
GO into reduce graphene oxide (rGO) through drying time at 80 °C. Nevertheless, if it is
possible to increase the density of sp3-type and hopping-like defects associated with the
presence of the D* and D** band, respectively.
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Figure 4. Raman spectra of GO from 1000 to 2000 cm~! recorded using 532 excitation laser, sub-
ject to 80 °C, and considering different drying times: (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 5 h, and (e)
24 h. The intensity was normalized by the most intense peak and the fitting of the peaks using
Lorentzian functions.
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Figure 5. Intensity of the D*, D**, G, and D’ peaks as function of the drying time (0.5h,1h,3h,5h,
24 h). The maximum intensity was obtained from the fitting using Lorentzian functions.

Therefore, it cannot be said that there is only one type of defects in GO. Instead of
doing an analysis based on the intensity ratio Ip/Ip,, we hypothesize that the study of
defects in GO must be accompanied through the ratio of intensities, i.e., Ip/Ip’ for edge-,
Ip/Ip- for sp®-, and I /I for hopping-like defects. In the present work, the corresponding
intensity ratio values as function of the drying time are: 23.95 < Ip/Ip+ < 6.05, 6.14 <
Ip/Ip= < 3.31,and 1.70 < Ip/Ip < 1.76. This hypothesis and intensity ratio values should
be corroborated future studies. Most importantly, it can be noted that the longer the drying
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time, the lower the intensity ratio of Ip/Ip+ and Ip/Ip+ while the intensity ratio Ip /Iy
slightly increases. The I /Iy values reasonably agree with those reported in [54].

The presence of defects in GO also affects the 2D band region which is deconvoluted
in the 2D1a, 2Dja, and D+G bands (Figure 6). In the literature, these bands are not
discussed in detail when talking about conventionally prepared GO because the very low
intensity and only noticeable when rGO is obtained, a sign of the recovery of the graphene
structure. An important feature of GO is the presence of the 2D band region, suggesting
non-critical damage to graphene structure after oxidation process. Thus, non-aggressive,
environmentally friendly, and highly efficient reducing agents could be used, for instance,
citric acid, ascorbic acid, or citrus hystrix [55].
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Figure 6. Raman spectra of GO from 2300 to 3000 cm~! recorded using 532 excitation laser, sub-
ject to 80 °C, and considering different drying times: (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 5 h, and (e)
24 h. The intensity was normalized by the most intense peak and the fitting of the peaks using
Lorentzian functions.

The Raman spectra, peak position, FWHM, and relative intensity of the deconvoluted
2D band region as a function of drying time, are reported in Figure 6, Table 2 and Figure 7,
respectively. The 2D and D+G bands are clearly observed, while the 2D, band begins
to appear as an effect of the drying time after 3 h, reaching an intensity comparable to that
of the 2D; 5 and D+G bands at 5 h (Figure 6d) and 24 h (Figure 6e).

The decrease of the intensity of the 2D, band at 0.5 h (Figure 6a) and 1 h (Figure 6b),
can be interpreted as due to GO with few layers and wrinkled structure, as can be concluded
from the prevalence of the 2D;5 and D+G bands, respectively. The presence of the 2D,
band after 3 h of drying is attributed to the evaporation of water molecules between the
GO layers, causing the stacking of the chemically exfoliated sheets. Trying to explain this
fact, we have carried out TEM measurements (discussed below).

Although the FWHM values of the 2D; 5 band does not critically change after 1 h of
drying, its position is shifted at 2685 cm~!. After that, the value of the FWHM decreases
(e.g., FWHM = 188 at 24 h) and the peak position moves to lower wavenumber values
(2653 cm ! at 5 h and 24 h), even lower than that observed in graphite (2677 em~ 1) or FLG
(2685 cm ™).
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Figure 7. Intensity of the 2D, 2Dya, D+G peaks as function of the drying time (0.5h,1h,3h,5h,
24 h). The maximum intensity was obtained from the fitting using Lorentzian functions.

Compared to the peak position of the 2D, band in graphite or FLG (2720 cm™1), this
band in GO is found at ~2750 cm~! and is not affected by drying time, but the FWHM
value decreases down to 46 cm ™!, where the intensity of the 2D, band is barely perceptible
(0.5h and 1 h). On the other hand, the peak position and FWHM value of the D+G band
decrease (e.g., 2922 cm~! and FWHM = 131 ecm ™! at 24 h) as the drying time increases.
The peak position found at 5 h and 24 h of drying are close to that of FLG (2901 cm™1).
The latter corroborates our statement that the D+G band moves to higher wavenumber
values as an effect of the oxidation process, also causing the displacement of the G+D’ band.
Therefore, it is demonstrated the D+G band has a high dependence on drying time, and its
effect must be carefully considered when characterizing GO samples.

The intensity ratio Iyppa /Iopia increases from 0.22 to 0.89, a value close to that ob-
served in FLG (Ibp2a /Iop1a = 1.12) while the intensity ratio Ip,G/Iop2a decreases from 1.21
to 1.14. The latter suggests a slight reduction of defects. Most importantly, Figure 7 shows
the relative intensity of the 2D (black line), 2D, (blue line), and D+G (red line) bands.
The 2D and D+G bands are characterized by an exponentially decreasing behavior while
the 2D, band shows a sigmoid growth trend. From the curve fitting, it can be seen that the
most significant effect is obtained for drying times <5 h. This crucial result shows that for
long drying times, the water molecules and other possible oxygen-containing molecules are
removed, allowing the exfoliated GO sheets to pile up, probably, to re-form graphite oxide.

With all this in mind, the Raman results showed that a GO not very disordered
and with few layers can be obtained with a drying time of 1 to 3 h. After that, a highly
disordered graphitic-like structure is expected, suggesting that long drying times being
unnecessary in a practical large-scale GO production. Furthermore, long drying times
may not facilitate the recovery of the graphene structure after even aggressive reduction
processes, for example, using hydrazine. This statement motivates more extended works.

The UV-vis absorption spectra of GO subject to different drying times are depicted
in Figure 8. At 0 h of drying, GO exhibits an absorption peak at ~233 nm and a shoulder
at ~304 nm, which are attributed to the 7t — 7r* transition in C—C bonds and the n — *
transition in C=0 bonds, respectively. As drying time increases, the peak and the shoulder
gradually redshift at ~250 nm and at ~325 nm, respectively, suggesting that the electronic
conjugation within graphene structure starts to be restored. Although it is not possible to
affirm the transformation of GO into rGO (as evidenced by Raman measurements), this
result offers the possibility to adapt the optical and electrical properties of GO.
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Figure 8. UV-vis spectra of GO subject to different drying times.

In addition to the results obtained by the drying time experiment, we also briefly
describe the effect of rehydration in Figures S1 and S2 (Raman spectra), and Figure S3 (UV-
vis measurements). The dried GO samples (at 1 h, 5 h, and 24 h) were newly redispersed in
continuous stirring for 30 min. Particularly, the D* band is not perceptible in all rehydrated
samples, and the intensity of the 2D, band substantially decreases. UV-vis results evidence
a blueshift of the absorption 71 — 7* peak. These outcomes can be attributed a well
redispersion of GO due to its hydrophilic properties.

3.5. TEM Analysis of Graphene Oxide

TEM micrographs of non-dried GO and GO subjected to different drying times from
0.5 h to 24 h are shown in Figure 9. Non-dried GO sample appears as a transparent and
thin nanosheet with some wrinkles and folds on the surface and edges, but not with a
very disordered surface morphology as GO prepared by conventional methods. Instead of
point defects, these wrinkles are associated with surface defects formed due to the folding
or twisting of the exfoliated GO sheets, causing deviation from the sp? to sp? character.
This wrinkled structure is a characteristic of graphene-like materials, whereas they are not
present in other carbon nanostructures, e.g., amorphous carbons.

At a first approximation, the GO sample subject to 0.5 h of drying (Figure 9b) appears
to be very similar to non-dried GO. However, a clear difference is observed beyond the
wrinkles and folds, i.e., opaque regions are detected, which are attributed to the stacking of
exfoliated GO sheets because the intercalated water molecules between the layers begin to
be removed. This effect is more clearly observed after 1 h and 3 h of drying. At5 h and
24 h, the GO samples look dark, suggesting a high removal of the intercalated molecules
between layers, which causes a large stacking of the exfoliated GO sheets. This outcome
supports the presence of the 2Dys band observed in the Raman study. In particular,
Figure 9f demonstrates the stacked layers after 24 h of drying, and a GO sample with
a lateral size larger than the previous ones, which also allows to observe that the GO
flakes are reassembling. The inset in Figure 9f shows that the flake with lateral size in the
micrometers range is made of a superposition of restacked GO layers.
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Figure 9. TEM analyses of GO subject to 80 °C and considering different drying times: (a) 0.0 h, (b)
0.5h,(c) 1.0h, (d) 3.0 h, (e) 5.0 h, and (f) 24 h.

4. Conclusions

In summary, we have reported the effect of drying time (from 0.0 h to 24 h) on GO
by a systematic Raman study. For comparison, the Raman spectrum of graphite and FLG
were also discussed. The work is complemented using UV-vis and TEM measurements.
The D, G, and D’ peaks were not affected by increasing the drying time, but the D*, D**,
and 2D, peaks seemed to be very sensitive. The relative intensity of the different Raman
bands and corresponding FWHM'’s were discussed. UV-vis results evidenced a redshift
from ~233 nm (0.0 h) to ~250 (24 h) nm. TEM results showed the stacking and reassembly
of GO sheets as a direct consequence of the drying time.

The study was carried out with a process as simple as possible, subjecting each sample
to 80 °C in an oven, and characterizing them as soon as possible. For this reason, in future
studies, a controlled environment should be considered as well as the time the samples
remain at room temperature before being characterized. The water molecules would
continue to evaporate for long periods. Additionally, we suggest to consider the type of
graphite since here only graphite powder has been used. In fact, large lateral graphite or
expanded graphite could present different results compared to those reported here.
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Our findings are intended to contribute to the control of the technical parameters
involved in the synthesis process to achieve the large-scale production of GO powder.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano011041035/s1, Figure S1: Raman spectra of rehydrated GO samples (1 h, 5 h, 24 h) from
1000 to 2000 cm ! recorded using 532 excitation laser, Figure S2: Raman spectra of rehydrated GO
samples (1 h, 5 h, 24 h) from 2300 to 3000 cm~! recorded using 532 excitation laser, Figure S3: UV-vis
spectra of rehydrated GO samples (1 h, 5 h, 24 h).
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Abstract: In the vast field of conductive inks, graphene-based nanomaterials, including chemical
derivatives such as graphene oxide as well as carbon nanotubes, offer important advantages as per
their excellent physical properties. However, inks filled with carbon nanostructures are usually based
on toxic and contaminating organic solvents or surfactants, posing serious health and environmental
risks. Water is the most desirable medium for any envisioned application, thus, in this context,
nanocellulose, an emerging nanomaterial, enables the dispersion of carbon nanomaterials in aqueous
media within a sustainable and environmentally friendly scenario. In this work, we present the
development of water-based inks made of a ternary system (graphene oxide, carbon nanotubes
and nanocellulose) employing an autoclave method. Upon controlling the experimental variables,
low-viscosity inks, high-viscosity pastes or self-standing hydrogels can be obtained in a tailored
way. The resulting inks and pastes are further processed by spray- or rod-coating technologies into
conductive films, and the hydrogels can be turned into aerogels by freeze-drying. The film properties,
with respect to electrical surface resistance, surface morphology and robustness, present favorable
opportunities as metal-free conductive layers in liquid-phase processed electronic device structures.

Keywords: graphene; carbon nanotubes; nanocellulose; conductive inks; liquid-phase processing;
film fabrication; sustainability; metal-free electrodes

1. Introduction

Liquid-phase processing (LPP) is currently the preferred route for building up ad-
vanced layered film devices such as environmental, physical or biological sensors, logic
circuits, radiofrequency transmitters or screens [1]. The cornerstone of this field is to
integrate high-performance electronic materials into functional systems in a low-cost con-
figuration, with high performance and ease of manufacturing [2]. Therefore, the wide
diversity of deposition methods in the liquid phase are very suitable for this purpose, and
able to provide high-resolution patterns through liquid inks in a fully scalable manner [3,4].
Inks are complex mixtures of certain components and additives within a liquid medium
(generally an organic and high boiling point solvent) whose concentrations and chemical
nature determine their physical properties, namely rheology, surface tension and conduc-
tivity. The development of inks based on electrically conductive species is therefore critical
to progress in this field of work [4,5].

Conductive nanomaterials have attracted considerable interest in this regard, as they
offer excellent electronic properties and high compatibility with LPP [5]. Among the most
studied nanostructures, those based upon carbon, such as carbon nanotubes (CNTs) and
graphene derivatives, stand out. They possess extraordinary electrical, thermal and me-
chanical properties [5], as well as being extremely light and prone to biocompatibility.
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Recent efforts of the scientific community in the area of LPP of carbon nanostructures have
focused on the development of inks, showing enormous potential in technological applica-
tions and some advantages like the abundance of the source material (graphite) [6]. Beyond
the graphene materials obtained by direct graphite exfoliation [7], the scientific community
has also successfully employed its related chemical derivatives, such as graphene oxide
(GO) or reduced GO.

Traditionally, noble metals have been incorporated into conductive inks, at concentra-
tions of ~60% of conductive metal to reach acceptable conductivity values. In addition to
the high cost involved, their high concentration generates problems of chemical stability
and reaction with other neighboring species such as air and solvents. Graphene-based
nanostructures can solve this drawback due to their high chemical stability [3,8]. Moreover,
conductive aqueous inks with metals can cause toxicity [9], while inks based on aqueous
solutions of graphene have been tested in human skin cells, resulting in neither toxicity
nor morphological changes at a cellular level [10]. Therefore, these inks may be safe if
the rest of the additives are harmless. In this sense, GO, as a hydrophilic derivative of
graphene, has shown excellent performance when processed from water-based dispersions
into graphene-based conductive films [11]. Thus, to date, graphene material-based inks
have demonstrated their superiority in a wide range of functionalities, such as flexible
interconnections, electrodes, transparent conductors and supercapacitors [12]. Surface
electrical resistance values in the range of ~100 3/ are required for acting as electrode
materials in organic or perovskite solar cell devices [13,14]. Thus, in order to establish
versatility in the application of a certain conductive material by use of LPP, it is necessary
to control the resistivity of the deposited layer. Furthermore, its roughness and compaction
mainly depend on the deposition method, influenced in turn by the viscosity of the ink.
The preparation of inks made of graphene-based nanomaterials is hence a challenging
task, since several rheological properties of the ink (namely density, surface tension and
viscosity) have a great impact [15].

As a matter of fact, high-viscosity inks (hereafter called pastes), with viscosities higher
than 500 cP, would be suitable to form thicker layers (for instance, by screen printing
techniques), while those with less viscosity would be more suitable for spray or inkjet
deposition, allowing for a finer patterning and, in particular, for the case of spray coating
technologies, the coverage of large areas. In general, these values can be adjusted by
experimental parameters such as the concentration of the conductive additive or the
dispersant, and also by the solvent choice. As mentioned earlier, typical liquid media in
inks are non-volatile organic solvents. The most used ones for the production graphene-
based liquid suspensions are N-methyl-2-pyrrolidone (NMP), N,N-dimethylformamide
(DMF) and dimethylsulfoxide (DMSO), which are the ones that behave best as liquid-phase
exfoliants [16]. These are very polluting solvents, with a boiling point of >170 °C, posing
a serious risk of toxicity in humans. However, the use of water does not automatically
solve these problems either, since it requires the incorporation of high concentrations of
surfactants and other additives [9,17,18], indefinitely remaining in the ink, possibly leading
to environmental and toxicity problems. Thus, new methods compatible with lower
boiling point solvents (such as water or alcohols), together with non-toxic dispersants, are
in demand in order to attain a truly environmentally friendly LPP, without raising the
manufacturing cost or jeopardizing the overall electric/optoelectronic device performance
once the deposition method takes place. Graphene-based nanostructures have promising
potential, amongst currently known nanomaterials, to fulfill this purpose [19]. In particular,
the GO derivatives have advantageous features for their use in conductive inks, such as
affordable commercial availability, and the facile LPP due to the huge content of oxygen
groups, in turn responsible for the higher interlayer spacing between planes. As stated by
many authors, the GO LPP in a myriad of solvents and media does not need the addition
of stabilizers, meaning a processing benefit [19]. For this reason, we have chosen GO
as a target of interest for the preparation of aqueous inks. The only drawback is that
GO inks require a subsequent reduction step to turn those inks into conductive material,
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be it by chemical, thermal or electrochemical means, usually entailing acceptable but
poorer conductive properties than pristine graphene due to a larger number of structural
defects [19]. Therefore, in the present work, the joint action of GO and CNTs was pursued
to optimize the eventual conductive properties.

However, if one wishes to process carbon nanostructures from the liquid phase with
greener approaches, avoiding toxic solvents or surfactants, a game-changing strategy is
needed. In such a scenario, nanocrystalline cellulose (NCC) in particular acquires great
relevance because of its sustainability. This nanomaterial is obtained from natural cellulose
sources, by selective hydrolysis of the non-crystalline domains [20], resulting in fibrillar
or needle-like nanostructures with widths and thicknesses around 3-20 nm and lengths
of a few hundred nanometers. Due to its intrinsic chemical nature and the sustainability
of the source material, nanocellulose may be considered an environmentally friendly
nanomaterial. Despite the scarcity of scientific studies, there are already some examples
showing the enormous potential that nanocellulose has as an aqueous dispersing agent
of reduced GO and carbon nanotubes [21,22]. The structural diversity of NCC is defined
by its crystalline allomorphs, among which types I and II stand out [22]. While type I
NCC (exhibiting cellulose chains parallel to each other) is dominant in nature, type II
is artificially synthesized, presenting polymer chains in antiparallel arrangements and
typically requiring extreme caustic conditions or recrystallization processes for its synthesis.
However, we have recently implemented a method to synthesize both NCC allomorphs by
one-pot acid hydrolysis with sulfuric acid without any post-treatment step [22]. We also
demonstrated the feasibility of dispersing CNTs in NCC, without any previous chemical
modification on the NCC, leading to very stable aqueous colloids with proven bioactivity
towards colon cancer (Caco-2) cells. In fact, the combination of carbon nanostructures with
nanocellulose is an emerging trend, leading to useful hybrid nanomaterials with potential
applications in biomedicine [23]. Beyond their biological response, nanocellulose paves
the way towards new conductive inks based on carbon nanostructures, both dispersible in
water and obeying green principles.

In this work, we disclose the development of carbon nanostructure-based low-viscosity
inks and high-viscosity pastes able to be processed into films, by taking advantage of the
impressive properties of NCC, standing out as a sustainable and green dispersing agent in
water. We herein present a parametric study of ternary inks or pastes, or even self-standing
hydrogels, by combining GO, CNTs and NCC and using a hydrothermal method in an
autoclave. Further, conductive films were fabricated by different deposition techniques, and
also hydrogel-derived porous materials, with the potential to become reference components
as LPP electrodes and interfaces in electric/optoelectronic layered film device structures,
such as batteries, supercapacitors, sensors and solar cells, among others.

2. Materials and Methods
2.1. Starting Materials and Reagents

The source of cellulose used in this work was microcrystalline cellulose (MCC) pow-
der from cotton linters with an average particle size of 20 microns (Sigma-Aldrich, San
Luis, MO, USA, ref 310697). Sulfuric acid (98%) for acid hydrolysis was purchased from
Labkem (Barcelona, Spain). Ultrapure water with a conductivity of 0.055 uS/cm was
obtained from a Siemens Ultraclear device (Miinchen, Germany) and used in every step
of the present work. Multi-walled CNTs (MWCNTs) were acquired from NANOCYL®
(NC7000™ variety), produced by a catalytic chemical vapor deposition method. Before
use, MWCNTs underwent mild oxidation in liquid phase with HNOj3 (1.5 M, 2 h under
reflux) to render a more hydrophilic surface without compromising their structure [24].
GO came from a commercial aqueous dispersion (0.4 wt%, 4 mg/mL), purchased from
Graphenea® (San Sebastian, Spain). The characterization of mildly oxidized MWCNTs is
presented in the Supplementary Materials (Figures S1 and S2), while the characterization
of GO is provided by the manufacturer [25].
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2.2. Synthesis of NCC (Types I and II)

As discussed in the Introduction, the synthesis of NCC was carried out according to a
methodology developed in our laboratory [22]. In a typical experiment, 10 g of commercial
MCC were added to 45 mL of ultrapure water inside a round-bottom flask, and dispersed
with the aid of an ultrasonic bath for 10 min. The flask was then placed in an ice bath
at 0 °C and 45 mL of 98% sulfuric acid were added dropwise, under constant magnetic
stirring. Once added, the final concentration in the flask was 64% and the mixture was quite
viscous, thus requiring vigorous and constant stirring to avoid locally high concentrations
which could burn the cellulose. Right after the last droplet of acid was added, the flask
was removed from the ice bath and transferred to a heating plate with magnetic stirring.
At this point, the procedure varied according to the type of NCC to be obtained. For NCC
type L, the reaction medium was heated for 10 min at 70 °C, while for type II it was heated
for 5 h at 27 °C. Once the heating step was finished, the reaction medium was poured into
ultrapure cold water, least ~10 times of the initial volume (90 mL) in a 1 L beaker and left
overnight at 4 °C, in order to favor sedimentation. After decanting the supernatant liquid,
a dispersion was left with a very acidic pH that was neutralized by dialysis. For this, the
aqueous dispersion was inserted into a dialysis membrane (SpectraPor®, Spectrum Labs,
regenerated cellulose, 6-8 kDa cutoff molecular weight) immersed in 5 L of ultrapure water.
The dialysis water was changed periodically until neutral pH in the washing waters was
achieved. Then, the dialyzed medium was centrifuged at ~9300 rcf, and the supernatant
liquid was kept and subsequently freeze-dried, in order to use NCC as a fine and light
powder. Full characterization of NCC can be found in reference [22].

2.3. Hydrothermal Treatment to Obtain Inks, Pastes and Hydrogels

Obtaining aqueous formulations able to be processed into films by different deposition
techniques requires a certain control over their viscosity. This has been successfully attained
through hydrothermal processes carried out in an autoclave. By heating a mixture of
nanomaterials in water at a constant temperature (180 °C) in pressurized containers, with
controlled times and pH, the chemical crosslinking of nanomaterials is favored [26]. In
our case, this led to inks and pastes of different viscosities or even self-standing hydrogels.
In general, what is herein termed as ink was of the order of 60 cP, while viscous pastes
exhibited values of around 1500 cP.

We have undertaken a parametric study of different hydrothermal experiments, mix-
ing variable amounts of NCC and CNTs and a fixed amount of GO, in order to ascertain the
precise conditions under which inks, pastes or hydrogels form. All samples were brought
to a final volume of 10 mL, and all samples were prepared at natural pH or alkalinized
by the addition of aqueous ammonia (NH4OH), since basic pH plays a critical role by
favoring the graphenic nanomaterials” aggregation during hydrothermal treatment [26].
The experimental procedure followed was: in a flat-bottom quartz vial, a specific amount
of NCC (yielding final concentrations of 2.5 mg/mL or 5 mg/mL) was weighed. Unless
stated otherwise, NCC refers to its type I polymorph. Then, a certain amount of CNTs were
added to the vial (to attain final concentrations of 0.1 mg/mL, 0.2 mg/mL, 0.5 mg/mL,
1 mg/mL or 2 mg/mL), enabling the analysis of the influence of the amount of CNTs on
the conductivity and viscosity of the resulting composites. Further, a variable volume
of ultrapure water (4.8 mL or 5.0 mL) was added depending on whether or not NH;OH
(200 uL) was added, respectively. At this point, the vial was subjected to an ultrasound
bath (45 kHz) for 3 min. After that, a semi-homogeneous dispersion could be observed
inside the vial. Finally, a fixed volume (5.0 mL) of the aqueous dispersion of GO was
added, resulting in a final GO concentration of 2 mg/mL. The resulting medium was again
bath-sonicated for another 2 min, thus obtaining a homogeneous dispersion with a final
volume of 10 mL.

The hydrothermal treatment consisted of placing the vials in a Teflon vessel, inserting
it into a metallic autoclave, tightly closed, and then heating it in an oven. The autoclaves
were placed in the oven after pre-heating it at 180 °C, with a heating ramp of 20 °C, and
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the treatment lasted for a specific duration. The studied times were mainly 60 min, 30 min
and 15 min. After one of these times had elapsed, the autoclave was removed from the
oven and allowed to cool down in ambient conditions to room temperature before taking
the sample out of the autoclave. The time needed for the sample inside the autoclave to
reach 180 °C was estimated to be compensated by the time needed for cooling down to
a safe handling temperature, so the overall treatment times were consistent in all cases.
Figure 1 shows a visual scheme of the process.

(low
viscosity)
—_—
——  Paste
- (high
Aﬁtoclave i viscosity)
™NP

Hydrogel
180 °C L

Figure 1. General scheme for the preparation of inks and pastes following the autoclave method.

2.4. Film Preparation and Characterization

Once the inks (low-viscosity formulations) and pastes (high-viscosity formulations)
were obtained by the procedures described above, the different possible deposition tech-
niques were studied, in order to obtain the optimum conductive films. Spray-coating with
an airbrush onto glass substrates was the chosen approach for the deposition of inks [27].
Films obtained from the viscous pastes were deposited by means of a rod-coating method
using an agate rod, also over glass substrates. In both cases, the substrate was placed
on a heating plate at 60 °C. For every sample, a total of 10 mL of the ink or paste was
deposited in subsequent passages on the glass substrate, leading to films prepared under
comparable conditions.

In order to measure the resistivity of the films, a Keithley 4200 unit was used, working
in the range from —100 to 100 mV. An in-line 4-point probe configuration with equidistant
probe separations of 2.24 mm was utilized, with controlled and homogeneous pressure
over the conductive film. For the resistivity measurement, the geometry of the film and the
distance between the electrodes were taken into account [18].

Morphology and microstructure of the deposited films were assessed through both
optical and scanning electron (SEM) microscopies. Optical images were taken with a Zeiss
AXIO microscope (Jena, Germany) with 20x and 50x objective lenses (N.A. = 0.4 and 0.7,
respectively). SEM images were taken using Hitachi S3400N equipment (Tokyo, Japan),
working in the secondary electron mode at a voltage of 15 kV and a distance of 5 mm.

Sample thickness as well as the roughness of the surface were evaluated by using
a contact DektakXT Stylus Profiler (from Bruker, Billerica, MA, USA). The radius of the
stylus used in the measurements was 2.5 um. The height of the step of each deposited
layer was measured in different areas along the layer edge. The depths of grooves made
in the central part of the sample (reaching the substrate) were also determined. The layer
thickness was obtained as the mean value of such measurements. The profile roughness
was analyzed using Dektak analytical software (from Bruker, Jena, Germany).

2.5. Aerogel Preparation and Characterization

In order to obtain aerogels from hydrogels, a unidirectional freezing was applied
before lyophilization. For that purpose, hydrogels were placed in an empty quartz vessel
with a bottom platform made of metal which was immersed in liquid nitrogen. Once the
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hydrogel was fully frozen starting from the metal base, it was placed in a Telstar Cryodos
freeze-drier, working at —49 °C and 0.3 mbar [28].

In order to measure the resistivity of the aerogels, the aforementioned Keithley unit
was employed in a two-probe configuration. Aerogels were held between spring-loaded
copper foils. The tungsten needle probes were brought into contact with the copper sheets,
avoiding damage to the aerogels. The resistivities of the aerogels were calculated, taking
into account the geometry, given by the distance between the electrodes and the specimen
diameter, thus assuming a perfectly cylindrical shape.

3. Results and Discussion
3.1. Hydrothermal Development of Inks, Pastes and Hydrogels: Unraveling Critical Parameters

As stated earlier, different experiments were carried out at different concentrations of
NCC and CNTs, whereas the GO concentration remained fixed. Different hydrothermal
treatment times were applied (always at 180 °C), and pH was also varied by adding
NH4OH or not to the medium. The systematic combination of such variables provided a
roadmap for this ternary system (CNTs, GO and NCC type I) in water upon hydrothermal
treatment in an autoclave. The two main possibilities pursued in the present work were
liquid inks and viscous pastes, but it is worth recalling that the hydrothermal treatment of
aqueous GO suspensions can also provide self-standing hydrogels, even for short times
(generally beyond 30—45 min at 180 °C), based on the crosslinking of the GO sheets [28].
The viscosity of the medium increases progressively with the treatment time, also aided by
the presence of basic pH. Thus, by controlling the thermal treatment time, homogeneous
liquid dispersions, pastes or hydrogels can be obtained (Figures 2 and 3).
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Figure 2. Three-dimensional scatter plot representing the conditions to obtain inks (blue), viscous
pastes (orange) and self-standing hydrogels (gray). The effect of adding aqueous ammonia is herein
represented, at different amounts of CNTs.
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Figure 3. Three-dimensional scatter plot representing the conditions to obtain liquid inks (blue),
viscous pastes (orange) and self-standing hydrogels (gray). The effect of CNTs is herein represented.
All samples here had basic pH by adding aqueous ammonia.

As observed in Figures 2 and 3, hydrogels are always obtained for hydrothermal
treatment times longer than 30 min, regardless of the other parameters. This suggests that
treatment time is the dominant variable. This is consistent with our previous studies on the
hydrothermal treatment of GO suspensions, with or without basic medium, in the absence
of any other additive [28]. However, at 30 min of treatment time, the determining variable
is the basicity of the medium. Samples containing NH4OH result in pastes or hydrogels,
and those without NH4OH result in inks or pastes depending on the presence of CNTs. In
fact, the joint presence of CNTs and NCC while adding NH;OH seems to be responsible
for the rise in viscosity, leading to pastes.

For the experiments carried out for 15 min, the importance of the pH is observed
again. Samples containing NH4;OH give rise to pastes or hydrogels, and those without
NH4OH give rise to inks. Again, the presence of NCC is decisive, since (at a given time
of hydrothermal treatment with NH4OH) it leads to a paste, but in the absence of NCC
the resulting outcome is a hydrogel. It can be reasonably postulated that the interactions
between NCC and GO during hydrothermal treatment partly prevent the self-crosslinking
of the GO and lead to viscous pastes instead of fully crosslinked hydrogels. Finally, it was
observed that the concentration of NCC in the system was not a critical variable for the
kind of aqueous formulations obtained. Therefore, in subsequent tests, this variable was
set at 5 mg/mL.

In order to unravel the effect of crystalline polymorphism of NCC in the hydrothermal
process, a series of experiments was also carried out with type II NCC. In this case, all
experiments were performed for 15 min (since in the abovementioned results, there were
no significant differences between 15 and 30 min). When NCC type II is incorporated into
the system instead of type I, surprisingly, all formulations obtained in each experiment
are low-viscosity inks (Table 1). This may be related to the aforesaid hindrance of GO
crosslinking, as type II NCC could experience stronger interactions with the functional
groups on the surface of GO, impeding its aggregation and thus leading to low-viscosity
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inks. This effect is stronger than that observed for type I NCC, which is consistent with
the higher content of ester sulfate groups in type Il NCC [22], responsible for its negative
surface charge. As in the case for type I NCC, above 30 min of treatment time, in the
presence of NH,OH, hydrogels are always obtained with type Il NCC.

Table 1. The outcome of the hydrothermal treatment and composition of the GO/CNT/NCC (type II) ternary system in

water at 180 °C for 15 min.

Formulation Obtained GO (mg/mL) CNTs (mg/mL) NCC (mg/mL) V20 (mL) VNHaoH (mL)
Ink 2 0.0 5 5 0
Ink 2 0.0 5 4.8 0.2
Ink 2 0.1 5 5 0
Ink 2 0.1 5 4.8 0.2
Ink 2 0.2 5 5 0
Ink 2 0.2 5 4.8 0.2
Ink 2 0.5 5 5 0
Ink 2 0.5 5 4.8 0.2
Ink 2 1 5 5 0
Ink 2 1 5 4.8 0.2
Ink 2 2 5 5 0
Ink 2 2 5 4.8 0.2

3.2. Morphology of Films Derived from Inks and Pastes

Low-viscosity inks and high-viscosity pastes require the use of different deposition
methods to attain conductive films over glass substrates. Inks were deposited by means
of spray coating, while pastes were processed using the rod-coating method. The general
appearance of such films is depicted in Figure 4. Films made from inks had a very compact
aspect, because spray coating allowed for a tight coverage. Viscous pastes could not be
deposited by spraying, with the rod coating method being the one showing the highest
effectiveness, leading to films with an apparently more porous aspect. Deeper insights into
the surface morphology of these films were obtained by both optical and scanning electron
microscopies (Figure 5).

C

INSTITUTO DE
CARBOQUIMICA

f

Figure 4. Photographs of films made from low-viscosity inks (left) and high-viscosity pastes (right)
on glass substrates.

As confirmed by microscopy images, films derived from liquid inks and viscous
pastes have a very distinct morphology both at the millimeter and the micrometer scale.
According to the millimeter scale, films derived from inks exhibit no major irregularities,
and a negligible presence of pores. In contrast, those coming from rod-coated pastes
show the presence of large pores, together with more irregularities. These pores may
be important for subsequent processing of such films, such as liquid-phase infiltration
or interfacing with other species. As for the film surface microstructure, unraveled by
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SEM, the observation from optical microscopy is corroborated. Films derived from inks
present higher homogeneity and compaction, while those coming from pastes are more
topographically irregular. In essence, both kinds of films display a very unique topography.

50.0um

Figure 5. Optical photographs (a—d) and SEM images (e-h) of films obtained with low-viscosity inks (a,b,e,f) and high-
viscosity pastes (c,d,gh). Scale bars (in white) = 1 mm (a,b), 400 um (c,d), 100 um (e,g) and 50 um (f h). Each image (either
optical or from SEM) corresponds to a random point of each sample, none is the direct magnification of another.

301



Nanomaterials 2021, 11, 1435

Additional results were obtained through the profilometer, by which thickness and
roughness were quantified. The mean values for the films studied in the present work
are shown in Figure 6. Inks fabricated with type I NCC are able to generate films of
a low thickness (~10 pm on average) up to a certain CNT content. From 0.5 mg/mL
CNTs and up, the sprayed films in identical conditions drastically increase in thickness,
reaching values in the range of ~30—45 um. Conversely, inks containing type II NCC
present the opposite trend; at a null content of CNTs, the sprayed films display an average
thickness of ~25 um and progressively decrease with increasing content of CNTs. Films
made from pastes showed a steady value regardless of the CNT content, with an average
of ~10-15 um thickness. Film roughness shows an identical trend as thickness for inks
with type I NCC; low roughness (~1-2 um) until reaching 0.5 mg/mL CNTs, after which
this value becomes 3- or 4-fold larger. Inks from type II NCC and pastes lead to films of
comparable roughness, in the range of ~2-3 pm. All of these data may be related to the
different interaction that NCC has with carbon nanostructures. In a previous work [24], we
reported that type | NCC hybrids with CNTs presented a discrete distribution of cellulose
nanocrystals adsorbed on the sidewalls, while type II NCC led to a heavily wrapped
nanohybrid. In addition, type I cellulose nanocrystals are much longer and needle-like
whereas the type II ones are much shorter and slightly thicker [22]. The kind of interaction
among nanostructures in the reaction mixture during the hydrothermal treatment could
determine their packing upon film deposition. Spraying liquid inks with type INCC may
provide a less efficient packing of nanostructures when the CNT content is high enough,
causing the thickness and roughness to increase. In contrast, type Il NCC, could have led
to efficient packing regardless of the CNT content, given its very distinct structure. As for
pastes, the explanation could lie in the nature of the deposition technique, as rod-coating
of viscous formulations may not provide a tight packing nor attain highly thick or rough
surfaces. Additionally, the rod-coating method also exhibited a visible thickening of the
film edges. These observations can be better understood by observing some representative
profiles of each case (Figure 7). Films coming from both inks show a more regular aspect
with periodic spikes in the presence of CNTs, which determine the higher or lower mean
roughness, while pastes present a more irregular profile, with some visible pores in the
millimeter scale, as observed by optical microscopy. The profilometer also served as a
means to perform a scratching test on selected film samples (see Supplementary Materials,
Video S1). The conclusions drawn from these tests is that the films have a high adhesion
and mechanical resistance, since they are not damaged at all when scratched with high
local pressures (3.75 MPa).

A final surface characterization of these films was conducted through Raman spec-
troscopy (Supplementary Materials, Figure 54). In the observed spectra, it is visible how
the D-band (~1349 cm~!) and the G-band (~1590 cm~!) correspond to both multi-walled
CNTs and reduced GO indistinguishably, but are different from the starting GO due to
the better definition of the band at 2700 cm ! (2D) in the films, and the rougher profile of
GO. The D/G intensity ratio is lower than 1 for GO and films without CNTs, while in the
presence of the latter, this D/G ratio may reach values of >1.

3.3. Characterization of Electrical Properties

The four-probe electrical measurements performed on the prepared films allowed
us to obtain their surface resistivity (Figure 8). It is observed that the surface resistivity
values are lower as the concentration of CNTs in the liquid formulation (ink or paste)
increases. Indeed, if the presence of GO is the basis for the hydrothermal aggregation, and
the incorporation of NCC exerts control over the viscosity of the medium, the control over
the conductive behavior of the derived films can be ascribed to CNTs. Those films without
CNTs present very similar resistivity values amongst them (~1.5-10% 0/0J), regardless of
whether they come from more or less viscous formulations before deposition, most likely
owing to the lone effect of hydrothermally reduced GO. In fact, NCC does not generate any
kind of char in the working conditions (Figure S3, Supplementary Materials). Regarding
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the inks, there are no significant differences in surface resistivity between those films
coming from type I or Il NCC. Both kinds of inks provide films with surface resistivities in
the range of ~103-102 /0 up to 1 mg/mL CNTs, reaching further values below 100 Q3/J
at 2 mg/mL CNTs. All these values decrease almost linearly on a logarithmic scale, typical
for a behavior beyond the percolation threshold in the studied conditions. Films made
from pastes exhibit a steeper decrease in the surface resistivity with an increasing amount
of CNTs, attaining ~100 (/00 at 1 mg/mL CNTs. This seems to be a ‘plateau’ value
as resistivity does not change at 2 mg/mL CNTs. It is worth pointing out that these
films could become perfect candidates for metal-free electrode components or current
collectors in liquid-phase processed electric/optoelectronic layered film device structures.
In order to account for the variation trends in film thickness with increasing CNT content
(Figure 6), the bulk conductivity of the samples could also be calculated (see Figure S5,
Supplementary Materials). These results also show a generally direct proportionality
between both parameters.
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Figure 6. Film thicknesses (a) and roughnesses (b) corresponding to samples coming from sprayed inks or rod-coated pastes.
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the initial formulation. All samples came from formulations with 2 mg/mL GO and 5 mg/mL NCC.
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Figure 8. Surface resistivity measurements for different films prepared from inks and pastes. The concentration of CNTs
refers to the one in the liquid formulation before deposition. All samples on this graph came from formulations with
2 mg/mL GO and 5 mg/mL NCC.

3.4. Post-Synthesis Processing Versatility

Up to this point, we have presented a green approach to water-based inks with carbon
nanostructures. This has led to formulations of varied viscosity able to be deposited by
different means, leading to conductive films with good surface resistivity, unique surface
morphologies and a potential feasibility to be applied as electrodes. Nonetheless, the
properties of such films may be still improved, in terms of electrical conductivity and
tolerance to organics, upon heat treatment. As a proof of concept, we chose a candidate
film presenting one of the lowest values of surface resistivity (97.4 /0, coming from a
rod-coated paste with 2 mg/mL GO, 5 mg/mL NCC and 2 mg/mL CNTs), and subjected
it to heat treatment and organic solvent exposure.

In one experiment, the selected film was inserted into an oven and heated at 400 °C
for 4h under air atmosphere, and the outcome was a film with intact integrity and lower
surface resistivity (Figure 8). The production of three different replicas provided values in
the range of ~25-35 2/, being of special interest for the construction of conductive carbon
layers in layered film optoelectronic devices [29]. The morphology of the films before and
after heat treatment was assessed again by SEM (Figure 9). It becomes clear that the effect of
heat treatment is to smoothen the surface topography, probably together with the burning
of NCC. In the heat-treated films, the presence of CNTs is better discerned, very probably
entailing an improved contact between CNTs and reduced GO, thus leading to lower
interparticle contact resistance. These results are very encouraging for the replacement
of commercial carbon pastes with many toxic additives and binders, as these pastes have
been reported to peel off and deform when heated beyond 250-300 °C [30].
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Figure 9. SEM images from films obtained with high-viscosity pastes, before (a,b) and after (c,d) heat treatment at 400 °C.
Scale bars (in white) = 30 pm (a,c) and 2 pm (b,d).

An additional advantage is the stability over time of the conductive properties of the
films. Along the course of this research, we corroborated the stability of the conductive
properties of our films in a time frame of many hours or a few days, meaning that the
measurement of the surface resistivity of a freshly prepared film is generally coincident
with the measurement after a short-medium time frame. Additionally, these observations
are also valid for long-term periods (months). All of this shows that the preservation of the
conductive properties of these films is possible across lengthy time periods with regular
shelf storage.

In another experiment, the films were subjected to a treatment with typical organic
solvents in the LPP of carbon nanostructures (NMP, DMSO), in order to study the tolerance
of the films to such solvents. For this, the films were heated at 60 °C for 5 min. Then,
several droplets of one of these organic solvents in a volume of 45 pL. were randomly
scattered across different areas of the films, in order to evaluate their effect towards its
integrity. The film was maintained at 60 °C for 10-15 min to ensure infiltration through the
pores and placed in the oven at 60 °C for 4 h. The film perfectly resisted this treatment, as
no evident damage was observed by eye nor the optical microscope, and no peeling off
occurred either. In addition, its surface resistivity changed from 97.4 to 94.4 () /[, which
could be considered negligible and within experimental error.

In essence, these tests reassert the robustness and versatility of our conductive films,
as they can endure (and be improved in terms of surface resistivity by) thermal treatments
at high temperatures and long durations, as well as withstand the exposure to high boiling
point organic solvents in aggressive conditions without any morphological harm nor
damage to the electrical properties. This latter fact is of special relevance for their future
performance as electrode components, since the whole integrity and surface resistivity of
the films are retained after aggressive treatments, and depending on the application in mind,
the resistance of the films towards certain critical solvents could be an important advantage.
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Hydrogel

3.5. Properties of Hydrogel-Derived Aerogels

Some of the working conditions led to porous and light graphene-based aerogels [26,28].
We have taken advantage of the possibilities granted by unidirectional freezing, followed
by lyophilization, which are able to create an anisotropic internal microstructure composed
of parallel channels, with critical applications in energy and environmental remedia-
tion [28,31,32]. In the present case, hydrogels were prepared under specific conditions and
subjected to hydrothermal treatment with the ternary GO/NCC/CNT system in water
(see Section 3.1 and Figure 10), and when subjected to unidirectional freezing prior to
lyophilization, they also presented an anisotropic porous microstructure.

Unidirectional
Freezing

Lyophilization

Aerogel

Figure 10. Real images of a hydrogel derived from hydrothermal treatment in water (left) and preparation scheme of
aerogels by unidirectional freezing followed by lyophilization (right).

As inferred from the SEM images (Figure 11), aerogels resulting from the unidirec-
tional freeze-drying of hydrogels presented an anisotropic microstructure, with continuous
straight pores parallel to the aerogel’s longitudinal axis. This demonstrates that not only
can such a microstructure be obtained from the reduction of GO in hydrothermal con-
ditions [28], but also in the presence of NCC and CNTs. According to measurements of
weight and dimensions, we elucidated that these aerogels presented an average density
of 0.028 = 0.006 g/cm?, and axial resistivities (measured in a two-probe configuration)
in the range of 10-100 (2-m, for CNT concentrations in the range of 0.1 to 0.5 mg/mL.
Aerogels obtained in similar conditions but without CNTs or NCC presented lower den-
sities (~0.005 g/cm®), but higher electrical resistivity (~1000 Q-m). Parallel to the case of
inks and pastes, the presence of CNTs governs the electrical properties of freeze-dried
hydrogels, but in this case, NCC has a significant influence. When only GO and NCC
are present in the hydrothermal medium, the density rises by one order of magnitude
(~0.036 g/cm?) with respect to GO-only aerogels, but the axial resistivity is lowered by one
order of magnitude. Therefore, all aerogels with GO, CNTs and NCC display electrical
resistivities from ~10? down to ~10° in the studied range (from 0.1 to 0.5 mg/mL), revealing
the importance of NCC in the process, which seems to play a role in the GO reduction
during the hydrothermal treatment. NCC seems to boost the GO hydrothermal reduction
and the number of interparticle contacts, hence favoring the decrease in electrical resistance
at the expense of aerogel density. In summary, it is possible to produce light and porous
aerogels with a GO/CNT/NCC ternary system, with an anisotropic microstructure and
fairly low electrical resistivity in the absence of any post-treatment, comparable to the ones
with only GO [32].
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Figure 11. SEM images of aerogels derived from the unidirectional freezing followed by lyophilization of hydrothermally
prepared hydrogels. Longitudinal (a,b) and transversal (c,d) cuts. Scale bars (in white): 400 um (a), 200 pm (b), 100 um (c)
and 20 um (d).

4. Conclusions

Nanocrystalline cellulose has been demonstrated to be a green and sustainable means
to generate conductive water-based ink formulations of tailored viscosity, with carbon
nanotubes and graphene oxide, as well as three-dimensional structures. Control of the
processing parameters allows the preparation of inks, pastes or hydrogels using the same
approach. The liquid inks and pastes have been used to fabricate films exhibiting diverse
surface morphologies (depending on the deposition method and composition), with low
resistivity values (<100 (0/0J). These conductive films also exhibit great robustness, being
able to avoid disintegration upon aggressive treatments with organic solvents, as well
as being electrically improvable by high-temperature treatments. Our studies show that
formulations of this kind have great potential as metal-free electrodes in liquid-phase
processed layered films, devices and structures. The green processes herein described, in
addition to the capability of easily tuning the viscosity of liquid formulations, can be a
great starting point for industrial development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11061435/s1, Figure S1: Thermogravimetric analysis in N, atmosphere, Figure S2: TEM
images of mildly oxidized MWCNTs, Figure S3: Photograph of NCC aqueous colloids subjected to
hydrothermal treatment. Figure S4. Raman spectra (measured with a 532nm laser, Horiba Jobin Yvon
equipment) for different selected conductive films. Each spectrum is the average of at least 5 random
points across the film surface. Figure S5. Electrical conductivity values for different films coming
from inks or pastes with different carbon nanotube contents. Videos S1: Recording of the stylus-based
scratching tests, by applying a constant pressure of 3.75 MPa with the diamond tip (in the center of
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the crosshead). The distance traveled was 3 mm in each case. After scratching the films, no grooves
or trails were observed, and the final profile seen corresponds to the neat sample topography. This
means that these films are not damaged at all when scratched at high local pressures.
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Abstract: Doping and its consequences on the electronic features, optoelectronic features, and
magnetism of graphynes (GYs) are reviewed in this work. First, synthetic strategies that consider nu-
merous chemically and dimensionally different structures are discussed. Simultaneous or subsequent
doping with heteroatoms, controlling dimensions, applying strain, and applying external electric
fields can serve as effective ways to modulate the band structure of these new sp?/sp allotropes of
carbon. The fundamental band gap is crucially dependent on morphology, with low dimensional
GYs displaying a broader band gap than their bulk counterparts. Accurately chosen precursors and
synthesis conditions ensure complete control of the morphological, electronic, and physicochemical
properties of resulting GY sheets as well as the distribution of dopants deposited on GY surfaces.
The uniform and quantitative inclusion of non-metallic (B, Cl, N, O, or P) and metallic (Fe, Co,
or Ni) elements into graphyne derivatives were theoretically and experimentally studied, which
improved their electronic and magnetic properties as row systems or in heterojunction. The effect of
heteroatoms associated with metallic impurities on the magnetic properties of GYs was investigated.
Finally, the flexibility of doped GYs’ electronic and magnetic features recommends them for new
electronic and optoelectronic applications.

Keywords: graphyne-like materials; synthesis and doping; electronic and magnetic properties;
electronic transport; photodetectors

1. Introduction

Among all chemical elements, carbon exhibits the greatest flexibility of its first coordi-
nation sphere, which is usually presented in textbooks as sp, sp?, and sp? hybridizations.
This plasticity leads to three available types of bonds (single-, double-, and triple-bonded
C atoms) that may occur in diverse, practically unlimited, connectivities. Altogether,
this markedly influences the allotropy of carbon, which is the richest among all chemical
elements. Familiar allotropic forms of carbon include graphite, rhombohedral graphite, di-
amond, lonsdaleite, amorphous carbon (soot with variable sp? /sp> carbon atom contents),
and a huge variety of human-made high-specific surface area carbons, carbon aerogels [1,2],
carbon foams [3,4], glassy carbon [5,6], polyynes [7], diverse fullerenes from Cj; to as
large as Cog [8,9], a multitude of single wall nanotubes [10,11], nano-onions [12], and
more. Last but not least, they include graphene, which has unique physical properties [12].
Other exotic forms such as ultra-high pressure BC8 [13,14], Po-32 [15], and ferromagnetic
carbon [16] have previously been theorized [17] (C18 was even reported [18]), but some are
still disputed. Nevertheless, this structural diversity and versatility of chemical bonding
brings an enormous pool of physicochemical properties, reactivities, and so on; crystal
structures of over 500 periodic allotropes, known and hypothesized, have been collected
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in a unique Sacada database (https://www.sacada.info/) [19]. Despite the long-lasting
research of carbon-based materials, some fundamental issues related to the shape of the
phase diagram and mutual stability of polymorphs, or even their existence, remain un-
resolved to this day [20-22]; e.g., it has been recently claimed that lonsdaleite is not a
genuine allotropic form but a twin of cubic crystals, which raised controversy [23,24]. One
illustration of the intensity of the research field of carbon materials can be provided by an
inspection of the Web of Science database; this resource lists approximately 114,000 papers
using the keyword ‘diamond’, approximately 147,000 papers discussing ‘graphite’, and
approximately 240,000 papers featuring ‘graphene’. It can be safely estimated that—even
given some overlap—well over half a million of over 90 million indexed scientific works
(1900-2021) have been devoted to carbon allotropes. The discovery of graphene triggered
the production of diverse 2D carbonaceous materials including graphone, graphane, and
graphene oxide [25-27]. Graphynes (GYs) are layered two-dimensional structures built
from sp- and sp?-hybridized carbon atoms (Figure 1A).

Figure 1. The structure of graphyne with indicated distribution of sp (red rings) and sp? (blue circles) hybridized carbons

(A); The representation of graphdiyne structure (B).

Wide tunability in structural, mechanical, physical, and chemical properties make
GYs fascinating candidates for use in energy storage, solar cells, electronic and spintronic
devices, UV light detectors, as well as adsorbents in the separation of gases [28]. A GY
can be a useful catalyst in water purification [28]. GYs have shown improved electronic
properties and charge carriers in the optics and electronics industries. Graphone and
graphane are hydrogenated forms of graphene—with fundamental band gaps of 2.45 and
5.4 eV, respectively, and interesting magnetic properties—that have shown potential for
nanoelectronics and spintronics [29-31]. Due to structural similarities with graphene, these
materials are considered to be excellent candidates for carbonaceous electronic devices, and
they surely will be the subject of advanced studies for multiple and versatile applications.
Scientists have been theoretically studying graphynes since the 1980s, which initially
attracted attention after the discovery of fullerenes [32]. Though the structure of GY was
first proposed in 1987 by Baughman et al. [33], the demanding synthesis of GYs hindered
their dynamic development for more than 20 years [34]. Among all the GYs, the rising-
star y-graphdiyne (y-GDY), seen in Figure 1B, was the first GDY member experimentally
synthesized and reported by Li et al. in 2010 [35]. Because of the promising physical,
optical, and mechanical features of GYs, a tremendous amount of research effort has been
dedicated by theoretical, applied, and synthetic chemists. It is believed that GYs might pose
competition for more common sp?-hybridized carbon systems, particularly graphene, and
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meet the increasing demand for an alternative candidate to carbonaceous materials. Recent
years have brought a sharp increase in research interest on the synthesis and theoretical
prediction of GYs’ properties in different dimensions, e.g., one-dimensional nanowires
(such as nanotube arrays and ordered stripe arrays), and two-dimensional nanowalls (2D)
and nanosheets (2D), and 3D frameworks [36-38]. More and more works are concerning
pristine GYs’ structures enriched with diverse heteroatoms (B, F, N, O, etc.) [37]. Due
to the broad spectrum of intense scientific activities related to the development of new
forms of GYs, this work emphasizes recent developments in this field, especially dealing
with newly obtained heteroatom-doped structures and investigating the synergic effects of
heteroatoms, metal oxides, and metal ions on the electronic and optoelectronic properties
of doped GYs. In this work, we also focus our attention on theoretical and experimental
research into the magnetism of pristine and doped GYs.

2. From Atomic Structure Suggestion to Experimental Appearance

In 1987, Baughman et al. [33] proposed a novel two-dimensional allotrope of carbon
assembled by aromatic centers (sp?) linked to each other by acetylenic bridges (sp); these
were named graphynes (GYs). In the beginning, GYs (a general name given to this type
of material) were designated according to the number of carbons included in the various
rings forming a given network (shaped pores in the structure). For example, A, B, and
C networks were called 18,18,18-graphyne (Figure 2A), 12,12,12-graphyne (Figure 2B),
and 6,6,6-graphyne (Figure 2C), respectively. The latter theoretically present the lowest
energy of carbon phases consisting of flat molecular sheets obtained by inserting acetylene
linkers between the aromatic rings into the pristine honeycomb graphene structure. As
energetically favorable, the 6,6,6-graphyne has a special place in the GY family, and the
term “graphyne” without specifying the number of carbons is reserved for this phase [39].

B B-Graphyne
?

y-Graphyne

B-Graphdiyne

Figure 2. Representation of different graphyne and graphdiyne-like structures. x-graphyne (A); 3-graphyne (B); y-grapyne
(C); x-graphdiyne (D); 3-graphdiyne (E); y-graphdiyne (F). The red dots represent acetylenic (graphynes) and diacetylenic

(graphdiynes) bridges (Csp) and yellow ones—sp? hybridized carbons.

In 1997, Haley et al. proposed new forms of GYs called graphdiyne (GDY), a nanos-
tructure formed from two adjacent acetylenic linkers between aromatic carbon atoms in
contrast to graphyne, which is made of carbons connected by one triple bond [40]. There-
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fore, to investigate new structures, different GY networks designations were developed and
used in the literature [39,41]. Figure 2 shows several types of GY structures named in ac-
cordance with the widespread terminology including «-graphyne (Figure 2A), 3-graphyne
(Figure 2B), y-graphyne (Figure 2C), a-graphdiyne (Figure 2D), 3-graphdiyne (Figure 2E),
and y-graphdiyne (Figure 2F). The last nomenclature method named y-graphynes with
various numbers of acetylenic linkers in a structure, such as graph-n-yne (n=1,2,3 ...,
where 7 is the number of triple bonds). The mentioned nomenclature methods properly
operate when naming the most conventional GYs and GDYs. However, the graphyne
naming system causes considerable problems and should be standardized, especially for
structures containing heteroatoms. In this paper, GYs, GDYs, and their derivatives are all
briefly designated as graphyne- or graphdiyne-like structures with the abbreviation “GYs”
and “GDYs”, respectively.

In order to prepare extended structures of GYs, chemists developed versatile synthetic
methods grouped into two subsections: top-down and bottom-up [42]. The top-down
methods have the potential to obtain two dimensional structures from their bulk precursors
through processes such as mechanochemical synthesis and vapor-liquid-solid (VLS) growth.
The bottom-up formulations result in the formation of thin films or a few layers of GYs
through coupling reactions of desired substrates in carefully chosen and strictly controlled
conditions. “On-surface” coupling synthesis conducted in an ultra-high vacuum (UHVS),
chemical vapor deposition (CVD), thermal treatments, and wet-synthetic approaches are
practical subdivisions of the bottom-up method.

By summarizing the most representative and effective synthetic methods, we hope
they can create an idea and solid foundation for preparing GYs with given applications in
various research fields. The wet-synthetic strategy is the most successful and high-demand
method for the preparation of a wide range of applicable GYs, in both pristine and doped
natures. In order to facilitate understanding and comparison, the wet-synthetic methods are
classified into two categories based on the different phases where the coupling reaction of
the reactants occurs amid the synthesis process: one-phase (homogenous reaction) and two-
phase (interfacial reaction). Two-phase methods have three sub-divisions: liquid /liquid,
solid /liquid, and gas/liquid.

We intend to summarize the developments in preparation methods resulting in differ-
ent GY morphologies (nanowires, nanotubes, nanowalls, nanoribbons, nanosheets, etc.),
as well as different chemical compositions. The broad-spectrum synthesis protocols em-
ployed in cross-coupling or homocoupling reactions of graphynes” subunits and deriva-
tives were named after their inventors as Glaser [43], Eglinton [44], Hay [45], Negishi [46],
Hiyama [47], and Sonogashira [48] reactions. All these methods, briefly presented in
Table 1, were proven to be applicable to the preparation of valuable and scientifically
important heteroatom-doped GYs.

Table 1. Synthetic methods employed in cross-coupling or homocoupling reactions for the preparation of graphyne

derivatives; year when a given method was invented is indicated.

Synthetic Method

Year Condition Reaction [Ref.]

Glaser coupling

- Catalyst: Cu(I)
- Oxidant: O,
1869 _ Base: ammonia 2 R-C=C-H — R-C=C-C=C-R [43]

- Terminal alkyne

Eglinton coupling

- Catalyst: Cu(Il)

1959 - Base: pyridine 2 R-C=C-H — R-C=C-C=C-R [44]
- Terminal alkyne
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Table 1. Cont.

Synthetic Method Year Condition Reaction [Ref.]

- Catalyst: Cu(I)
- Base: tetram-
ethylethylenedi-
Hay coupling 1962 amine 2 R-C=C-H — R-C=C-C=C-R [45]
(TMEDA)
- Terminal alkyne

RX + R’-ZnX' + ML, — R-R’

- Catalyst: X =(l, Br, I, triflate and acetyloxy
palladium (0) X' =Cl, Br,1
1 . . - Nickel: R = alkenyl, aryl, allyl, alkynyl or propargyl
Neg‘smrg;iifo;m‘f’hng 1977 co-catalyst- R’ = alkenyl, aryl, allyl, alkyl, benzyl, [46]
- Organic halides homoallyl, and homopropargyl.
or triflates L = triphenylphosphine, DPPE, BINAP or
chiraphos
M =Ni, Pd

R-GiR"5 + R'-X — RR/
) R: aryl, alkenyl or alkynyl
Hiyama coupling 1988 - Palladium (0) R': aryl, Iiilllkecnlyl15 alkylrll(yl1 or alkyl [471
: Cl, F or alky/
X: Cl, Br, I or OTf

- Aqueous media

) - Mild base Ri-X + H—CEC—RZ — Rl—CEC—Rz
Sonogashira 2002 - Palladium (0) R1: aryl (48]
cross-coupling reaction - Copper as R2: aryl or vinyl
co-catalyst X:1, Br, Cl or OTf

Theoretically proposed graphynes (GYs) induced tremendous effort to find applicable
routes, resulting in the fabrication of these materials [39]. The controlled oligo-trimerization
of cyclo-carbons such as cyclo-C18 (cycle made of nine acetylenic groups) and cyclo-C12
(cycle made of six acetylenic groups) and the oxidative polymerization of monomeric
acetylenic precursors or synthetic macrocyclic compounds under Glaser-Hay coupling
conditions are potential methods for the synthesis of y-GDY, y-GY, 3-GDY, and other
derivatives [49-52]. As an alternative strategy to investigate the potential properties of
GYs, Haley et al. proposed a method for the synthetic preparation of y-GY and y-GDY
substructures [40,53]. These subunits can be next used as the first block in the construc-
tion of extended GY structures. This breakthrough in synthetic approaches to alkynyl
carbon materials revealed possibilities for the synthesis of low-dimensional carbonaceous
nanomaterials involving acetylenic scaffolds [40,54-57]. Since the first report of y-GDY
preparation in 2010, exciting progress has been made in the experimental preparation of
GYs. In the next sections, we describe different, well-developed synthetic protocols leading
to graphyne-like structures composed of C, as well as structures chemically modified by
heteroatoms (e.g., N, F, Cl, H, S, and B).

2.1. Mechanochemical Synthesis

A mechanochemical synthesis route is used in one of the most effective methods. Its
strength lies in its simplicity, rapidity, and repeatability. As a result, solid extended GYs
or their subunits with reproducible features may be produced. Under mechanical impact
and at an elevated local temperature resulting from particle collisions, selected bonds of
substrates are broken and new compounds may form in the solid-state, thus overcoming
the problems associated with solution-based chemistry processes.

The reaction of hexachlorobenzene (HCB; known as a persistent organic pollutant) and
calcium carbide (CaCyp; known as an efficient and safe co-milling reagent) in a planetary
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ball mill at room temperature within 20 min of milling at a mass ratio of CaC, /HCB = 0.9
and a rotation speed of 300 rpm, as proposed by Li et al. [58] in 2017, caught the atten-
tion of materials chemists in the preparation of GYs. After this development, a mature
mechanochemical approach was applied by Li et al. in 2017 for the one-step high-yield syn-
thesis of GY monomers [59]. One year later, Cui et al. synthesized hydrogen-substituted
graphyne (H-GY) and y-graphyne (GY) via the ball-milling-driven mechanochemical
cross-coupling of 1,3,5-tribromobenzene (PhBrs), hexabromobenzene (PhBrg), and CaC; as
precursors under a vacuum. Finally, the impurities were removed with diluted nitric acid
and benzene (Figure 3) [60,61].

R: Cl or Br

Figure 3. Schematic representation of mechanochemical synthesis for preparation of GY and its derivatives. Redrawn [60,61].

2.2. The Vapor-Liquid—Solid Growth

Synthesis reactions carried out with vapor-liquid-solid (VLS) growth allow one to con-
trol the production of different types of nanomaterials. In general, GY sheets are harvested
on carefully prepared surfaces of monocrystalline silicon coated by metallic nanoparticles
(Au, Fe, Zn, and Ni). The prepared substrate-catalyst support provides favorable phys-
ical features (surface energy, stability, and crystal structure) for the effective growth of
nanostructural materials. The VLS method was applied by Li et al. for graphdiyne (GDY)
film synthesis [62]. In their approach, powdered and vaporized GDY was deposited on
the surface of ZnO nanorods grown on a silicon wafer (Figure 4a). Liquid nanodroplets
of melted zinc (~419 °C) formed on one of the ends of the ZnO nanorods (ZnO NRs)
(Figure 4b) served as energetically favorable adsorption sites of incoming vapors of GDY
molecules. Due to the mixing of vapors with melted zinc, a solution of graphdiyne and Zn
was formed (Figure 4c). The continuous influx of fresh portions of GDY molecules resulted
in the formation of a supersaturated solution (GDY-Zn), as well as the fusion of drops and
an increase in their size of droplets, thereby facilitating lateral growth due to the small
edge energy of 2D materials.

2.3. Thermal Treatment

The heating of hexaethynylbenzene (HEB), N-rich precursors (2,4,6-triethynyl-1,3,5-
triazine, TET), and pentaethynylpyridine (PEP) was applied by Zuo et al. to force a homo-
coupling reaction, resulting in GDY nanostructures with different nitrogen percentages and
morphologies (nanoribbon, nanochain, and 3D-networks) [63,64]. Notably, this reaction
could be carried out without using any metal catalyst. The powder of N-rich precursors
were slowly delivered to the preheated conical flask (120 °C), leading to an explosive reac-
tion whereby black GDY was obtained (Figure 5a,b). A gradual heating process (10 °C/min)
to 120 °C in nitrogen converted the light-yellow HEB into black nanoribbon-like morpholo-
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Bulk GDY

-
Zn Nanorod ‘
L]

gies without volume change (Figure 5c,i). On the other hand, the implementation of this
treatment in an air atmosphere resulted in GDY nanochains uniformly grown on the 3D
network with a remarkable volume increase of 6 times (Figure 5¢,ii). This means that the
oxygen accelerated the dehydrogenation for the coupling reaction. However, the addition
of HEB into a preheated air environment (120 °C) rapidly caused a more violent reaction,
and an ultrafine nanochain with a 48-fold volume increase was obtained (Figure 5c¢,iii).

Vapor ZnO + C—Zn\+ CO, GDY Film

®

|

|
|

Figure 4. The illustration of the increase in a GDY layer in the VLS process on the head of a single ZnO NR (a) ZnO NRs in
the presence of GDY vapors, (b) Zn droplet on the head of the ZnO NRs, and (¢) Zn droplets scattered in GDY thin film,
produced by connected several neighboring flakes of GDY. Redrawn [62].

The doping of carbonaceous materials with N atoms can be realized via the three fol-
lowing routes: chemical vapor deposition (CVD), the pyrolysis (annealing) of N-containing
precursors, and heating with N-rich chemicals. For instance, N-doped GDY, B-doped
GDY, F-doped GDY, and S-doped GDY have been prepared using an annealing strat-
egy [65-70]. In such a case, GDY-based nanomaterials have been thermally treated with
relevant chemicals, such as ammonia (N), BO3 (B), NH4F (F), and thiourea (S), at a chosen
temperature [70]. The considered methods, however, suffer from drawbacks, such as the
randomness of the doping sites and uncontrolled dopant’s percentage. Therefore, there
is still a need to develop a synthetic strategy that provides 2D carbon materials with a
homogeneous distribution of atoms of the desired type and at specific desired locations.

2.4. “On-Surface” Synthesis under an Ultra-High Vacuum

The so-called “on-surface synthesis” approach is carried out under an ultra-high
vacuum (UHV) and presents considerable potential in building new types of nanomaterials.
In this method, the starting building blocks are deposited onto the surface of a metallic
substrate (Ag and Au) [71-85]. Then, the coupling of precursors occurs, resulting in single-
atom-thick 1D and 2D materials. In contrast to conventional “wet” reactions, it helps here to
eliminate possible undesired influences from surroundings. The chemical character of the
organic precursors and the nature of the applied substrate are crucial factors that determine
the final properties of GDY nanostructures [41]. Features such as the dimensionality of the
organic precursors, the reactivity of their functionalities, the geometry of the surface, and
interactions occurring between the organic building blocks and substrate have significant
effects on the reaction and molecular surface patterns. The reactivity and mass of the
used molecules have significant impacts on the success of synthesis. High reactivity or
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weight may prevent them from sublimating on the surface of the substrate. On the other
hand, molecules that are too small will escape from the reaction chamber. The metallic
substrates play a double role as templates and catalysts of the coupling reaction. In the
following sections, we discuss the most effective method for the synthesis of graphyne
analog (sub-structures or infinite nanostructures) based on “on-surface” coupling reactions.

7 _ =,
¥y E§ %X
y
n

) X y
Nanoribbo Nanochain 3D network

Figure 5. Thermal treatments of (a) TET, (b) PEP, and (c) HEB: (i) gradually heated to 120 °C/Np; (ii) rapidly heated to
120 °C/Air; and (iii) gradually heated to 120 °C/Air. Redrawn [63,64].

The production of acetylenic frameworks at interfaces involving the formation of
self-assembled monolayers (SAMs) followed by a cross-linking step to form linked mono-
layers is a direct way to create carbonaceous materials such as carbyne, graphyne, and
graphdiyne [71,72]. “On-surface” homocoupling reactions requiring the detachments of
halogens or hydrogen from precursors functionalized with alkynyl groups have been
reported as effective fabrication methods of low-dimensional carbon-based nanostruc-
tures. An overview of the production of 1D carbonaceous nanomaterials via “on-surface”
approaches was previously described in the literature [73].

Rubben et al. reported a surface-assisted dehydrogenative homocoupling reaction of
terminal alkynes (Csp-H), such as triethynylbenzene (TEB) and (1,3,5-tris-(4-ethynylphenyl)
benzene (Ext-TEB), that was conducted on a Ag(111) surface, wherein the hydrogen was
the only by-product of the reaction. The authors stated that it was an ideal method for
the synthesis of individual chemicals or polymeric structures containing a conjugated
backbone (after annealing at 400 K) [74]. In 2015, Wu et al. investigated the reaction
of 2,5-diethynyl-1,4-bis (phenylethynyl)-benzene (DEBPB) taking place on the surface of
silver with different facets including (111), (110), and (100). The reaction was carried out
with the aid of scanning tunneling microscopy (STM). The Glaser synthesis conducted on
Ag(111) was dominant and yielded one-dimensional, covalently bonded wires. On the
contrary, reactions conducted on Ag(110) and Ag(100) surfaces resulted in one-dimensional
organometallic frameworks built on terminal alkynes and metal atoms. (Figure 6) [75].

Klappenberger et al. employed a Ag(877) support to obtain one-dimensional conju-
gated molecular threads as components of extended GYs with lengths reaching 30 nm [76].
Thermal dehydrogenative reactions carried out on a flat Ag(111) plate were found to
be associated with several undesirable side reactions that resulted in the formation of
branched, irregular nanostructures. Liu et al. induced a dehydrogenative reaction of
2,5-diethynyl-1,4-bis(4-bromophenylethynyl)benzene and noticed that bromine adatoms
affected the activation of C-H groups in terminal alkynes occurring at 298 K on a Ag(111)
surface [77]. The STM studies disclosed the formation of organometallic species followed
by their partial conversion to covalently bonded nanostructures after annealing at 420 K.
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DEBPB

Glaser coupling Product

Oljganometallic Product

Figure 6. Schematic representation of the DEBPB coupling (Glaser reaction) carried out on silver surfaces. Redrawn [75].

In 2018, Xu et al. applied a dehalogenative homocoupling reaction to tribromoethyl-
benzene (TBP), 1,3-bis(tribromomethyl)benzene (bTBP), and 1,3,5-tris(tribromomethyl)
benzene (tTBP), and they converted tribromomethyl functional groups (Csp?) to form C-C
triple bonds (Csp) as structural motifs of dimeric structures, such as wires or 2D networks
of GYs grown on a Au(111) surface [78].

In 2020, Xu et al. created on-surface graphyne nanowires through dehalogenative
homocoupling reactions via the stepwise activation of two different types of C-Br bonds
(involving Csp®-Br and Csp?-Br) in a 1-bromo-4-(tribromomethyl)benzene (BTBMB) com-
pound on both Au(111) and Ag(110) surfaces [79]. Sun et al. also reported the successful for-
mation of dimer structures with acetylenic linkers (wires and networks) via the on-surface
C-Br activation of alkenyl carbon atoms [80]. Two-dimensional networks with acetylenic
linkages were obtained after the homocoupling reaction of 1,3,5-tris(bromoethynyl)benzene
(tBEP). In the first step, the precursor was deposited on a Au(111) surface at room tem-
perature and was slightly heated up to 320 K. As a result, organometallic networks were
obtained. The further increase in temperature up to ~450 K led to the release of gold
atoms and the formation of the final product. Figure 7 shows STM studies of this reaction.
Considering the published results, the Ag(111) surface seems to be the most effective
substrate for Glaser coupling because it causes a smaller number of side reactions [81]
than Au(111) plates, for which the cyclization of the terminal alkyne to the benzene ring
is common [82-84]. When used as a substrate, a Cu(111) surface presented low activity
towards “on-surface” Glaser coupling. This stands in contrast to wet coupling reactions for
which Cu ions show very high catalytic activity, and Cu is regarded as the most effective
catalyst for such reactions [85].
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Figure 7. Schematic representation of the growth of the organometallic framework after the deposi-
tion of tribromophenyl on Au(111) surface (from RT to 320 K) and the formation of GDY after heat
treatment at 450 K (a). Scanning tunneling microscopy micrograph revealing the creation of GDY
before and after heat treatment at 450 K (b,c). Detailed STM pictures of the C—-Au—C framework
(d), the mixture of C-Au-C networks and GDY fragments (e), and the GDY layer (f). The modeled
structures of all considered networks are superimposed on the STM micrographs. Reproduced with
permission [80]. Copyright 2016, American Chemical Society.

2.5. “On-Surface” Synthesis by Chemical Vapor Deposition

Another synthesis strategy based on the covalent coupling of organic monomers oc-
curring at the metal surface, so-called “on-surface” synthesis, is chemical vapor deposition
(CVD).

Furthermore, the CVD method is recognized as one of the most promising routes
for the creation of novel 2D materials. This approach relies on the transfer of vapors of
monomers to reaction chambers and their embedding and coupling on the surface of a
preheated metallic substrate. However, this method has severe limitations. As the reaction
is conducted on a metal substrate without any additional catalysts, the reaction stops when
the surface is fully covered with GY monolayer films (Figure 8) [86]. It has been statistically
shown that silver seems to be the most efficient substrate for carrying out such reactions.
In contrast to other investigated metallic substrates (such as Au and Cu), silver was found
to ensure the lowest proportion of side reactions [86].
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Figure 8. The formation of the GDY sheets on the silver surface with the aid of the CVD technique. Redrawn [86].

2.6. Wet Chemical Synthesis

Since the first successful fabrication of y-GDY through a liquid/solid interfacial
reaction on Cu foil as a catalytic substrate for an acceleration coupling reaction in an
organic solvent, directed efforts have been carried out to prepare graphyne derivatives.
Homo-coupling and cross-coupling reactions of hexaethynylbenzene (HEB) as an efficient
precursor have been realized as operational pathways for the preparation of graphyne
analogs (fragments, oligomers, or infinite structures) and have recently attracted immense
attention. These methodologies employ metal salts (copper salts: Cu(I), Cu(Il), or Pd(II)) in
a homogenous conditions or on a surface template, e.g., Cu foil or other arbitrary surfaces
such as graphene, Au, and 3D foam (which may have catalytic properties) to assist in a
heterogeneous reaction [41].

2.6.1. Developments of Coupling Reactions (All Reactants in Solution Phase)

The coupling reaction for the synthesis of graphyne analogs proposed by Moroni et al.
combined dibromoaryls (I) and 1,4-diethynylaryls (II) in the presence of PdCl,, Cu(OAc),,
and triphenylphosphine (PPh); in a triethylamine/THF mixture (Figure 9A), where R1,
R2, R3, and R4 could be the same or different (H, NO,, alkyl ether, alkyl thioether, or alkyl
ester). Homopolymers or copolymers with phenyl, thienyl, anthryl, or stilbene groups
as aryl units were synthesized [87]. Despite this progress in synthetic methods, extended
structures of GYs are still unachievable.

The combined Negishi and Sonogashira cross-coupling reactions for the formula-
tions of various kinds of substituted hexaethynylbenzenes from chloroiodobenzenes put
researchers on a fast track towards the fabrication of GYs [88,89]. In 2007, Jiang et al.
obtained poly(aryleneethynylene) networks with highly developed porous structures. To
do so, they applied a Pd-supported Sonogashira-Hagihara reaction, which had previ-
ously been employed to synthesize different polymeric compounds such as polymers
and ligands for coordination-polymer synthesis, wires, and shape-persistent macrocy-
cles [90]. In 2010, Dowson et al. showed that porous properties (BET surface area and
pore volume) are strictly controlled by the kind of solvent used as the environment of
the reaction [91]. Toluene, tetrahydrofuran (THF), N-dimethylformamide (DMF), and
1,4-dioxane were tested for these reactions. Authors showed that DMF is the most proper
solvent, as its received nanostructures are characterized by the highest BET surface areas
(up to 1260 m?/g) [91,92]. In homogenous coupling reactions, materials chemists prepared
oligomers and macromolecules, but infinite structures are still elusive.

After 2010, remarkable progress in GY preparation was achieved. The synthesis of
poly(aryleneethynylene)s (PAEs) using Pd and Mo/W was thoroughly investigated by
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Bunz in 2010 [93]. Wu et al. utilized commercially available tris(f-butoxy)(2,2-dimeth
ylpropylidyne)-tungsten(VI) as the catalyst in the synthesis of hydrogen-substituted gra-
phyne (H-GY), as shown in Figure 9B [94]. Ding et al. prepared y-graphyne in a homoge-
nous ultrasound-driven reaction of hexabromobenzene (PhBrg) and calcium carbide (CaC;)
in an inert atmosphere without a metal catalyst [95]. Wen et al. prepared new N-doped
graphyne analogs (Figure 9C) in the reaction of nucleophilic substitution (SNAr) of cya-
nuric chloride and para-dilithium aromatic reagents. The process was carried out under
mild conditions in a diglyme or bis(2-methoxyethyl) ether (solvents with high boiling
points) solution. That designed reaction allowed them to obtain N-GYs on a gram scale [96].
The development of GDY synthesis was a breakthrough in the preparation of different
morphologies such as films, nanowires, nanotube arrays, nanoribbons, nanosheets, and
nanowalls of GYs with versatile properties, as well as reductions in the dimensionality [97].
Graphdiyne nanoribbons (GDYNRs) comprise a class of 1D GDY materials that
stresses well-defined edges and nanometer size [97]. There have already been numer-
ous theoretical efforts regarding GDYNRs seeking connections between their structures
and properties. The results of this research are discussed in Section 3.2.3. A bottom-up
chemical formulation could provide structurally uniform and well-defined nanostructures
of GDYNRSs. It is, however, necessary to perform the selective stepwise coupling of ethynyl
groups during the synthesis procedure. Zhou et al. proposed a two-step method of in-
termolecular polymerization followed by the intramolecular cross-coupling of acetylenic
moieties, as seen in Figure 9D (red fragment). First, the polymerization of the ethynyl units
in the central part of the monomer ensures one-dimensional growth (Figure 9D, red frag-
ment). Secondly, the intramolecular reaction of ethynyl groups on the established facing
side chains and the bulky groups (such as the 3,5-di-tert-butylbenzyl group) on the outer
side occurs. The latter works to sterically hinder intermolecular coupling. This strategy was
applied to build GDYNRs nanostructures (Figure 9D, blue fragment) made of rhomboid
units with benzene as junctions and butadiyne as linkers for the first time. The structures
showed a well-defined width of ~4 nm and a length of hundreds of nanometers [97].

2.6.2. Two-Phase Methods (Interfacial Synthesis Utilizing Two Immiscible Liquids)

Atomic, ionic, or molecular compounds may be successfully applied as starting
materials to the direct, bottom-up synthesis of ultrathin GDY nanostructures with in-plane
periodicity. In 2017, Sakamoto et al. strived to create graphdiyne at the interface between
two immiscible fluids (Figure 10A,B) [98].

The upper aqueous phase held copper (II) acetate and pyridine, which catalyzed
ethynyl homocoupling (Eglinton coupling). The lower dichloromethane phase contained
the HEB monomer. The continuous catalytic reaction for 24 h under an inert atmosphere at
room temperature resulted in the development of a layered GDY (thickness: 24 nm; domain
size: >25 um). In 2019, Song et al. described the liquid/liquid interfacial formulation as
a comprehensive way to obtain GYs via a reaction between terminal ethynyl groups and
an aryl halide. The reactions catalyzed by PdCly(PPhs); and Cul resulted in various
forms of GY nanostructures, including hydrogen-substituted graphyne (H-GY), methyl-
substituted graphyne (Me-GY), and fluorinated graphyne (F-GY) [99]. H-GY is a framework
consisting of duplicated sections of benzene rings joined by ethynyl linkers at all meta
sites. Likewise, the repeating units of Me-GY (or F-GY) are 1,3,5-trimethylbenzene (or
1,3,5-trifluorobenzene) rings attached to benzene rings within acetylene bridges. Two-
dimensional N-graphdiyne sheets were recently prepared via reactions conducted at the
interfaces (Figure 10D,E) [100]. Nitrogen heterocycles (triazine and pyrazine) bearing
terminal ethynyl groups were polymerized through Glaser coupling reactions at interfaces.
This procedure was expanded to the synthesis of S-doped graphdiyne (TTE-GDY) structures
comprising tetrathiafulvalene fractions (Figure 10C) and has this potential to be applied as
a robust route for the synthesis of a wide range of heteroatom-rich graphyne-like structures
in the future [101].
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Figure 9. Homogenous coupling reactions in the preparation of graphyne derivatives (A). Synthetic
scheme of the graphyne (B) and N-doped graphyne-like nanostructures (C). Redrawn [87,94]. (D) In-
termolecular Glaser-Hay cross-coupling reactions of red fragments for GDY nanoribbons by copper(I)
chloride, TMEDA, and acetone/tetrahydrofuran at RT (i); tetra-n-butylammonium fluoride and THF
at RT (ii); intramolecular coupling reaction of blue fragments by Cu(OAc), and pyridine, H,O, and
CH,Cl, at RT (iii); R = triisopropylsilyl; TMEDA: N,N,N',N’ -tetramethylethane-1,2-diamine; RT:
room temperature. Redrawn [63,64].
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Figure 10. Homocoupling reaction in interlayer between two phases: (A) liquid/liquid and
gas/liquid (B) in the preparation of sulfur-rich graphdiyne (C) and N-graphdiyne (D,E). Re-
drawn [100,101].

2.6.3. Developments of Heterogeneous Coupling Reactions at Liquid /Solid Interfaces on
Diverse Substrates

In liquid/solid interface reactions, substrates such as copper foil, plate, foam, and
walls have been applied to bring reactants together and speed up the reaction proce-
dure [102,103]. The first y-GDY was prepared through the heterogeneous homo-coupling
reaction of hexaethynylbenzene on copper foil, playing double roles of catalyst and sub-
strate (Figure 11A) [28]. It was reported that both the oligomer evaporation process and
the kinetics of the coupling reaction were strictly controlled by temperature [104,105]. Fur-
thermore, the factors determining the structural properties of the obtained nanostructures
were found to be catalyst distribution and monomer concentration. The formation of
v-GDY nanowalls via the Glaser-Hay reaction was successfully carried out in the pres-
ence of N,N,N’,N’-tetramethylethylenediamine (TMEDA) due to its ease in complexing
copper ions. The copper envelope catalysis strategy was employed for the synthesis of
v-GDY nanowalls on various substrates, including one-dimensional Si nanowires; two-
dimensional Au, Ni, and W foils; quartz; 3D stainless steel mesh; and 3D graphene foam
(GY), as seen in Figure 11B [106]. For this purpose, these were the chosen substrates used
in this method, and the target substrates were wrapped in a Cu-based envelope.
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Figure 11. Proposed reaction process of GDY nanowall formation on Cu foil (A); envelope strategy for preparation GDY
nanowalls on arbitrary substrates (B). Redrawn [35,106]; Glaser homocoupling reaction on Cu foil (liquid/solid method)
(C). Redrawn [107-112]; boron-graphdiyne (B-GDY) preparation through homocoupling reaction on Cu foil (solid /liquid
method) (D). Redrawn [113].
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Well-defined films of triazine-based graphdiyne (TA-GDY), aminated-graphdiyne
(NH,-GDY), B-GDY, H-GY, CI-GDY, and F-GDY were prepared through Glaser homo-
coupling reactions on Cu foil (Figure 11C) [107-112]. 2,4,6-triethynyl-1,3,5-triazine, 2,4,6-
triethynylaniline, tetraethynylethene (TEE), 1,3,5-triethynylbenzene, 1,3,5-trichloro-2,4,6-
triethynylbenzene, and 1,3,5-triethynyl-2,4,6-trifluorobenzene were the respective starting
compounds (prepared from the deprotection of trimethylsilyl group by tetra-butyl am-
monium fluoride (TBAF) from corresponding silylated substrates) and were applied in
homocoupling reactions to prepare extended GYs on Cu foil. The resulting films were
peeled off from the Cu foil by a FeCls-saturated solution and then rinsed with H,O, acetone,
DME, and ethanol. Wang et al. prepared boron-doped graphdiyne (B-GDY) through the
aforementioned synthetic procedure, which was recognized to be an effective technique
to prepare 2D carbonaceous nanostructures with strictly controlled and well-organized
chemical structures (Figure 11D) [113]. In contrast to the copper foil, the copper nanowires
(CuNWs) worked as templates and delivered more reactive sites for developing y-GDY
structures [114,115]. As a result, high-quality nanostructures with well-developed surface
areas were obtained. For instance, the thin films of graphdiyne (average thickness: ap-
proximately 1.9 nm) were obtained on CuNWs (100 nm in diameter) [114]. In the end,
polymeric films were isolated by washing a crude product in a mixture of hydrochloric
acid and FeClj3.

3. Electronic Properties
3.1. Dirac Cone

A Dirac cone is a distinctive feature in an electronic arrangement in which the energy
levels of the valence and conduction bands meet at one specific point in the first Brillouin
zone (named Dirac points), hence setting the Fermi level; the band structure in its vicinity
resembles a double cone with linear dispersion [116]. The presence of a Dirac cone renders
a given material “the zero-gap semiconductor” rather than metal and results in several
unusual features such as ballistic electronic transport and enormous thermal conductivity.
The occurrence of Dirac cones in graphene, predicted by Wallace in 1947 and experimentally
demonstrated by Novoselov et al. in 2005, has sparked unceasing research in recent
years [117,118]. Some efforts have been directed towards exploring the possibility of
the occurrence of the Dirac cones in GYs. The presence of Dirac cones in a-graphyne,
B-graphyne, and y-graphyne-n with hexagonal symmetry structures was demonstrated.
Recently, Vines et al. discovered that 6,6,12-GY, with rectangular symmetry, has two
self-doped non-equivalent and distorted Dirac cones [119,120]. These results shed new
light on the electronic properties of GY-like materials and suggest that rigorous hexagonal
symmetry is not a feature that determines the appearance of cones in these materials.

3.2. Electronic Band Structure

The electronic band structures of diverse GYs and GDYs have been investigated
using theoretical methods, particularly density functional theory (DFT). Local density
approximation (LDA) and the generalized gradient approximation (GGA) have been
widely applied to study the structural, mechanical, electronic, and magnetic properties of
GYs. Nevertheless, the underestimation of the band gap levels still is one of the critical
problems of LDA and GGA. Hybrid Heyd-Scuseria-Ernzerhof-type functionals (HSE) have
improved total energy evaluation by admixing the nonlocal Hartree-Fock exchange. They
also lead to more realistic band gaps than LDA or GGA functionals. However, those
conducted calculations generate significantly higher computational costs. To describe the
van der Waals force in vdW-optPBE layered compounds, some extent of correction leads
to improved results. Next, we review theoretical studies on GYs and compare diverse
calculated parameters with the aforementioned theoretical approaches.
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3.2.1. The Electronic Band Structure of GYs

The optimized geometry and electronic structures of diverse GY materials (graphyne,
graphdiyne, graphyne-3, and graphyne-4) were computed by applying the full-potential
linear combination of atomic orbitals (LCAO) approach by Narita et al. in 1998 [121].
The unit cell of all considered GY derivatives was similar to graphyne and is shown as
a parallelogram in Figure 12. This unit cell was found to contain 12 carbons, the a and b
lattice vectors were found to be equal (a = b), and the angle between them was found to be
vy = 120°. The Brillouin zone of the investigated material was an equilateral hexagon. As
a result of geometry optimization, all bond angles are either 120° or 180° in graphyne-n.
The lattice parameters of graphyne-n structures (n = 1, 2, 3, and 4) are 6.86, 9.44, 12.02, and
14.6 A, respectively, and binding energies are 7.95,7.78,7.70, and 7.66 eV, respectively. It
turned out that the reported hexagon presents a bond length almost equal to those found
for graphite. Moreover, it is a bit longer than the bond that extends outside a hexagon. The
bridges between hexagons are not formed by cumulenic linkers =C=C=; rather, they are
formed by ethynyl ones (-C=C-). The presence of conjugated multiple bonds is a typical
feature of graphyne and its derivatives.

The indirect band gap is the separation between the conduction band minimum
(CBpin) and the valence band maximum (VBpax) within an electronic band structure,
whereas the direct band gap denotes the smallest of gaps at one particular point in the
Brillouin zone [122]. Chen et al. studied the band structures of optimized «-, 3- and y-GY
structures (Figure 12A) [123]. They showed that all investigated materials were direct
semiconductors. In the case of a-graphyne, the conduction band minimum meets the
valence band maximum at K-point in the Brillouin zone (Figure 12Ba) and symmetric Dirac
cones are formed. In the case of 3- and y-GY, the energy bands coincide at M-points in the
Brillouin zone (Figure 12Bb,c) and show quasi-Dirac cone structures, albeit with a slightly
open band gap. The values of band gaps were found to be equal to 0 eV (x-GY), 0.028 eV
(B-GY), and 0.447 eV (y-GY) when applying the generalized gradient approximation of
the Perdew—Burke-Ernzerhof (GGA-PBE) method (Figure 12Ba—c). Moreover, v-GDY is a
direct semiconductor with a Dirac point at the zone center (I" point of the first Brillouin
zone).

The estimated band gaps of graphyne-like families (monolayer, bilayer, multilayer,
nanotubes, and nanoribbons) with and without strain by different functionals are com-
piled in Table 2. A wide range of band gap levels were found for -GY [121-129] and
7-GDY [42,106,121,125-127,130-134] (0.447-2.23 eV for v-GY and 0.44-1.21 eV for 7-GDY),
which is strictly related to the applied calculation functionals, as reviewed in Table 2.

The manipulation of the band structure of GYs has been attempted through strate-
gies including strain tuning, structural engineering (the fabrication of GYs with different
dimensions), doping, and the application of external electric fields. The obtained results
suggest that GYs are valuable materials for nanoelectronic and optoelectronic devices
or sensors. For example, strained graphyne-n was obtained by applying different types
of strain, including homogeneous biaxial (H-strain in both the x and y directions) and
uniaxial strains (x-direction A-strain and y-direction Z-strain), as was reported by Li et al.
in 2013 (Figure 13a) [127]. For the H-strain case, hexagonal symmetry was preserved after
the strain (Figure 13b). The A-strain deformation was found to be in the direction of the
propagation of the ethynyl linkers, while the Z-strain described deformation perpendicular
to the acetylenic linkers with bent hexagonal symmetry (Figure 13c,d). Unlike graphene,
which exhibits a band gap insensitivity to applied strain, GYs have shown band gap mod-
ulations under different straining approaches. Comprehensive studies have proven that
homogeneous tensile stress expands the band gap of GYs, whereas uniaxial tensile and
compressive strains lead to band gap decreases (Figure 13e). Direct band gaps at either the
M or S point of the Brillouin zone have been observed for both graphyne and graphyne-3
subjected to different tensile strains. In contrast, graphyne-4 and graphdiyne have been
shown to display a direct band gap established at the I point, whatever the nature of the
implemented strain [122,127]. Subsequent studies by Qui et al. confirmed the effect of
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biaxial tensile stress in increasing the gap of y-GDY within the range of 0.47-1.39 eV, while
uniaxial tensile strain was found to decrease the band gap to approximately zero at the
PWOI1 level [134].
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Figure 12. Illustration of graphyne-n structures. The red parallelogram shows the unit cell of GYs. The Brillouin zone is
shown in the upper-right, and various acetylenic linkers are shown in the bottom-right (A); (B) band gaps (Eg) and density
of states (DOS) of x-graphyne (a), f-graphyne (b), and y-graphyne (c). s and p describe the partial densities of states of
the s and p orbitals in carbon atoms, respectively. The sum of both elements gives a value of the total density of states.
Reproduced with permission [123]. Copyright 2018, MDPL
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Table 2. Calculated band gaps of GYs based on different summarized methods.

Name/Percentage of

Band

Band

Acetylenic Linkages % Gap/Method [Ret.] Name Gap/Method [Ret.]
0.447/PBE [122] 0.5/PBE [130]
0.448/PBE-D [122] 0.44/LDA [131]
0.45/PBE [124] 1.10/GW [131]
1.2/MNDO [33] 0.53/FP-LCAO [121]
0.52/FP-LCAO [121] 1.22/HSEO06 [132]
0.47/PBE [125] 0.46/PBE [133]
1-GY 2.23/B3LYP [125] 7-GDY 0.52/PBE [125]
0.46/PBE [126] 1.18/B3LYP [125]
0.46/PBE [127] 0.89/HSE06 [127]
0.96/HSE06 [128] 0.47/PW91 [134]
0.94 HSE06 [127] 0.9/HSE06 [134]
0.474 [128] 1.21/HSEO06 [106]
0.454/PBE [129] 0.485/PBE [129]
0.028/PBE [122] 0/PBE [122]
ks 0.04/PBE-D [122] a-GY 0.005/PBE-D [122]
0.6 at M/FP-LCAO [121]P
6,6,12-GY 0/PBE [135]2 Graphyne-3 0.56/PBE [127]
0.566/PBE [129]
0.59/FP-LCAO [121] €
Graphyne-4 0.54/PBE [127] Bulk-GY 0-0.5/FP-LSDA [136] 4
0.542/PBE [129]
. 0.18-0.33/PW91 [138]4
- | d
Bulk-GDY 0.05-0.74/HSE06 [137] Trilayer GDYs 0.9/HSE06 [106]
. 0.14-0.35/PW91 [138] € .

Bilayer GDYs 0.99/HSE06 [106] (2,0-AGDYNT (6.42 A) 0.95/PBE [139]
(2,2)-ZGDYNT (10.25 A) 0.65/PBE [139] (3,0-AGDYNT (9.08 A) 0.65/PBE [139]
(3,3)-ZGDYNT (15.56 A) 0.55/PBE [139] (4,0-AGDYNT (12.04 A) 0.55/PBE [139]
(4,4)-ZGDYNT (20.81 A) 0.5/PBE [139] AGYNRs (1045 A) 1.25-0.59/LDA [140]

AGDYNRs (12-62 A) 0.97-0.54/LDA [140] ZGYNRs (14-38 A) 1.65-0.73/LDA [140]
ZGYNRs (12-30 A) 1.32-0.75/LDA [140] AGNRs (20 A) 0.5/LDA [141]
AGYNREs (20 A) 0.8/LDA [140] ZGDYNRs (19.2-28.6 A) 1.205-0.895/PBE [133]
. GY (-2 to +10% 0.4-0.17/PBE
AGDYNRs (12.5-20.7 A) 0.954-0.817 /PBE [133] A-strain) 0.87-1.47 0.87-0.56/HHSE06 [127]
GY (—2 to +10% 0.4-0.88/PBE [127] GDY (-2 to +10% 0.41-0.94/PBE [127]
H-strain) 0.87-1.47 /HSE06 [127] H-strain) 0.8-1.53/HSE06 [127]
GY (=2 to +10% 0.37-0.3/PBE [127] GDY (-2 to +10% 0.39-0.21/PBE [127]
Z-strain) 0.83-0.71/HSE06 [127] Z-strain) 0.78-0.56/ HSE06 [127]
AGDYNRs
GDY (=2 to +10% 0.39-0.31/PBE [127] X
A-strain) 0.78-0.69/HSE06 [127] (various n of 0.04-0.69/VASP [142]
nanoribbon)
AGDYNRs 0.01-
«-GYs (0-10% H-strain) 0/PBE [123] (Var101-15 n of 0.69/OpenMX [142]
nanoribbon)
B-GYs (0-10% H-strain)  0.028-1.469/PBE [123] ZGDYNRs (28.6 A) 0.895/PBE [133]
v-GYs (0-10% H-strain) 0.447-0.865/PBE [123] Graphene/0 0 [143]

a Lattice constant of a = 9.44 A and b = 6.90 A; ® lattice constants of a = 12.02 A; © lattice constants of a = 14.6 A; ¢ AAA configuration
presents metallic band structure; ¢ AA stacked structure shows also metallic behavior.
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Figure 13. The structure of GY film. The yellow parallelogram indicates the unit cell (a). Brillouin zone with high-symmetry
points marked beneath H-strain (b), A-strain (c), and Z-strain (d). The band gap shift under different applied strains
determined from GGA-PBE (e). Reproduced with permission [127]. Copyright 2013, American Chemical Society.

3.2.2. The Electronic Structure of GDYs

Heteroatom doping is an effective method to alter the band structure of graphyne-
like structures. The effect of the functionalization of sp-carbon atoms in y-GDY on band
structure was thoroughly investigated by Koo et al. in 2014 [130]. The hydrogenation of
acetylenic linkers increased the band gap from 0.49 to a maximum of 5.11 eV, while fluori-
nation increased the band gap up to 4.5 eV. Figure 14A-C illustrate different configurations
for monolayered N-graphdiyne holding different numbers of C and N atoms varying from
24 to 42 entitled C1gNg, C24Ny, and C34Ng, respectively, as reported by Singh in 2019 [144].
A hexagonal lattice was observed for CigNg (a = 16.04 A) and C36Ng (a=18.66 A), while
Cp4Ny presented a rectangular unit cell (a = 15.97 A; b = 9.67 A). All considered crystals dis-
played semiconducting performance, with band gaps of 2.20 eV (C13Ng), 0.50 eV (C24Ny),
and 1.10 eV (C36Ng) [144].

The high-temperature treatment of carbonaceous materials is a conventional method of
heteroatom doping. Until now, nitrogen-, sulfur-, and phosphorous-doped GDY derivatives
have been prepared by this technique [65-69,145,146]. Chen et al. constructed X-doped
graphdiynes by replacing a carbon atom (named C1, C2, and C3) (Figure 14Da) in GDY with
heteroatom X, where X = B, N, P, and S. As a consequence, five models for N- (N1, N2, N3,
pdN, and NH,), three models for each B- (B1, B2, and B3), P- (as P1, P2, and P3), and S- (S1,
S2, and S3) doped GDY were constructed. The pdN and NH; models represent the GDY
structures doped with pyridinic nitrogen (Figure 14Db) and amino-derived functionalities
(Figure 14Dc), respectively. The carbon atoms were divided into three classes that were
labeled C1, C2, and C3 according to the arrangement of the structure. Additionally, nine
adsorption sites, as indicated by red dots, were investigated in discussed studies.

The doping of pristine GDY with diverse elements (B, N, P, or S) has been found to
result in a decrease in the band gap for all analyzed models when using spin-polarized DFT

329



Nanomaterials 2021, 11, 2268

YY" CuNe Y'Y DM J

computations and PBE functionals [146]. When the concentration of the dopant was about
1.4 at%, N- and P-doped GDYs were found to be metallic, while doping with boron and
sulfur was found to reduce the band gap of starting GDYs from 0.46 to 0.16 and 0.28 eV,
respectively. The further decrease in the band gaps was induced by an increase in dopant
concentration. B-doped GDYs were found to become metallic after adding 5.6 at% of boron,
whereas the band gap of S-doped GDYs decreased to 0.09 eV (Model S3). The planar
structure of GDY after doping with B or N atoms was found to be preserved. Due to larger
atomic radii of P and S atoms, the out-of-plane distortion of planarity, except for P3 and S3
models, was observed. In terms of the cohesive energies, N, P, and S elements were found
to prefer the X2 position, while boron favored the X1 position.

In 2019, Yang et al. theoretically studied the changes in electronic properties caused by
the adsorption of Hy and O, atoms on GDY [147]. As Figure 14E shows, there were
nine possible sites for their adsorption: three top sites (T1, T2, and T3), two hollow
sites (H1 and H2), and four bridge sites. It was shown that the most stable adsorption
positions are those located at T2 and H2. The adsorption of atoms on the GDY surface is
related to the generation of distinguished high adsorption energies (GDY/H = 3.73 eV;
GDY/O =7.53). The latter meant that strong chemical interactions occurred between the
adsorbed atoms and the surface. When H atoms were adsorbed, an inadequate 0.1 eV
reduction in the band gap was observed. On the contrary, the adsorption of oxygen led to
a higher band gap (an increase of 0.2 eV). Furthermore, the introduction of oxygen species
to the structure resulted in weak magnetism because of the broken spin degeneration.
With the advancement of research with single-layer GYs, researchers have turned their
attention to other geometric shapes such as one-dimensional graphyne family members
(e.g., nanoribbons and nanotubes) and three-dimensional ones represented by few-layer
systems with different stacking arrangements.

2) !

-

Figure 14. N-graphdiyne nanosheets unit cells of C1gNg (A), C24Ny (B), and C3¢Ng (C). Reproduced with permission [144].

Copyright 2018, American Chemical Society. (D) The available position to be occupied by dopants (Da), pyridinic N-
doped GDY (pdN) (Db), and amino-group-doped GDY (NHy) (Dc). (E) Optimized H, and O, adsorption sites on pristine
y-graphdiyne. Redrawn [146,147].

3.2.3. The Electronic Band Structure of GY Nanoribbons

A nanoribbon (NR), as a 1D derivative of infinite GY sheets, is an example of tuning
a band gap by changing the geometry of 2D monolayer GYs. Armchair (AGYNRs) and
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zig-zag (ZGYNRs) graphyne nanoribbons (differing in widths) were obtained by cutting
through a graphyne (or graphdiyne) film along the x and y directions terminated to a
benzene ring or acetylene group [140,142]. Gao et al. investigated nanoribbons with
benzene rings at their edges. Figure 15 shows AGYNR and ZGYNR arrangements, where
n is the number of recurring segments. In contrast to AGYNRs, the n number in ZGYNRs
can vary by a half-integer (n + 1/2).
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Figure 15. Armchair and zig-zag GY nanoribbons were achieved through the scissoring of the layer
along the x and y directions. Redrawn [140].

The band gap of the nanoribbon decreased as the width increased because the ribbon
tended to revert to a two-dimensional structure; in such a case, the expected band gap
of the ribbon was 0.5 eV. The results confirmed that all considered nanoribbons showed
semiconductive features, where band gaps were controlled by the widths and the nature of
the edge. With the DFT-LDA method, the calculated energy gaps of AGYNR graphyne-
based nanoribbons were in the range of 0.59-1.25 eV, while ZGYNRs showed band gaps
ranging from 0.75 to 1.32 eV. In the case of graphdiyne nanoribbons (GDYNRs), the energy
gaps were in ranges of 0.54-0.97 eV and 0.73-1.65 eV for armchair (AGDYNRs) and
zig-zag (ZGYDNRs) configurations, respectively. The effects of the edge arrangement
(AGDYNTs and/or ZGYDNRs) of graphdiyne nanotubes (GDYNTs) on band structure
were investigated in detail by Shohany et al. [139]. All GDYNTs under investigation
exhibited semiconducting behavior, with a fundamental band gap ranging from 0.65 to 0.5
for AGDYNTs and from 0.95 to 0.55 for ZGDYNTs, as summarized in Table 2.

Kang et al. reported that an intersecting electric field could provoke the giant Stark ef-
fect in one-dimensional nanostructures, leading to a diminished or even disappeared band
gap [148]. In comparison with other band gap modification approaches, the experimental
control of an electric field seems to be a much easier way to play with GYs’ band gaps. The
effect of an electric field on the band structures of GDYNRs and the band gap decreased as
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the electric field strength increased due to the strong localization of band-edge states. The
band gap decreasing rate was found to be linearly dependent on the ribbon width.

3.2.4. The Electronic Band Structure of Bulky GYs and GDYs

It was shown that 3D graphynes, thanks to the different stack arrangements, could
be considered to be both as semiconductors and metals. In 2000, Narita et al. applied the
first-principle calculations using a full-potential linear combination of the atomic orbitals
method and local-spin-density approximation (LSDA) to optimize the geometry and inves-
tigate the electronic properties of one AAA stacking arrangement structure represented as
o and three ABA configurations denoted as 31, 32, and (33 of three-dimensional graphyne
(Figure 16a) [136].
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Figure 16. ABA stacking arrangements of 3D graphyne. The A and B sheets are represented by grey
and pink structures (a). Redrawn [136]. (b) Optimized arrangements of double-layer GDY labeled
AB(B1) and AB(p2) (red top layer and grey bottom layer, respectively); (c) three potential forms of
the trilayer GDYs: ABA(y1), ABC(y2), and ABC(y3) arrangements (blue top layer, red middle layer,
and grey bottom layer). Redrawn [138]. (d) AB-1, AB-2, and AB-3 represent structures of bulk GDY.
Red arrows show the directions of the in-plane shift of two sheets in the cell. Redrawn [108].

In Table 3, it was shown that interactions occurring between orbitals 2pm in « and 33
were greater than those appearing in 31 and 2. As a result, a large split of the 7t orbitals
could be observed, consequently leading to the overlapping of conduction and valence
bands in oc and 3. The optimized plane lattice constant (a) and bond lengths were nearly
the same as in 2D graphyne. The calculated interlayer distance (d) of graphyne (~3.3 A) was
longer than that of graphite (3.17 A). However, the greater core/core repulsion between
neighboring sheets in o and (33 resulted in lower binding energies compared with those
found for 31 and (2. Furthermore, the obtained values were approximately 90% of the
binding energy of graphite (8.867 eV /atom). This may suggest that graphyne is metastable
while it is formulated. In contrast, the more stable nanostructures of f1 and 2 exhibited
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semiconducting properties. The band gap of 31 was equal to 0.19 eV at the M and L points,
whereas the energy gap of 32 was 0.50 eV at the L point. Thus, three-dimensional graphyne
was assumed to have layered $1 and 32 organizations and semiconductive features with

appropriate energy gaps.

Table 3. Optimized lattice constant, interlayer distance, binding energies, and band gap for 2D and 3D graphyne and

graphite 2.
Lattic Constant (A)  Interlayer Distance (A) Binding Energy (eV/atom) Band Gap [Ref.]
[od 6.86 3.51 7.948 0 [136]
528 6.86 3.27 7.963 0.19 [136]
B2 6.86 3.28 7.962 0.5 [136]
B3 6.86 3.34 7.957 0 [136]
2D GY 6.86 - 7.951 0.52 [121]
graphite 2.46 3.17 8.867 0 [136]

@ Using the projector-augmented wave method and the PBE functional.

In 2012, Zheng et al. conducted PW91 calculations and showed that the most stable bi-
layer and trilayer GDYs had their hexagonal rings arranged in the AB (direct Eg = 0.35 eV)
and ABA (indirect Eg = 0.33 eV) configurations, respectively [138]. The decline in en-
ergy gaps, compared with monolayer species (0.46 eV), was caused by the occurrence
of interlayer interactions. The application of an external electric field has been shown
to be an effective technique to control the electronic and optical properties of few-layer
graphyne-like materials. The two most stable arrangements for bilayer GDY (AB(1) and
AB(f2), owning band gaps of 0.35 and 0.14 eV, respectively) are depicted in Figure 16b.
The stable trilayer configurations labeled ABA(y1), ABC(y3), and ABC(y2) were found
to present band gaps as high as 0.32, 0.33, and 0.18 eV, respectively (Figure 16¢). The less
stable AA and AAA configurations of GDY exhibited metallic properties.

In 2013, Nagase et al. employed a vdW-optPBE functional to investigate the relation-
ships between the optical and electronic features of bulky GDY nanomaterials and their
configurations. The obtained results were next compared with the results obtained using
Heyd-Scuseria-Ernzerhof (HSE06) and LDA functionals [137]. They found that the AA
configuration presented the lowest structural stability, accompanied by three AB configura-
tions with energy gaps equal to 0.05, 0.74, and 0.35 eV, respectively. The investigations of
Leenaerts et al. on the two-layer x-GY revealed that its band structure was qualitatively
different from its single-layer derivative and was affected by the stacking modes of the
two layers [149]. The AB staking arrangements exhibited a zero-gap feature similar to
the AB configuration of bilayer graphene. It was shown again that electronic properties
may be controlled by an applied electric field. The fluorinated GDY exhibited direct semi-
conductive behavior, with band gaps equal to 2.17 (AB stack-1) and 2.30 eV (AB stack-2),
which were more than that of pristine GDY (~0.46 eV) (Figure 16d) [108]. Furthermore,
the theoretically estimated band gap of the AB stack-1 configuration was consistent with
the experimental value. The experimentally determined band gap of randomly fluori-
nated triazine-based graphyne by XeF,, reported by Szczurek et al., ranged from 3.12 to
3.34 eV and grew with increasing fluorine concentration [150]. An increase in the band gap
upon the fluorination of acetylenic bridges is consistent with the decoupling of benzenic
chromophores. Multilayer boron-graphdiyne (B-GDY) was comprehensively studied by
Li et al. [113]. The calculated band gap energy of the monolayer showed that B-GDY was a
direct band gap semiconductor at the I" point with a value of 1.2 eV, which corresponded
well to the experimentally derived band gap (1.1 eV) of the synthetic compound.
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3.3. Electronic Transport

The carrier mobility of different forms of GYs and GDys was theoretically predicted
by Chen et al. In their experiments, the Boltzmann transport equation coupled with
the deformation potential theory was applied to a-GY, b-GY, 6,6,12-GY, and GDY, and
graphene was used as a reference. The obtained results revealed that almost all GYs and
GDYs showed charge mobility values lower by one order of magnitude than graphene.
6,6,12-GY was an exception and presented a higher charge mobility (in the a direction) of
around 25% for holes and 37% for electrons than the charge mobility found for graphene.
Furthermore 6,6,12-GY presented a tremendous anisotropy of charge mobility along the a
and b axes. The high carrier mobility of 6,6,12-graphyne might be explained by weaker
electron-phonon coupling energy and longer relaxation times. Moreover, the rectangular
arrangement of the 6,6,12-graphyne framework might cause the anisotropy of charge
mobility in the structure [135].

In 2018, Nasri and Fotoohi theoretically investigated the electronic transport charac-
teristics of a device built on N-doped (right electrode) and boron-doped (left electrode)
a-armchair graphyne nanoribbons [151]. Four different devices differing in N and B substi-
tution sites (sp or spz) were proposed (Figure 17A). The current-voltage characteristics of
the considered systems revealed effective non-linear behavior that led to the generation of
a p—n junctions, which, in turn, resulted in rectifying behavior. The rectification properties,
however, heavily depended on the deposition site of dopant atoms. The devices with
doping atoms substituted on sp? sites (sp>~sp and sp?~sp?) showed a rectification ratio
of around ten times lower than those having doping atoms attached to sp sites (sp—sp
and sp—spz) measured in the same bias region (Figure 17B). The rectifying behaviors of
the described devices may be associated with asymmetric electrode arrangements. The N
and B dopants caused crucial variations in electronic structures of x-graphynes, as they
generated new sub-bands in valence (VB) and conductive (CB) bands. Those sub-bands
seemed to ensure effective conduction and rectification in the described devices. This
finding was supported by measurements conducted on pristine x-graphyne nanoribbons.
The device built on the latter showed no rectification effect due to the symmetry of both
electrodes. The suitability of graphyne and its h-BN (hexagonal boron nitride) derivatives
(h-BNynes) to work as a field-effect transistor (FET) was theoretically investigated by Jhon
et al. in 2014 [152]. With the aid of non-equilibrium Green’s function combined with the
density functional theory (NEGF-DFT) method, they examined the electronic transport of
graphene—graphyne—graphene devices by varying graphyne size and carbon chain length.
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Figure 17. The scheme of devices built on an armchair graphyne nanoribbon (AGyNR) doped with
boron and nitrogen atoms (A). The I-V curves of doped devices confronted with a pristine system;
the inset figure shows the rectification ratio, RR (V), of all doped systems (B). Reproduced with
permission [151]. Copyright 2018, Elsevier. The schemes of STM devices designed for the investiga-
tion SMC of carbobenzene, hexabenzocoronene, and carbo-n-butadiene (DBA). The molecules were
attached via NH; linkers to gold STM electrodes; TIPS: triisopropylsilyl (C). The single molecule
conductance (SMC) and gate potential (VG) relationship found for the carbo-benzene sample. In this
experiment trihexyl tetradecyl-phosphonium-bis(2,4,4-trimethylphenyl)phosphinate) was applied
as the electrochemical gating electrolyte and the bias voltage was constant (0.1 V); SCE: saturated
calomel electrode (D). Redrawn [153].

The concept of such constructed transistors was based on the outstanding electronic
mobility of graphene and non-zero band gap graphyne, along with structural /compositional
similarities between graphene and graphyne, being robustly connected between graphene
electrodes. DFT calculations revealed that both graphyne and h-BNyne-based thin-film
transistors (TFTs) showed good on/off ratios on the order of 102-10°. Noteworthily, the
size of such transistors might be reduced to below 1 nm while maintaining good switching
features. Electronic orbital analysis disclosed that, contrary to h-BNynes, electrons in the
conduction and valence orbitals were considerably delocalized in graphyne TFTs. The latter
finding may suggest that graphyne TFTs could offer more facilitated electron mobilities
than h-BNynes.

Single molecule conductance (SMC) was experimentally and theoretically investi-
gated by Li et al. [153]. The measurements were performed using a scanning tunneling
microscope, where the a-graphyne unit was chemically attached to the Au electrode and
the STM tip. Amine (NH,) functionalities were used as an anchoring agent due to their
ability to create molecular joints with negligible conductance aberrations (Figure 17C).
The measurements conducted on a-graphyne and hexabenzocoronene representing the
graphene molecular unit revealed that the a-graphyne units showed much higher con-
ductance (106 nS, 1.9 nm) than the shorter units (1.4 nm), thus potentially being more
conductive than hexabenzocoronene (14 nS). This unusual behavior originated from the
electronic structure of both compounds. It turned out that the x-graphyne units had smaller
HOMO-LUMO gaps than the graphene molecular units, so the transmission through the
a-graphyne core was higher. The high molecular conductance of a-graphyne molecules
also came from their rigid and planar structure. The measurements revealed that carbo-
butadiene wires showed a single molecular conductance that was 40 times smaller than that
found for a-graphyne. The reason for this feature lies in the flexibility of the n-p-conjugated
DBA framework, capable of adopting diverse geometries. The transport properties of differ-
ent conformations of DBA molecules carried out with the NEGF-DFT model were strongly
influenced by the measure of the rotation angle around the -C-C=C-C- sites. The increase
in twist angle resulted in a higher HOMO-LUMO gap and thus a lower transmission
between them. Finally, it was shown that the a-graphyne-based device showed excellent
gating properties, understood as an increment of the SMC with increasing negativity of the
gating potential (Figure 17D). Furthermore, the on/off ratio found for a-graphyne had an
order of magnitude of ~15.
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3.4. Optoelectronic Properties

The optical features of N- and B-doped graphynes were theoretically studied by
Bhattacharya and Sarkar [154]. The investigated structures presented, similar to pris-
tine graphyne, optical anisotropy independent to the direction of applied electric field
(Figure 17A, first column). The authors found that below an energy of 0.4 eV, the optical
response was governed by the intra-band shift coming from free charges (Figure 18A,
second column). The analysis of the static dielectric tensors revealed that doped graphynes
showed a better electric conductivity and higher mobility of charges than pristine GY,
creating the opportunities for their application in optoelectronics. The spin-polarized
optoelectronic properties of x-graphyne were theoretically investigated by Yang et al.
using NEGF-DFT [155]. They showed that photocurrents were generated by irradiating
investigated devices with different light wavelengths (from UV to IR), and the polariza-
tion of the formed photocurrents strictly depended on the type of contact applied. Both
M1 and M2 devices (Figure 18B) produced spin-down photocurrents, whereas the M2
device could also generate spin-up ones (Figure 18C). It was revealed that photocurrents
might also be guided by reversing the electrodes’ magnetization. Generally speaking, two
spatially separated spin photocurrents appeared on the antiparallel polarized electrodes.
Functionalization is another approach to manage the optoelectronic characteristics of GY
and GDY nanostructures. Theoptoelectronic application of Gdy:ZnO nanocomposites was
experimentally investigated by Jin et al. [156] Their experiment involved measuring I-V
characteristics in the dark and under the influence of UV radiation. When the samples were
illuminated, an increase in current due to light absorption was observed. Chronoamperom-
etry was employed to record the rise/decay time of the current measured without and with
light irradiation. The obtained results revealed that the current changes strongly depended
on the photochemical character of investigated devices. The junction created between
the GDY and ZnO nanoparticles strongly enhanced the charge transfer between these
components and, consequently, the photoresponse. The GDY:ZnO/ZnO system manifested
an excellent optical response of 1260 A W1, with a rise/decay time as short as 6.1/2.1 s.
The device built only on zinc oxide nanoparticles held a responsivity of 174 A W~! and
a much more extended rise/decay time (32.1/28.7 s). Li et al. proposed deep UV pho-
todetectors (Figure 18D) based on TiO2:GDY nanocomposites [157]. The published results
proved that the considered composites were suitable as UV photodetectors, disclosing an
outstanding optical response of 76 mAW ! and a rise/decay time of 3.5/2.7 s. The cited
examples show the promising and efficient properties of graphyne derivatives. Their high
charge mobility, on/off ratio, and photoresponse makes them prospective materials for
constructing nanoscale electronics and optoelectronics.

It is noteworthy that metal oxide dopants in GDY nanocomposites, the optoelectronic
amplifiers, do not seem to be mandatory additives. Zhang et al. constructed metal-
free, flexible photodetectors built on GDY:PET composites. Those built devices were
characterized by excellent mechanical, electronic, and optoelectronic properties. The
experimentally investigated responsivity and photocurrent reached outstanding values
of 1086.96 pA W~ and 5.98 pA cm 2, respectively. Moreover, the considered composites
showed good photoresponses, even after undergoing 1000 bending and twisting cycles.
The recorded loss in photocurrent was 25.6% (bending force) and 35% (twisting force) [158].

336



Nanomaterials 2021, 11, 2268

10 -

b ——Average ol

HE o~ Parallel n “

H 4~ Perpendicular N
H

GY with 18 at chain o

GY with 1B at chain
8- interband + ntraband transition
+ - only interband transition

0 5 10 15 20 25 30 35 &

5 0 15 2 Y Y "
Photon energy (eV) Photon Energy (eV) , RS GRS ,
- T Average 1§ R
Ul —+— Parallel LIV " c "
3 — s~ Perpendicular I “ ) Mooy =022| u)
GY with 1N at chain I o IR TR TV ]

GY with 1N at chain ‘1 ‘1 b\
§  —8—interband + intraband transition N °

+ onlyinterband transition @t v Vsl
“ oo
" |
05 10 15 20 25 30 35 4

5 10 15 2 nt
Photon energy (eV) Photon Energy (6V)

iii [o—

@mis

@misf

N
V001V

10" 20,
GovAZO baarr
0, GOVAZO saeyer PO
— noMz0 b 0.

Current (A)
3
Cument (A)
& & 2
Spin photoresponse function (a3/photon)

Votage ) Tine o) ™ - ’
@2/ O

TOMZ0 basyer PO

Current (A)
i
£
Curmeot )
=
O L e .z

- -
g ppr

! E s .
o) . 1 2 3 4 s .
]

Votsoe ) W @ "Nk w0 Photon energy (eV)

mym2s

)
Photon energy (¢V)

Figure 18. The 1B (Ai) and 1N (Aii) doped GYs’ relationships between the imaginary part of the
dielectric function and photon energies taken for different directions of electric fields. The reflectivities
of inter- and intraband transitions found for 1B (Aiii) and 1IN (Aiv) doped GYs. Reproduced with
permission [154]. Copyright 2016, American Chemical Society. Scheme of the designed devices (B).
The parallel and antiparallel spin-polarized photoresponse of M1 (Ca—d) and M2 (Ce-h) devices.
Reproduced with permission [155]. Copyright 2017, IOP Publishing Ltd. I-V sweeps of the considered
photodetectors working without (Di) and (Dii) with UV light (254 nm) irradiation. The on/off
features of the TiO2:GDY/MZO bilayer PD (Diii) and the TiO2/MZO bilayer PD (Div). Reproduced
with permission [157]. Copyright 2020, Elsevier.

4. Magnetism of Pure and Doped Graphyne-Like Materials
4.1. Theoretically Investigated Magnetic Properties

Local defects and substituents in carbonaceous materials might provoke supercon-
ducting or ferromagnetic features that can even appear at ambient temperature. Until
now, magnetism in carbon has been experimentally revealed for (i) interacting radicals, (ii)
carbons with a mixed hybridization (sp? + sp®), (iii) amorphous carbonaceous materials
doped with trivalent atoms (P, N, or B), (iv) diverse nanostructures (graphite, diamond,
and foams), and (v) fullerenes [159-162]. Apart from that, vicinity to metallic ferromagnets
or the contamination of transition metals (Fe, Cr, or V) has been shown to generate spin
polarization in carbon structures [159,160,162]. Localized magnetism and the zig-zag rib
of graphene nanoribbons or neighboring vacancies and dangling bonds in pure carbon
structure are representative of this concept. The theoretical considerations and fruitful syn-
thesis of monolayer graphyne have led to considerable interest in research on the magnetic
properties of pure or/and doped graphyne structures.

4.1.1. Metal-Doped GYs

The magnetic features found in materials with electrons occupying only s and p or-
bitals, rather than the traditional d or f ones, might be remarkably appealing to spintronic
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applications. However, the source of magnetism in pure carbonaceous materials is not
fully understood. In this section, we report works addressing the magnetic properties of
GYs. The effect of dopant distribution and functional groups on adjusting the electronic
or magnetic properties of GYs might lead to new promising electronic, optoelectronic,
and spintronic devices. The calculations revealed that unmodified y-graphyne is a non-
magnetic semiconductor [128], while the adsorption of transition metal (TM) atoms might
drastically change the electronic structure of and add ferromagnetic features to GY nanos-
tructures [163,164]. In 2012, He et al. theoretically investigated (DFT + U) the electronic
structure and magnetism of GDY and GY doped with single 34 transition metals (V, Cr, Mn,
Fe, Co, and Ni) [164] The adsorption of metal atoms on the GDY and GY surfaces generated
charge transfer between metallic adatoms and polymeric sheets. Moreover, the adsorption
might generate electron redistribution in the s, p, and d orbitals of transition metal atoms.
Except for vanadium, the mentioned factors caused decreases in the magnetic moments
of adsorbed metals (Cr, Mn, Fe, and Co). Additionally, they were ranked as follows:
Cr > Mn >V > Fe > Co for TM-GDY and Cr >V > Mn > Fe > Co for TM-GY; see Figure 19A.
The energy of spin polarization (AEspin), taken as the difference between the nonmagnetic
and magnetic states, was higher than 1.1 eV, suggesting the substantial stability of the
spin-polarized states of transition for metal-doped GDY and GY nanostructures.

In 2017, Lee et al. applied DFT calculations to investigate the doping efficiency of
the transition metals of 3d, 44, and 5d groups deposited on a y-GY surface [165]. For this
purpose, different high-symmetry adsorption sites such as top (T), bridge (B), and hollow
(H) were chosen, as depicted in Figure 19B. It was shown that adatoms typically occupy the
H1 sites over ethynyl rings of y-graphyne (taking Fe (uB: ~2.08) as an example). The lower
atomic radii of Co (uB: ~1), Ni (uB: ~0), and Cu (uB: ~0), as well as Re (uB: ~1), caused
those dopant atoms to be preferably placed at the H3 sites of the acetylenic rings. Magnetic
moments of metals of the 4f group were found to be higher in comparison with 3d transition
metals, and lanthanides with sufficiently large atomic radii are good candidates to be
introduced in GY rings. Ren et al. used comprehensive first-principle calculations to study
the magnetic properties of f-GY doped with different rare-earth (RE) atoms (La, Ce, Pr, Nd,
Pm, Sm, and Eu) [166]. The 3-GY was found to undergo a transition from semiconductor
to metal. The introduction of external atoms such as neodymium, promethium, samarium,
and europium (local magnetic moments in the range of 4.1-7.3) were able to translate into
higher values of magnetic moments for metal-graphyne complexes (>4.1 uB). As expected,
the carbon atoms neighboring dopant atoms were found to have a modest contribution to
generated magnetic moments. In 2014, Alaei et al. studied two zig-zag graphyne nanotubes
(ZGYNTs) and two armchair graphyne nanotubes (AGYNTs) doped with iron, cobalt, and
nickel [167]. It was shown that a 12-membered ring (12-C), a hollow site surrounded by
acetylenic linkers in GY, was the most preferable (the most stable) site for the deposition
of those metals. The adatoms nested in the plane of the ethynyl rings and formed bonds
with adjacent carbons. Complexes of Fe (uB: ~2.06) and Co (uB: ~1) with different GYNTs
were magnetic and showed many features typical of metals, semimetals, half semimetals,
and half-semiconductors [168]. Ni complexes (uB: ~0.01) were found to be nonmagnetic
semiconductors exhibiting energy gaps narrower than those found for starting nanotubes
(Figure 19A).

4.1.2. Non-Metal Doped GYs and GDYs

The electronic properties and magnetism of GYs can be also driven by applying
diverse non-metal doping agents. In 2014, Drogar et al. stated that widening the band
gap (~2 eV) and provoking a magnetic moment (~1 uB) of x-GY could be realized via the
simple hydrogenation reaction of the latter due to the cleavage of 7-bonds and the creation
of unpaired electrons [169]. Subsequently, in 2018, Wang et al. studied the tuning of mono-
and bilayer GY features after the hydrogenation of different carbon atoms in GY [170].
Unlike the distribution of uB in TM-GY, in which the magnetism derives from the d- or
f-electrons, the unpaired 2p electrons essentially provide the magnetic moments at the
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non-hydrogenated carbons of GY. As indicated in Figure 19C, there are two sites (C1 (T) and
C2 (B)) on which hydrogenation can occur. Twelve hydrogen atoms are located at Ti sites in
the aromatic ring and the B1 sites in acetylenic linkers of GY nanosheets. It was observed
that the magnetic moment of the monolayer reached a maximal value (1.59 uB) for three
hydrogen atoms, whereas the magnetic moments progressively declined to 0 uB when the
number of hydrogen atoms varied from 4 to 6. These results suggest that the hydrogenation
of half C atoms (sp- or/and sp?-hybridized) may result in a maximal magnetic moment,
similarly to what was found for graphene [171]. Theoretical calculations of the total
magnetic moments of bilayers with different stacking arrangements yielded values larger
than 1.52 uB. DFT is the most frequently utilized computation method to investigate the
electronic properties and magnetism of single-layer graphdiyne (GDY) doped with non-
metallic elements, such as boron, nitrogen, oxygen, phosphorous, or sulfur [172]. The
position of dopant atoms has a profound impact on the relevant characteristics of GDYs.
Three possible places for doping are aromatic carbons (X-b) and two carbons in ethynyl
linkers (X-1 and X-2), depicted in Figure 19D. Considering the cohesion energies found
for the studied structures, one can conclude that boron and sulfur prefer to exchange
the sp2 aromatic carbons. In turn, the N, O, and P atoms favor substituting the carbons
in the ethynyl bridges. It was shown that nitrogen atoms deposited on both GDYs and
GY monolayers did not modify their magnetic properties, and all of them remained
nonmagnetic [154]. In contrast, GDY structures doped with B, O, P, or S (structures X-1
and X-2) deposited at acetylenic chains offered spin polarization and were magnetic (uB
varying from 0.31 to 1.26 depending on the type of dopant and applied functionals). The
deposition of these elements at the aromatic site did not alter magnetic features, and doped
GDYs were nonmagnetic.
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Figure 19. The magnetic moment (uB) and AEgpin (A). Reproduced with permission [164] Copyright
2012, American Chemical Society. The adsorption sites (green spheres) of transition metal atoms on a
v-graphyne film seen from the top (upper image); the in-plane case of H3 and its relation to the H1
site seen from a side (bottom image), blue points represent carbons (B). Redrawn [165]. Possible sites
on GY for hydrogenation (C). Redrawn based on [171]. Possible site for doping by X =B, N, O, P, and
S atoms (D). Reproduced with permission [172]. Copyright 2020, Elsevier.
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4.2. Experimentally Investigated Magnetic Properties

Following comprehensive theoretical studies on the magnetic properties of modified
GYs, efforts have been directed to experimentally explore and measure magnetism in
GYs [173]. In 2017, Huang et al. investigated the impact of N doping on the paramagnetic
properties of GDYs and demonstrated the crucial role of nitrogen atoms deposited on
the benzene ring in building the local magnetic moment [174]. Based on the M-H curves
(Figure 20A,B) measured for GDY and N-GDY at 2 K, the authors showed that N-GDY
and GDY presented low magnetization values of 0.96 and 0.51 emu/g, respectively. The
magnetization obtained for N-GDY containing 5.29% of N atoms was on the same level as
the value found for fluorinated RGO [175]. These results contradicted recent theoretical
findings, which claimed that N in a chain or ring is non-paramagnetic. As such, more
research is required to find the origination of paramagnetism [154,172].
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Figure 20. M-H curves obtained at 4.2 K (A) and 2 K (B) for GDY and N-GDY. Obtained results were fitted to the Brillouin
function with J = 1/2 (solid line) and J = 1 (dashed line) (B). Spin-resolved DOS of N-GDY films with nitrogen atoms
deposited on the benzene ring in GDY. The upper panel (C,D) shows the paramagnetic S = % system, while the bottom one
the antiferromagnetic one (EF). Reproduced with permission [174]. Copyright 2017, Springer Nature.

The spin-polarized calculations proved that a distinct local magnetic moment (ug = 0.98)
originates from nanostructures with deposited asymmetric pyridinic nitrogen (Py-1N),
seen in Figure 20C,D. The structures bearing symmetric pyridinic nitrogen substitution
(Py-2N) or N atoms attached to ethynyl linkers appeared to be nonmagnetic (Figure 20E,F).
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Finally, the investigated systems did not show any ordered ferromagnetic or ferrimagnetic
properties.

Further research aiming to discover the relationship between doped heteroatoms and
magnetization in GY structures continued. In 2017, Zheng et al. [176] reported that, contrary
to pyridinic-N, the vacancy, carbonyl, and hydroxyl functionalities of GDY contribute to the
magnetic properties of thermally treated GDYs. Furthermore, DFT calculations indicated
that the OH groups at the chain of the GDY layer are a considerable source of unpaired
electrons and may favor antiferromagnetism in annealed GDY. Moreover, the annealing
of GDY at 600 °C (GDY-600) may lead to complex magnetic properties, depending on the
applied measurement temperatures. Paramagnetic characteristics could be noticed below
50 K, and a hump seen in the range of 50-200 K demonstrated that both paramagnetic and
antiferromagnetic phases coexist in the considered materials.

In 2019, Huang et al. investigated the effect of sulfurization on the induction of fer-
romagnetic characteristics into GDYs. They found that S-doped GDY presented strong
residual magnetization (>0.047 emu/g) at ambient temperatures. The investigated systems
were characterized by the transition temperature being close to 460 K [177]. The local mag-
netic moment and electron interactions occurring between C and S atoms were found to be
responsible for the appearance of the ordered internal ferromagnetism in the investigated
materials. The ferromagnetic behavior was also confirmed by magnetic hysteresis (M-H)
loop measurements with different temperatures. In order to investigate the influence of
sulfur doping on magnetic properties of GDY, temperature-dependent magnetic suscepti-
bility x-T curves (the applied magnetic field H = 500 Oe) and magnetization M-H curves
for GDY350 and S-GDY by VSM were measured (Figure 21a—d) [177]. These findings are
very promising in terms of S-doped GDY suitability in magnetic storage devices.
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Figure 21. The x-T relationship examined in a temperature range of 2-300 K (a) and an M-H curve
taken at 2 K for GDY 350 (b). Temperature-magnetization relationship, where FC is field cooled mode
and ZFC-zero field cooled mode (c) and hysteresis loops recorded for S-doped GDY (d). Reproduced
with permission [177]. Copyright 2019, American Chemical Society.

5. Mechanical Properties of Graphynes

Graphene with an intrinsic tensile strength of 130 GPa, and Young’s modulus equal to
1TPa is recognized as the strongest material ever tested [178]. Zhang et al. theoretically
investigated mechanical properties of different forms of GYs (a-, -, -, and 6,6,12-GYs), as
well as graphene used as a reference [179]. The tensile stress (~125 GPa) and Young’s mod-
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ulus (0.99 TPa) obtained by molecular dynamic calculations confirmed the extraordinary
mechanical resistance of graphene. In contrast, all considered graphynes presented 50-70%
lower mechanical strength than graphene, whereas the decline of tensile stress and Young's
modulus of graphynes was strictly related to an increasing amount of acetylenic linkage. A
similar dependence of elastic properties on the proportion of acetylenic bridges in «-, -,
7-graphynes was also observed by Hou et al. in 2014 [123]. Noteworthy, a deviation from
the hexagonal structure of graphene and graphynes, as it happens for 6,6,12-graphyne,
resulted in the appearance of anisotropy of mechanical properties measured along with x
(zig-zag) and y (armchair) directions [179,180]. The anisotropy in mechanical and electronic
properties makes 6,6,12-graphyne useful in diverse potential applications.5.

6. Conclusions and Outlook

Synthetic methods for the preparation of graphyne-like structures doped with het-
eroatoms and controllable size and dimensions were collected and summarized. Doping
(i.e., the replacement of carbon atoms or covalent bond formation with foreign atoms) meth-
ods such as heating and annealing techniques have crucial drawbacks in the preparation of
carbon materials; uncertainty in the values and position of heteroatoms, along with the
destruction of the intrinsic properties of pristine materials, are inevitable disadvantages.
To avoid the abovementioned flaws, engineering the surface of GYs to include desired
heteroatom is necessary. Different methodologies have been successfully applied with
high reproducibility to prepare a wide range of GYs with ordered structures in which
heteroatom occupy predictable positions on the surface. The adjustment of morphology
(such as 1D, 2D, and 3D) and composition (doping with N, P, F, S, Cl, H, O, B, etc.) are
influential approaches to modulate the band structures and (subsequently) electric, optical,
and magnetic properties of graphyne-like structures. The size- and composition-dependent
band structure, electronic transport, spin-polarized optoelectronic properties, or photosen-
sitivity, and appearing magnetic moment of these allotropes of carbon material have been
investigated. There is an understanding that research into the magnetic properties of carbon
materials is still in its infancy stage, and there is a substantial gap between calculations and
experimental findings. Though this topic needs many more firm, particularly experimental
discoveries, it is already clear that this type of material could be exploited in spintronics
technology. Benefiting from the high specific capacity, remarkable cycle performance, and
inflated adsorption capacity of ions and gases, GYs could also have a promising future for
applications in electrochemical energy storage such as batteries, capacitors, and hydrogen
fuel cells. Theoretical research has proved GY’s usefulness for not only understanding
but also predicting the structures and properties of new modified systems as well as for
preselecting those that most merit experimental study.
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Abstract: Reduced graphene oxide (rGO) is one of the most well-known graphene derivatives,
which, due to its outstanding physical and chemical properties as well as its oxygen content, has
been used for wastewater treatment technologies. Particularly, extra functionalized rGO is widely
preferred for treating wastewater containing dyes or heavy metals. Nevertheless, the use of non-extra
functionalized (pristine) rGO for the removal of cationic pollutants is not explored in detail or is
ambiguous. Herein, pristine rtGO—prepared by an eco-friendly protocol—is used for the removal of
cationic pollutants from water, i.e., methylene blue (MB) and mercury-(II) (Hg-(II)). This work includes
the eco-friendly synthesis process and related spectroscopical and morphological characterization.
Most importantly, the investigated rGO shows an adsorption capacity of 121.95 mg g~! for MB and
109.49 mg g~ ! for Hg (II) at 298 K. A record adsorption time of 30 min was found for MB and
20 min for Hg (II) with an efficiency of about 89% and 73%, respectively. The capture of tested
cationic pollutants on rGO exhibits a mixed physisorption-chemisorption process. The present
work, therefore, presents new findings for cationic pollutant adsorbent materials based on oxidized
graphenes, providing a new perspective for removing MB molecules and Hg(II) ions.

Keywords: graphene oxide; reduce graphene oxide; dyes; heavy metals; pollutant removal

1. Introduction

Water pollution is one of the world’s most serious problems due to a large amount
of wastewater being produced and poured into the water bodies every year [1]. Among
different types of wastewaters, water contaminated with dyes and heavy metals deserves
significant attention. With the continuous development of industrialization processes,
large amounts of dyes or heavy metals are released into the environment, making water
unsafe for human use and disrupting aquatic ecosystems [2—4]. A large amount of dye
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pollutants in the wastewater brings a huge risk to both aquatic organisms and humans
because they can reduce sunlight transmission and normally contain toxic substances
such as heavy metals [5], causing mutagenicity, carcinogenicity as well as the dysfunction
of the kidney, liver, brain, reproductive system, and central nervous system [6]. On the
other hand, agricultural processes or mining activities have increased the concentration
of heavy metals in water around the world, which has led to immediate legislation by
various governments [7]. When these toxic metal ions enter the food chain and then the
human body, they accumulate in an organ above the allowed limits, originating serious
health-related diseases, for instance: skin irritation, vomiting, stomach cramps, and cancer
of the lungs and kidney [8]. Additionally, infants may have delays in physical or mental
development, children may have deficits in attention span and learning activities, and
adults may have high blood pressure [9].

To remove dyes or heavy metals, different physicochemical and electrochemical meth-
ods have been proposed. Physicochemical processes include membrane filtration [10],
ion-exchange [11], and adsorption [12]. Electrochemical processes include electrocoagula-
tion [13], electroflotation [14], and electrodeposition [15]. Among all these possible methods,
including on-site sensing ones [16,17], those cost-effective, environmentally friendly and no
further pollutant features are required. Therefore, adsorption is one of the most prominent
approaches to water and wastewater decontamination. Due to this fact, many adsorbents
with different structural conformations and compositions have been prepared or modified,
for instance, clays/zeolites [18], biosorbents [19], agricultural solid wastes [20], and indus-
trial by-products [21]. In practical operations, activated carbon is one of the most used
adsorbents, thanks to its excellent adsorption performance [22]. However, activated carbon
has been limited by the high cost and the complicated regeneration processes. To tackle the
aforementioned limitations, carbon-based nanomaterials, such as carbon nanotubes [23],
graphene oxide (GO) [24], and reduced graphene oxide (rGO) [25], have been proposed.

Recently, rGO has attracted increased interest as an effective adsorbent for dyes
or heavy metal ions [25]. While the properties of rGO are quite different from those
of pristine graphene or beyond-graphene materials (i.e., unique electronic, optical, me-
chanical, plasmonic, and thermal properties [26-29] as well as promising applications
in hybrid capacitors [30]), rGO is characterized by interesting hydrophilic and semicon-
ducting properties [31]. Nowadays, the synthesis of rGO follows an eco-friendly and
cost-effective preparation method that can be used for large-scale water treatment tech-
nologies [32,33]. Moreover, the presence of oxygen functional groups (mainly hydroxyl
and epoxide groups [34]) on the rGO surface allows covalent modifications with strong
chelating groups, which, in turn, present a high affinity to metal ions or more complex
organic/inorganic molecules.

There is extensive literature on the use of extra functionalized rGO or GO (e.g., GONR [35],
S-GO [36], GO-TSC [37], S-doped g-C3N4/LGO [38], GSH-NiFe;O4 /GO [39], HT-rGO-N [40])
for treating water and wastewater; however, the use of pristine rGO is scarce (and some-
times unclear) when removing cationic heavy metals and cationic dyes from aqueous media.
In this work, such a comparative study is presented, considering methyl blue (MB) as a
cationic dye and mercury (II) (Hg(II)) as cationic heavy metal. These cationic pollutants
have been selected, in particular, because MB can cause various poisoning problems and
methemoglobinemia [41] and Hg (II) can cause substantial neurodevelopmental risk in fetuses,
newborns, and children [42]. Various kinetics, isotherms, and thermodynamic studies are
carried out to demonstrate the adsorption of MB and Hg(II) on as-made rGO. Addition-
ally, the present work includes the synthesis of adsorbent material and the corresponding
morphological and spectroscopical characterizations of raw graphite, GO, and rGO.

2. Materials and Method

Although there are several methods for synthesizing graphene and its derivatives
(e.g., liquid exfoliation [43,44], zeolite-assisted exfoliation [45], hydrothermal exfolia-
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tion [46], and microwave-assisted exfoliation [47-53]), the present study focuses on the
eco-friendly oxidation-reduction protocol [33] to transform as-made GO into rGO.

2.1. Materials

All chemicals were used as received, without further purification:

Graphite powder (<150 um, 99.99%, Sigma-Aldrich, Burlington, MA, USA);
Sulfuric acid (HySO4, 95.0-98.0%, Sigma-Aldrich, Burlington, MA, USA);
Potassium permanganate (KMnQOy, >99.0%, Sigma-Aldrich, Burlington, MA, USA);
Hydrochloric acid (HCI, 37%, Sigma-Aldrich, Burlington, MA, USA);

Citric acid (C¢HgOy, >99.5%, Sigma-Aldrich, Burlington, MA, USA);

Methyl blue (MB, C16H;gN3CIS, Sigma-Aldrich, Burlington, MA, USA);
Hydrogen peroxide (HyOy, 30%, Merk, Darmstadt, Germany);

Sodium hydroxide (NaOH, 1310-73-2, 40.00 g/mol, Merk, Darmstadt, Germany);
Mercury (II) oxide (HgO, 21908-53-2, 219.59 g/mol, Merk, Darmstadt, Germany).

2.2. Preparation of Oxidized Graphenes

A round-bottom flask was charged with graphite (1.5 g), HySO4 (35 mL), maintaining
a uniform and moderate circular agitation. The mixture was located in an ice-water bath,
and then KMnOjy (4.5 g) was slowly added. The resulting mixture was agitated on a stirring
plate while adding 75 mL of distilled water, being careful not to exceed 363 K.

Additionally, 250 mL of distilled water was added, followed by 7.5 mL of HyO,. The
resulting solution was distributed to be washed by centrifugation with HCI solution and
distilled water several times to adjust the pH~6 [33] and then dried (drying stove, 60 Hz,
1600 W) at 353 K for 2 h to obtain graphite oxide flakes.

After the oxidation process, 50 mg of graphite oxide flakes were dispersed in 500 mL
of distilled water by sonication for 0.5 h [25]. The resulting solution was centrifuged to
separate GO from non-exfoliated graphite oxide particles [32]. Under agitation, 1.0 g citric
acid (CA) was added to the centrifuged suspension, setting the reduction temperature at
368 K. The precipitated rGO was collected, washed with distilled water by centrifugation,
and dried at 353 K for 2 h to obtain rGO powder [33]. The resulting rGO was used for the
cationic pollutant removal.

2.3. Characterization of GO and rGO

The surface morphology of raw graphite, GO, and rGO were carried out on a transmis-
sion electron microscope (TEM, JEM 1400 Plus, Akishima, Tokyo, Japan) operating at 80 kV,
and a scanning electron microscope (SEM, JSM-IT100 InTouchScope, Akishima, Tokyo,
Japan) equipped with a JEOL dispersive X-ray spectrometer (EDS) (Billerica, MA, USA),
with the accelerating voltage of 15 kV. Raman spectra of graphite and oxidized graphene
were obtained using a Jasco NRS-500 spectrometer (Oklahoma City, OK, USA), with a
532 nm laser wavelength (0.3 mW, 100X objective). Infrared spectra were collected using
a Fourier transform infrared spectrometer (Jasco FT/IR 4000, Oklahoma City, OK, USA).
UV-visible measurements were recorded using a UV-vis spectroscopy (Thermo Scientific,
Evolution 220, Waltham, MA, USA). X-ray diffraction measurements were performed
using an X-ray diffractometer (PANalytical Pro X-ray, Malvern, UK) in the diffraction
angle (20) window of 5-90° using Cu Ko irradiation under the acceleration voltage of
60 kV and a current of 55 mA. The thermal stability of GO and rGO was examined using
thermogravimetric analysis (TGA, PerkinElmer simultaneous thermal analyzer, STA 6000,
Waltham, MA, USA).

SEM samples were mounted on aluminum substrates with adhesive, coated with
40-60 nm of metal such as Gold/Palladium and then observed in the microscope. TEM
samples were arranged by drop-casting onto formvar-coated copper grids once the samples
were cut into very thin cross-sections, allowing electrons to pass directly through the sample.
Similarly, Raman samples were deposited directly by drop-casting on glass substrates and
dried for a few seconds with the incident beam. To record the UV-visible spectra in the
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window range 190-1000 nm, the samples were redispersed in distilled water by mid-
sonication for 5 min.

2.4. Preparation of MB Solutions and Experimental Set-Up of MB Adsorption on rGO

MB was dissolved in ultra-pure water to obtain a stock solution of 1000 mg L1,
and the working solutions were used in the test through serial dilutions. The pH of
the solutions was adjusted using HCL and NaOH and controlled by a pH meter (HI221
Hanna Instruments).

The adsorption experiments were carried out in triplicate. In total, 500 mg of rGO
was added into 250 mL of the MB solution with a concentration of 100 mg L~ to evaluate
the adsorption kinetics and contact time effect (batch test) [25]. The resulting mixture was
agitated up to 60 min at 298 K. Adsorption isotherms were obtained from batch experiments
by adding 200 mg rGO in 50 mL of MB solutions, considering different concentrations in the
range of 10-100 mg L1 and three different temperatures (298, 313, and 333 K). pH studies
were carried out by adding 200 mg rGO in 100 mL of MB solution with a concentration of
100 mg L~1. Various aliquots were extracted from the solution to be evaluated by UV-vis
spectroscopy. In all adsorption experiments (except in the study of the effect of pH), the pH
was fixed to 6.02 & 0.07. To investigate the pH effect, the pH of MB solutions was adjusted
by HCI (0.1 M) and NaOH (0.1 M), and immedjiately, rGO was added.

2.5. Preparation of H(II) Solutions and Experimental Set-Up of Hg(I) Adsorption on rGO

rGO was placed in a dilute aqueous solution of HgO. The adsorption kinetics studies
were performed by adding 300 mL aqueous HgO (pH = 6.41 £ 0.05) to a falcon tube. Then,
200 mg rGO was added to form a slurry. The mixture was stirred at 298 K for 60 min.
After that, the mixture was filtered at intervals through a 0.45 mm membrane, and then the
filtrated samples were analyzed by using an AAS-cold vapor to determinate the remaining
Hg(II) content (standard methods 3112-B; 3111-B.4b) [13]. Adsorption isotherms were
obtained by adding 2.5 mg rGO to each falcon tube containing 50 mL of HgO solution with
different concentrations from 10 to 100 mg L~ and considering three different temperatures
(298, 313, and 333 K). The resulting mixtures were stirred at room temperature for 30 min
and then filtered separately through a 0.45-mm membrane filter. The filtrates were analyzed
by using AAS-cold vapor to determine the remaining Hg(II) content (standard methods
3112-B; 3111-B.4b) [13]. The pH effect was investigated by adjusting the pH of HgO
solutions with HCI (0.1 M) and NaOH (0.1 M) at room temperature, and immediately, rGO
was added.

3. Results and Discussion
3.1. Characterization of Graphite

Graphite has a crystal structure made up of stacked graphene layers in which the
separation distance of the layers is 3.35 A, whereas the separation of atoms within a layer is
1.42 A. At the microscale, the starting (powder) graphite shows an irregular bulk structure
with a lateral size ranging from 2 pm to 50 um (Figure 1a). The XRD pattern of raw graphite
is shown in Figure 1b. The most intense peak at 20 = 26.73° corresponds to the graphite
stacking crystallinity (002) [43]. The less intense peak at 20 = 55.82° displays the long-range
order of stacked graphene layers (004) [43].

Figure 1c,d show the Raman spectrum of raw graphite. The main features observed
are: (i) the absence of the D peak demonstrating a defect-free starting graphite, (ii) the G
peak at 1577 cm~! is ascribed to the C-C strC stretching mode in sp? carbon bonds, and
(iii) the 2D peak at 2720 cm~! is characterized by two bands, the intense 2D, band at
2720 cm~! and a shoulder 2D band at 2677 cm™!. In particular, these bands originate
as the effect of the splitting of 77 electron bands due to the interaction between stacked
graphene layers. The G* peak found at 2447 cm ™! is characteristic of carbon-based materials
with a graphitic-like structure.
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Figure 1. Characterization of starting graphite source: (a) SEM morphology, (b) XRD measurement,
and (c,d) Raman spectrum from 1000 to 3000 cm ™! recorded using 532 excitation laser. The intensity
was normalized by the most intense peak. The Raman spectrum was fitted using Lorentzian functions.

Compared to graphite, the Raman spectrum of oxidized graphenes shows a highly
broadened and very-low intense 2D peak. With this in mind, the 2D band region of GO
and rGO is not analyzed here, and instead, we focus on the region from 1000 to 2000 cm ™!
to scrutinize the crystallinity and, most importantly, the basal/edge defects of the obtained
materials after the oxidation-reduction process (discussed below).

3.2. Characterization of GO and rGO

While, in the present work, rGO is used for the adsorption of cationic pollutants, it
is extremely important to discuss its transformation from GO. SEM micrographs of GO
and rGO are shown in Figure 2a,c, respectively. The surface morphology of GO indicates
a face-to-face stacking of flakes as well as randomly aggregated flakes with wrinkles and
folds on the surface (Figure 2a). Instead, rGO shows a surface morphology with mesopores
and micropores and randomly organized flakes (Figure 2c). The highly distorted porous
surface of rGO can avoid the face-to-face stacking of flakes, as observed in GO.

EDS measurements were carried out to determine the elemental composition of GO
and rGO, considering a bombarded region large enough. Then, the carbon and oxygen
content were C: 49.7% and O: 50.3% for GO (after oxidation process) and C: 62.9% and
0:37.1% for rGO (after de reduction process). The oxygen content decreased by 26.2%
using CA as an alternative green-reducing agent, confirming the (partial) removal of oxygen
functional groups.
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Figure 2. SEM morphology of (a) GO and (c) rGO. EDS measurements of (b) GO and (d) rGO. TEM
images of (e) GO and (f) rGO.

Representative TEM graphs of GO and rGO are shown in Figure 2ef, respectively.
GO looks like a semi-transparent thin nanosheet with various wrinkles and folds on the
surface and edges (Figure 2e). The observed wrinkled/folded structure is attributed to
surface defects because of the deviation from sp? to sp> hybridization as the effect of a high
density of oxygen-containing functional groups [54]. After the reduction process with CA,
well-defined and impurity-free nanosheets with slightly wrinkled regions are observed
in rGO, suggesting the recovery of sp? hybridization by the removal of functional groups.
The observed regular surface allows concluding that rGO did not undergo severe in-plane
disruption compared to GO.

Raman analyses were performed to further corroborate the transformation of GO into
rGO (Figure 3a,b, respectively). As is typical for oxidized graphenes, two characteristic peaks
are observed in GO and rGO: (i) the D peak at ~1349 cm ™! is attributed to the breathing mode
of aromatic carbon rings, which is Raman active by structural defects [32], and (ii) the G peak
at ~1588 cm ! is due to the C-C stretching mode in the sp? hybridized carbon structure [46].
A detailed analysis using Lorentz functions shows the existence of three prominent bands: the
D band (yellow line), the G band (green line), and the D’ band (blue line). In particular, the
D’ band confirms the presence of basal/edge defects, and a decrease in the D’ band intensity
is a direct indication of GO reduction, which is observed in the Raman spectrum of rGO
(Figure 3b). On the other hand, the Ip /I intensity ratio can be used as an indicator of the
density of structural defects in the obtained oxidized graphenes [43]. It was found that the
intensity ratio of GO (2.2) is larger than that of rGO (1.65), indicating that the size of the
graphene-like domains increases after the reduction process.

The absorbance spectra of GO and rGO are shown in Figure 3c,d, respectively. Using
the Lorentzian function, GO has the main absorbance band at 230 nm (darker green line)
and a shoulder band at 329 nm (yellow line), which are related to the 71 — 77* transitions of
C-C bonds and 1 — 7t* transitions of C=0 bonds, respectively. To confirm the transforma-
tion of GO into rGO, two characteristics are needed: (i) a redshift of the main absorbance
band and (ii) the loss of the shoulder band. After the reduction process, rGO only meets the
first point when the main absorbance band shifts to 261 nm, but the second one is observed
at 324 nm, suggesting a close content of oxygen-containing functional groups, particularly
hydroxyl and epoxide groups.
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Figure 3. Raman spectra of (a) GO and (b) rGO from 1000 to 2000 cm~ L, The intensity was normalized
by the most intense peak. The Raman spectrum was fitted using Lorentzian functions. UV-Vis spectra
of (c) GO and (d) rGO and the absorbance spectra were fitted by Lorentzian functions.

The presence and type of oxygen functional groups are confirmed by the FTIR analysis
(Figure 4a). It is widely accepted that the hydroxyl and epoxide groups are attached to
the basal in-plane of the graphene, whereas the carboxyl and carbonyl groups are located
at the edges. The FTIR spectrum of GO shows the following bands: C-O-C at 1044 cm ™!,
C-Oat1222cm™1, C=C at 1644 cm~ !, and C=0 at 1729 cm . The broadband observed at
~3426 cm~! is due to the presence of the hydroxyl groups (C-H) as well as adsorbed water
molecules between GO flakes. The latter provides a hydrophilic characteristic in GO to be
highly dispersible in water. It is worth noting that a higher hydrophilic property could
interfere with the removal of pollutants from aqueous media, giving a poor adsorption
process. After the reduction, these bands are significantly attenuated and weakened in the
rGO spectrum, evidencing the removal of oxygen-containing functional groups [33].

To determine the thermal stability of as-made oxidized graphenes and the effect
on the oxygen-containing functional groups, we carried out TGA analyses on GO and
rGO (Figure 4b). In GO, the weight loss below 100 °C is ascribed to the loss of water
molecules [33]. The significant weight loss in the region of 200-300 °C is attributed to
the pyrolysis of unstable molecules (such as CO, CO,, and H,O) [33]. In the region of
300-600 °C, the weight loss is due to the removal of stable oxygen functional groups [33].
Instead, rGO shows relative thermal stability, but the observed TGA curve follows a similar
trend as GO, confirming a reduced density of oxygen functional groups.
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Figure 4. (a) Infrared spectra, (b) thermogravimetric study, and (c) XRD patterns of GO (black) and
rGO (red), respectively.

Finally, the crystallinity changes from GO to rGO were revealed by XRD analysis
(Figure 4c). As mentioned, graphite is characterized by an intense crystalline peak at
20 = 26.73° related to a lattice spacing of 0.334 nm, which corresponds to the (002) interplane
distance [43] (Figure 1b). In GO, this peak is found at 26 = 10.93° with a lattice spacing of
0.81 nm, indicating the oxidation of graphite. The increased interlayer spacing appears as
an effect of the intercalation of water molecules and oxygen functional groups. Additionally,
the very low width of this peak demonstrates an ordered stacking along the out-of-plane
axis. After the reduction process, the peak becomes broader due to the partial breakdown
of the long-range order, and it shifts towards higher angles, 20 = 22°, showing a decrease
in the lattice spacing (~0.39 nm) [43].

All these facts and pieces of evidence demonstrate the transformation of GO into rGO,
which will be used for the removal of cationic pollutants from aqueous media, i.e., MB
and Hg(II).

3.3. Adsorption Kinetics

We begin analyzing the effectiveness of rGO for removing MB and Hg(II) from water
by using the following expression:

(Co — Ct)V
= LA 1
qt W )
where Cg and C; are the initial pollutant concentration (mg L~!) and the pollutant concen-
tration at time f, respectively. W is the adsorbent mass (g), and V represents the volume of
the aqueous solution (L). At the equilibrium, the equilibrium concentration is C, = C;, and
the equilibrium adsorption capacity is g, = g;.
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The removal efficiency (RE%) of the as-made rGO material can be defined by the
following simple equation:

CO — CE)

RE% = ¢ x 100 @)

0

Figure 5 shows the adsorption kinetics of MB and Hg (II) onto rGO at 298 K considering
a contact time of up to 60 min. It can be seen that rGO rapidly captures MB molecules after
30 min (Figure 5a), while for Hg (II), the equilibrium time of adsorption is 20 min (Figure 5b).
These results highlight the effectiveness of rGO for removing cationic pollutants from
aqueous solutions compared with conventional benchmark sorbents [35-40]. In particular,
the effectiveness of rGO can be attributed to the recovered surface area after the reduction
process as well as the presence of oxygen functional groups.
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Figure 5. Adsorption kinetics of (a) MB on rGO and (b) Hg(II) on rGO as a function of contact time
(60 min) at 298 K.

The parameters of the adsorption kinetic process were determined by the pseudo-first-
order model and pseudo-second-order model. Specifically, Tene et al. stated that the first
model assumes that the rate of change of the adsorption capacity is proportional to the
concentration of available active sites per unit mass of adsorbent material [25], whereas
Arias et al. stated that the second model assumes that the rate of change of the concentration
of occupied active sites per unit mass of the adsorbent material is proportional to the square
of the concentration of free active sites per unit mass of sorbent [13].

The pseudo-first-order model (red line) and pseudo-second-order model (blue line)
can be described as follows:

k
log (g — 1) = log gy — 5 2=t ®)

and
t 1 1 ;
9 kaqz e
where kq and k; are the pseudo-first-order and pseudo-second-order rate constants, respec-
tively. The estimated parameters of the adsorption kinetics are summarized in Table 1.
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Table 1. Estimated parameters at 298 K of the pseudo-first-order model and the pseudo-second-

order model.

Parameters MB Hg(I)
qe(exp) (mg g™1) 68.21 142.26
Pseudo-first-order model
Qe (mg g™ 69.82 +0.05 143.70 £ 5.70
ky (min~1) 2.166 + 0.03 0.19 £+ 0.03
SSE 13.38 1826
R? 0.997 0.949
RMSE 1.157 8.546
Pseudo-second-order model
Qe (mg g™ 70.72 + 0.08 158.30 + 9.45
ko (gmg~ ! min~1) 0.075 £ 0.005 0.002 £ 0.001
SSE 5.239 2480
R? 0.999 0.931
RMSE 0.724 9.960

A close picture of the pseudo-first-order and pseudo-second-order parameters shows
that, in the case of MB, the calculated values of the equilibrium adsorption capacity
(qe(cary = 69-82 mg g ! and Qe(caty = 70.72 mg g1, respectively) are very close to the
experimental value (q,(yp) = 68.21 mg g~ 1). In the case of Hg(Il), the calculated adsorp-
tion capacity (4e(ca;) = 143.71 mg g~ 1) from the pseudo-first-model is close enough to
the experimental value (q,(,yp) = 142.26 mg g~1). However, the pseudo-second-order
model overestimates the equilibrium adsorption capacity (4,(c,) = 151.32 mg g~ 1). By the
comparison of SSE and R? metrics, the adsorption kinetics of MB onto rGO are more in
line with the pseudo-second-order model (SSE = 5.24, R? = 0.999), whereas the adsorption
kiznetics of Hg(II) onto rGO are more in line with the pseudo-first-order model (SSE = 1826,
R* =0.949).

3.4. Intraparticle Diffusion Study

The diffusion process of any pollutant into porous solid materials, such as our rGO
(Figure 2c), mostly involves several steps characterized by different rates. This fact can
be calculated by the intraparticle diffusion (IPD) model [13,25], which is given by the
following expression:

g =kpt*> +C (5)

where kp is the intraparticle diffusion rate constant (g mg*1 min’l), and the intercept
C reflects the boundary layer or surface adsorption. The respective plot and estimated
parameters of the IPD model are shown in Figure 6 and Table 2.

T T T T T

T T
b) Region | Region Il

T
Region Il

Time (min'?) Time (min'?)

Figure 6. Intraparticle diffusion (IPD) study of (a) rGO+Mb and (b) rGO+Hg(II) at 298 K, showing
different regions of linearity (MB concentration 100 mg L~ and Hg(II) concentration 150 mg L~1).
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Table 2. Estimated parameters of the intraparticle diffusion (IPD) model at 298 K.

MB Hg(D)
Parameters Value Value
Kp (mg g~ ! min~1/2) 2,95 +0.67 7.82 £1.25
C(mgg™h 59.17 + 1.75 4428 +7.75
Ri 0.132 0.69
R2 0.829 0.963

As Ofomaja et al. [55] stated, the larger the intercept value, the greater the contribution
of the surface in the adsorption process. Indeed, the values observed in MB (C = 59.17) and
Hg(Il) (C = 44.28) indicate that a greater amount of surface adsorption occurred, leading
to a decrease in the rate of diffusion of MB molecules and Hg(II) ions from the adsorbent
external surface to the adsorbent internal structure. From the linearized plot of the IPD
model, different regions are observed: (i) the initial region (faster stage) is related to the
movement of the pollutant from the solution to the rGO surface, (ii) the second region
(intermediate stage) is related to the gradual diffusion of the pollutant into the large pores
of the rGO structure, and (iii) the final region (lower stage) involves a very slow diffusion
of the pollutant from larger pores to smaller ones.

Interestingly, the adsorption mechanism of MB on rGO is characterized by only two
regions, regions I and II (Figure 6a), while all three regions are observed when Hg(II)
becomes adsorbed onto rGO. In light of understanding this fact, we hypothesize that the
size of pollutants plays a significant role in the diffusion procedure, i.e., as the MB molecules
exhibit larger sizes compared to Hg(II) ions, MB cannot reach region III, particularly from
larger to smaller pores.

The initial adsorption factor (R;) can be estimated to further understand the above-
mentioned regions (Table 2) as follows:

_ qref -C

R;
Tref

(©)
where g, is the final adsorption amount at the longest time. In the MB-rGO system, the
estimated R; value is much less than 0.5, which confirms that most of the adsorption of MB
occurs on the surface of rGO. In contrast, for the Hg(II)-rGO system, the value of R; ~0.49
indicates a limit between the strong initial adsorption (related to region I) and intermediate
initial adsorption (related to region II), which means that the adsorption process of Hg(II)
ions could occur at almost the same time in both regions.

3.5. Adsorption Isotherms

Adsorption isotherms were carried out to analyze the interaction between MB
molecules or Hg(II) ions and rGO considering a contact time of 30 min for MB and 20 min
for Hg(II). The experimental data can be fitted using the Langmuir model and Freundlich
model using the following equations, respectively:

qm Ky, Ce
— - e 7
c= 11K, C, 7)
and
g = KeC}/™ ®)

where g;; represents the maximum adsorption capacity (mg g~1), K is the Langmuir
constant (L g~ 1), Kr is Freundlich constant (mg L), and 7 is the surface heterogeneity
of adsorbent material. The corresponding results and estimated parameters at different
temperatures (298, 313, 333 K) are shown in Figures 7 and 8 and Tables 3 and 4.
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Figure 7. Adsorption isotherms of MB on rGO considering three different temperatures (289-333 K).

(a) Langmuir model and (b) Freundlich model.
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Figure 8. Adsorption isotherm of Hg(II) on rGO considering three different temperatures (289-333 K).

(a) Langmuir model and (b) Freundlich model.

Table 3. Parameters of the Langmuir and Freundlich mo
rGO considering three different temperatures.

dels for the adsorption isotherms of MB onto

T (K) Langmuir Model Freundlich Model
KL@Lg)  qmen mgg™ R Kplmgt™glLm  n R?
298 0.079 121.95 0.982 7.956 0.671 0.945
313 0.081 116.28 0.980 7.568 0.661 0.936
333 0.082 107.53 0.984 6.869 0.646 0.955

Table 4. Parameters of the Langmuir and Freundlich models for the adsorption isotherms of Hg(II)

onto rGO considering three different temperatures.

T (K) Langmuir Model Freundlich Model
KL Lg™  qmcan (mgg) R? Kr (mg1™ g=1LVn) n R?
298 0.047 109.493 0.934 0.146 0.480 0.918
313 0.017 217.344 0.973 0.224 1.099 0.947
333 0.006 255.037 0.968 0.107 1.136 0.956
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Taking the high correlation R? values (Tables 3 and 4), it can be seen that the measured
points are more in line with the Langmuir model. Although the temperature does not
dramatically modify the chemical composition of rGO at temperatures below 100 °C
(Figure 4b), it seems to be an important parameter in the adsorption process because when
the temperature increases, in the case of MB on rGO, a slight decrease in the maximum
adsorption capacity is observed from 121.95 to 107.53 mg g~". In contrast, in the case of Hg
(IT) on rGO, a significant increase in the maximum adsorption capacity is detected from
109.49 to 255.04 mg g~ 1. The temperature is a key point to be considered if rGO is used to
treat water or wastewater at an industrial scale.

From the Freundlich model, the estimated values of # for MB-rGO (Table 3) or Hg(II)-
rGO (Table 4) systems indicate that the adsorbent heterogeneity tends to be homogeneous
as the temperature rises. Indeed, values of n close to zero (<0.1) indicate strong surface
heterogeneity. The affinity of the tested cationic pollutants for rGO can also be determined
by the Kj, parameter, where the estimated values were found to be much less than 0.1,
suggesting a good affinity of rGO to capture cationic pollutants, i.e., MB molecules and
Hg(Il) ions. However, this statement motivates more extended work for testing more
cationic and non-cationic pollutants.

3.6. Effect of pH and Initial Concentration

To scrutinize the effect of the pH on the process of cationic pollutant removal, the
experiments were carried out at different pH values ranging from 2 to 12 and setting the
temperature at 298 K.

For MB on rGO (Figure 9a), the adsorption increases, starting from a removal per-
centage of about 76% at pH = 3 up to 92% at pH = 6. The removal percentage remains
relatively constant from pH = 6 to pH = 8. The removal percentage decreases down to 83%
for pH > 10. To understand this fact, the effect of pH can be divided into three different
regions: (i) from pH = 2 to pH = 4, the acid region is rich in cations which are captured
together with the cationic MB molecules; (ii) the (relatively) neutral region from pH = 6 to
pH = 8 is free from cations in the medium, and therefore, only the cationic dye molecules
are captured by rGO; and (iii) the basis region (pH > 10) is characterized by an excess
of OH™ ions that interact with the cationic dye molecules, remaining suspended in the
aqueous media.

a) I _ ' f;Aethbe‘Iue sol b) I ' MerCl’er_

8or 1 b ] H

2 o0 31 |

s 5 90 i
5 8 40

£ 0 Iy

o < 30 H

20 [l 20 H

10 H

> 4 6 8 10 12 2 4 6 8 10 12
pH pH

Figure 9. Removal percentage as a function of the pH (from 2 to 12) at 298 K of (a) MB on rGO and
(b) Hg(II) on rGO (MB concentration 100 mg L 1'and Hg(II) concentration 100 mg L.

For Hg(II) on rGO (Figure 9b), a removal percentage of about 39% at pH =2 is observed,
and the maximum removal percentage is found at pH = 10 (~82%). The removal percentage
remains relatively constant for pH > 6, with an average value of 76.58%. To understand
these results, a similar description can be given: (i) for pH < 4, the cations in the acidic
medium fight with the mercury cations for the active sites of rGO; (ii) in the neutral region,
mercury cations easily reach the active sites of rGO; and, interestingly, (iii) for pH > 8,
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mercury cations sometimes prefer to interact with the active sites of rGO rather than OH™
ions due to the variation of the removal percentage when the pH increases.

The adsorption capacity (g.) of rGO increases quite linearly with the initial concen-
tration of MB in solution (Cp), almost in the range from 10 to 80 mg L~!; however, at high
concentrations (>90 mg L), a deviation from linearity does occur (Figure 10a). Similarly,
the g, values of rGO increase linearly with the initial concentration of Hg(II) in the solution,
from 10 to 50 mg L™}, and at concentrations >50 mg L1, a deviation from linearity is
also observed (Figure 10b). These results suggest that rGO has a finite amount of active
adsorbent sites, which is fixed by its quality and the experimental conditions, such as
temperature, pH, and solution volume/adsorbent mass ratio. To further emphasize, at
the beginning of the adsorption process, rGO has a vast number of active sites, increas-
ing the g, value as long as free active sites are available on rGO. Then, if all the active
sites are involved, the saturation, and therefore the maximum adsorbent capacity (§,), is
attained [13,25].

a) [R— b) .

R e 1o 120+ e ] .. leo
' 180 & = 8O - 180 8
<5 e
- g =3 —a 2
. 170 £ E 60 , 170 8
g o . &

160 40+ - . 160

- Methylblue 450 20+ & Mercury ", 50

20 40 60 80 100 20 40 60 80 100
C, (mglL") C, (mglL"

Figure 10. Effect of the initial concentration on the adsorption process at 298 K of (a) MB or rGO and
(b) Hg(II) on rGO. Adsorption capacity (black markers) and removal percentage (red markers).

The adsorption effectiveness of rtGO—defined as the percentage of cationic pollutant
removal from water—is almost independent of Cj in the adsorption of MB onto rGO,
assuming an average value of 89.21%. Interestingly, a clear dependence on Cy is observed
for the adsorption of Hg(I) onto rGO, i.e., an abrupt drop from 92.89% (Cy = 30 mg L)
to 48.85% (Co = 100 mg L~1), giving an average value of mercury removal of 72.93%.

3.7. Adsorption Thermodynamics

To acquire information about the energy changes due to the involved adsorption
process [13], the Gibbs free energy (AGY), enthalpy change (AH®), and entropy change
(AS®) were calculated by the following expressions:

e
Ky = 1¢
4= Gy )
ASY  AHO
nKe=%~%T (19
AGY = —R TInK; 11)

where K; represent the distribution coefficient [13]. AHO? and ASY were calculated from the
slope and intercept of Van’t Hoff plot of In K as a function of T~! [25]. The Van’t Hoff plot
and estimated parameters are shown in Figure 11 and Table 5, respectively.
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Figure 11. Van’t Hoff study for the adsorption of (a) MB on rGO and (b) Hg(II) on rGO.

Table 5. Thermodynamics parameters for Mb and Hg(Il) adsorption on rGO at three different temperatures.

T (K) AG°(kJ mol™1) AH? (k] mol™1) AS (k] mol 'K~ 1)
MB
298 —2275
313 —2381 —2.20 0.069
333 —25.16
Hg(I)
298 —39.84
313 —31.55 —0.14 0.079
333 —3297

The negative AG? values observed at different temperatures indicate spontaneous
adsorption of MB molecules and Hg(Il) ions onto the rGO surface. It is worth noting
that, for AG? values in the range from 0 to —20 k] mol~!, the adsorption process is as-
signed to physisorption or multilayer adsorption [25], while in the range from —80 to
—400 kJ mol~!, the adsorption is assigned to chemisorption or monolayer adsorption [25].
The region from —20 to —80 k] mol~! remains unclear, and a combined adsorption process
can be assumed. With this in mind, the estimated AGY values for MB onto rGO (—22.75,
—23.81, and —25.16 k] mol ') and Hg(II) onto rGO (—39.84, 31.55, 32.97 k] mol ) sug-
gest that the adsorption process of tested cationic pollutants on rGO is governed by a
mixed physisorption-chemisorption process. Interestingly, for MB on rGO, the AG? value
increases by 5% at 313 K and by 10% at 333 K. In contrast, an inversely proportional rela-
tionship is observed for Hg(IT) on rGO; say, the AG? value decreases by 21% at 313 k and
by 17% at 333 K.

The negative AHO values indicate the exothermic nature of the adsorption process,
i.e., a negative enthalpy implies that the temperature increase had a negative impact,
particularly on the adsorption of MB (AH? = —2.20 k] mol~!). However, in the adsorption
of Hg(II) on rGO, the value observed (AH 0= _0.14 Kk mol 1) is very small and could be
considered negligible since increasing the temperature significantly increases the maximum
adsorption capacity of rGO, as evidenced by the Langmuir model (Figure 8a and Table 4).
The positive values of ASY = 0.069 k] mol~! - K~! and AS? = 0.079 k] mol~! - K!
corroborate the affinity of MB molecules and Hg(II) ions toward the rGO surface.

3.8. Final Remarks

Table 6 shows the estimated g;; values for MB (7,, = 121.95 mg gfl) and Hg(II)
(gm = 109.49 mg g~ 1) at 298 K, which are compared to those of recent studies.
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Table 6. Comparative adsorption capacity of several adsorbents for the removal of MB and Hg(II).

MB Hg(ID
Adsorption Adsorption
Adsorbents Capacity (mg g 1) Adsorbents Capacity (mg g 1)
Bi3t
Graphe“efggflzo}& 4293 GONR [35] 33.02
B-cyclodextrin/MGO [57] 93.97 S-GO [36] 3490
g-C3Nj (Urea) [58] 251 GO-TSC [37] 231
Magnetic carboxyl
functional nanoporous 57.74 S-doped g[;)(éTN4/LGO 46
polymer [59]
Ag'Fe3O4'f6°OI]y dopamine 45.00 GSH-NiFe;04/GO [39] 272.94
Citrus hystrix-rGO [61] 276.06 HT-rGO-N [40] 75.8
This work 121.95 This work 109.49

The estimated ¢;, value of the dye adsorption is higher than those previously reported
and only surpassed by GO reduced by Citrus hystrix (7, = 276.06 mg g~ 1), suggesting that
as-made (non-extra functionalized) rGO are excellent platforms to replace conventional
adsorbent materials. In the case of heavy metal adsorption, the estimated g,; value is
higher than some functionalized /decorated GO and rGO. However, S-GO seems to be
more profitable to be used for the removal of mercury (g, = 3490 mg g~ 1), but this is due
to the fact that, obviously, the presence of sulfur improves the affinity and specificity for
Hg (II) ions in any adsorbent material.

Although, in the present work, the regeneration of rGO was not studied, which
motivates more extended work, we propose the following well-known techniques or
processes: (i) the adsorbed rGO-pollutant system can be separated from aqueous media by
filtration using filters with a pore size less than 1 um since rGO is within the order of few
micrometers, (ii) pollutant can be released from rGO by applying the concept of ionic force,
i.e., by applying buffer solutions, and (iii) the isolated MB molecules or Hg(II) ions can be
extracted by sulfide precipitation.

4. Conclusions

In summary, we have demonstrated the effective and efficient removal of cationic
pollutants (i.e., MB molecules and Hg(II) ions) from aqueous solutions using an eco-friendly
and as-made rGO. The adsorbent material shows fast adsorption with a saturation capacity
of 121.95 mg g~ ! and 109.49 mg g~ ! at 298 K, suggesting a good affinity for MB molecules
and Hg(II) ions. These results are superior to those recently reported for other graphene-
based benchmark materials [35-40]. By means of several chemical physics analyses, we
have also shown that rGO keeps a good efficiency over a wide range of initial cationic
pollutant concentrations and a broad range of pH values. Specifically, the maximum
removal percentage as a function of pH was found in the range of 6 to 8 for MB and 6 to 10
for Hg(Il). Our results allowed us to conclude that the MB-rGO and Hg(II)-rGO adsorption
interaction follows a combined physisorption—chemisorption process due to the fact that
the Gibbs free energy was found from —22.75 to —25.16 k] mol~! for MB and from —39.84
to —32.97 k] mol~! for Hg(II). The present study proposes non-extra functionalized rGO as
a potential green adsorbent for wastewater decontamination.
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