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Graphene-based materials, including single layer graphene, laser-induced graphene,
carbon nanotubes, graphene oxide, and reduced graphene oxide, have become cornerstones
of modern materials science due to their exceptional properties and wide range of potential
applications. These materials are driving innovation in many fields, such as electronics,
catalysis, biosensors, and biomedicine, etc. To unlock the full potential of these materials,
the continuous development of new synthesis methods, functionalization techniques and
comprehensive characterization approaches is crucial. This Special Issue on “Advanced
Technologies in Graphene-Based Materials” presents a collection of groundbreaking studies
that explore the multifaceted nature of graphene and its derivatives, and contains a mixture
of review articles and original contributions.

The latest research on the preparation of graphene and its application in biomedicine
has been reviewed by Klaudia Malisz and Beata Swieczko-Zurek [1]. Their review article
highlights graphene’s unique physiochemical, mechanical, and biological properties, which
have sparked significant interest in its use for various applications, including sensors,
implantology, gene and drug delivery, tissue engineering, anticancer therapies, and antimi-
crobial agents. It emphasizes the importance of the biocompatibility of graphene, making
it suitable for use in regenerative medicine and drug delivery systems. Additionally, it
discusses the most popular methods of graphene production, particularly chemical va-
por deposition. The role of graphene as a support for metal hydrides in energy storage
applications is comprehensively reviewed by Cezar Comanescu [2]. The article examines
recent advances in graphene-supported metal hydrides, focusing on how these composite
systems utilize the unique properties of graphene to enhance the performance of metal
hydrides in energy storage. Additionally, it provides a brief overview of the applications
of these graphene-supported metal hydride nanocomposites, emphasizing their energy
storage properties and potential practical benefits.

Several contributions explored the impact of graphene on the mechanical properties of
composite materials. José D. Rios et al. [3] investigated how variations in the concentration
of graphene oxide (GO) and the intensity of ultrasonication influenced the fracture behavior
of nano-reinforced cement pastes. Their study demonstrated that the incorporation of GO
sheets into cement matrices significantly altered their mechanical and fracture characteris-
tics, with outcomes depending on factors such as the pore size and the dimensions of the
GO particles. This research highlighted the potential of GO to improve the durability and
structural integrity of construction materials. S. M. Nourin Sultana et al. [4] investigated the
effects of few-layer graphene (FLG) on electrical conductivity, mechanical reinforcement,
and resistance to photodegradation in polyolefin blends. Their findings showed substantial
improvements in electrical conductivity and UV protection due to FLG. As little as 1 wt.%
of FLG was sufficient to retard the degradation of the polyolefin composites by UV light.
Additionally, the incorporation of FLG helped maintain the mechanical properties of the
materials under UV exposure, demonstrating its potential as a multifunctional additive in
polymer composites. In a related study, S. M. Nourin Sultana and colleagues [5] explored
the impact of FLG on the properties of mixed polyolefin waste streams. The study con-
cluded that FLG enhances the mechanical properties of polyolefin waste composites while
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maintaining processability. Also, they found that adding FLG up to 10 wt.% did not affect
the melt flow index, effective torque during extrusion, or the viscosity of the composites.

The ability to tailor the electronic properties of graphene is crucial for its integration into
advanced electronic devices. Isaac Appiah Otoo and colleagues [6] explored how different
dielectric materials could modulate the carrier concentration in graphene, offering a method
to fine-tune its electronic properties for specific applications. Their findings revealed that the
sheet resistance of graphene was significantly influenced by the dielectric substrate, while
the carrier scattering time remained unchanged. This insight could open new avenues for
designing graphene-based electronics with customized electronic characteristics.

Further expanding the versatile applications of graphene, Andrés Serna-Gutiérrez and
Nicolas A. Cordero [7] provided computational insights into the mechanical properties
of quasi-square graphene nanoflakes. By challenging conventional assumptions about
the mechanical behavior of these nanosystems, the authors proposed new models for
understanding the strain-induced electronic modifications in graphene, contributing to the
emerging field of straintronics. Stefan A. Pitsch and R. Radhakrishnan Sumathi [8] examined
the effect of polar faces of SiC on the epitaxial growth of graphene. Their study revealed
how different SiC crystallographic faces influenced the growth mechanism and electrical
properties of graphene, providing important insights into optimizing the fabrication of
high-quality graphene layers.

The unique surface properties of graphene-based materials also make them an excel-
lent candidate for a variety of functionalization strategies aimed at improving its perfor-
mance in a wide range of applications. Aya Jezzini et al. [9] investigated the stabilization of
reduced graphene oxide (rGO) sheets with copper cations in ethanol and revealed promis-
ing photocatalytic activity for dye degradation under visible light. This study demonstrated
the potential of rGO—copper systems for environmental remediation and chemical sens-
ing applications. Meanwhile, Hanna Bandarenka and her team [10] demonstrated that
graphene-coated Ag/ZrO, substrates significantly enhanced their surface-enhanced Ra-
man scattering (SERS) activity. They showed that while UV exposure typically suppressed
SERS signals due to zirconia’s photocatalytic activity, the presence of graphene effectively
counteracted this suppression, resulting in an increased SERS signal. By optimizing the UV
treatment conditions, they further increased the sensitivity of these substrates for detecting
low concentrations of analytes, such as rhodamine 6G molecules, highlighting the role of
graphene in advancing SERS-based sensing technologies.

Innovative theoretical studies also featured prominently in this Issue. Mikhail A.
Kalinin et al. [11] presented “graphocrown”, a novel two-dimensional oxocarbon material.
Through computational analysis, the authors revealed the structural stability and potential
electronic applications of graphocrown, suggesting that it could serve as a more effective
alternative to traditional graphene in certain contexts. This theoretical work paved the
way for future experimental investigations and the development of new graphene-like
materials with enhanced properties. The study by Lunwei Yang et al. [12] investigated
the adsorption and sensing properties of formaldehyde on chemically modified graphene
surfaces. By systematically analyzing the effects of different dopants (B, N, O, P, S, Mg,
and Al), the authors provided a theoretical basis for the design of superior graphene-
based sensors. They also highlighted the importance of chemical modification in tailoring
graphene properties for specific sensing applications.

This Special Issue includes several papers that present new approaches to the synthesis
of graphene-based materials. Dongyang Wang et al. [13] prepared polydopamine films
on SiO; substrates under various conditions, focusing on the effects of pH and dopamine
solution concentration on the deposition process. They then carbonized and graphitized
these films at high temperatures (800 °C or 1000 °C) to produce a graphene-like mate-
rial. Raman spectroscopy revealed that the resulting graphene-like film exhibited fewer
structural defects compared to previous studies, and X-ray photoelectron spectroscopy
showed that most of the carbon atoms were incorporated into a cross-linked honeycomb
lattice structure. Additionally, the graphene-like material demonstrated high electrical
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conductivity and satisfactory mechanical elasticity. Aivaras Sartanavicius et al. [14] used
a picosecond laser to convert polyimide (PI) into a conductive graphene network. They
confirmed this by Raman spectroscopy and sheet resistance measurements. In addition,
they investigated the use of laser-induced graphene (LIG) in PI for high-frequency antenna
applications. In particular, they focused on the development of a 2.45 GHz patch antenna,
which is commonly used for WiFi frequencies. The study showed that, due to their flexibil-
ity and conductivity, LIG-PI composites could be effectively used in antenna applications.
By varying the laser parameters, they controlled the quality of the LIG and achieved a
minimum sheet resistance of 36.6 ohms/sq. The resulting LIG-PI patch antenna showed a
wide operating frequency band and comparable performance to conventional materials,
although the conductivity needed to be improved for optimal efficiency. They concluded
that LIG-PI composites held great promise for creating flexible and sustainable electronic
devices, including antennas. However, future research should focus on optimizing the LIG
production process and exploring additional substrates to improve performance.

Taken together, the papers in this Special Issue highlight the ongoing progress in the
field of graphene-based materials and their potential to transform a wide range of technolo-
gies. The studies presented provide a strong foundation for future research and development,
with a focus on expanding the capabilities and applications of these remarkable materials.

Author Contributions: Writing—original draft preparation, J.G.; writing—review and editing, ].G.
and J.B. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Graphene is a two-dimensional nanomaterial composed of carbon atoms with sp? hybrid
orbitals. Both graphene and graphene-based composite have gained broad interest among researchers
because of their outstanding physiochemical, mechanical, and biological properties. Graphene
production techniques are divided into top-down and bottom-up synthesis methods, of which
chemical vapor deposition (CVD) is the most popular. The biomedical applications of graphene and
its composite include its use in sensors, implantology, and gene and drug delivery. They can be used
for tissue engineering, anticancer therapies, and as antimicrobial agents in implant application. The
biocompatibility of graphene-based nanomaterials enables their use in the field of biomedicine. This
article reviews the properties of graphene, the methods used to produce it, the challenges associated
with its use, and the potential applications of this material in biomedicine, regenerative medicine,
and drug delivery systems.

Keywords: graphene; biosensors; tissue engineering

1. Introduction

Carbon nanostructures have attracted a lot of attention, especially single-walled car-
bon nanotubes, multi-walled carbon nanotubes, graphene, and reduced graphene oxide
(rGO) [1]. Graphene is a two-dimensional material composed of carbon (C) atoms with an
sp? hybrid orbital [2-5], displaying a single 7 orbital and three o bonds perpendicular to the
plane [6]. It is a honeycomb like structure formed with a single thick planer carbon sheet [7].
Graphene can be wrapped up into zero-dimensional fullerenes, rolled into one-dimensional
carbon nanotubes, or piled together with an inter-planar spacing of 0.335 nm to form
three-dimensional graphite [6,8]. Due to its outstanding physical, mechanical, electrical,
and chemical properties, materials based on graphene have attracted a lot of interest. These
include excellent thermal and electrical conductivity, high specific surface area, elastic
moduli (about 1 TPa [9]), an intrinsic strength of 130 GPa [5], adaptability to both flat and
irregular surfaces, flexibility in chemical and biological functionalization, and simplicity in
mass production, [10-15]. Sensors, energy harvesting, and storage devices such as solar
cells and supercapacitors can all be improved by the use of graphene, as can lightweight
polymer composites, membranes, and actuators. Graphene derivatives could also be used
in biomedical applications such as drug delivery systems, gene therapies, photothermal
therapies, antibacterial agents, and bioimaging tools [5,10,16-18]. However, scientists
still face numerous challenges when attempting to utilize graphene such as cytotoxicity,
biodistribution, and immunological responses.

Currently, there are many ways to produce graphene. Those include chemical vapor
deposition, the mechanical cleavage of highly ordered pyrolytic graphite (HOPG), the
chemical reduction of chemically exfoliated graphene oxide, epitaxial growth, and chemical
synthesis [11,14]. Graphene oxide (GO), reduced graphene oxide (rGO), graphene, and
graphene quantum dots (GQDs) are all included in the graphene family [19]. The molecular
structures are shown in Figure 1 [20]. Chemical modification can reduce GO to rGO [18].
GQDs, also known as nano-graphene (NG), are nanomaterials that can be used in a range
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of applications. To create NG, top-down and bottom-up techniques are used [18,21].
Furthermore, there is a separate kind of carbon-based nanomaterial called nano-graphene
oxide (NGO). NGO is created by top-down methods. Graphene oxide can be oxidized to
form nano-graphene oxide, which has hydrophobic properties and the qualities suitable
for creating very stable aqueous colloidal suspensions [18].

e

@ (b

. Carbon

. Carbon . . . Carbon
v . Hydrogen
J Hydrogen ” L ’ . J N & ’
" e T oy e - ,
. Oxygen ’. '. '.’S,. . o " }..

(©) (d)

Figure 1. Molecular structure of (a) graphite, (b) graphene, (c) graphene oxide, (d) reduced graphene
oxide (reprinted from [20], with permission from Elsevier, license number: 5595830853941).

Both GO and rGO are well recognized for their lower dispersion in water but also easy
aggregation. This can reduce their surface areas, which would limit their usability and abil-
ity to be recycled from treated water. Additionally, graphene composites have significant
limitations because of their hydrophobic qualities, which tend to result in the aggregation
of sheets, along with curled, folded, and corrugated formations on base materials [19].
However, because of their enormous clinical potential in tissue regeneration therapy, GO
and rGO-based scaffolds are particularly promising. The proliferation and differentiation
of applied stem cells have been strongly influenced by both GO and rGO, but there are
still some challenges to overcome, e.g., cytotoxicity, biodistribution, biotransformation, and
immune response [17]. Graphene-reinforced polymer composites are also of great interest.
The use of graphene as a reinforcing agent in the polymer matrix improves the composites’
properties (for example, adding carbon nanotubes and graphene to metals reduces the
coefficient of friction and the wear rate while increasing tensile strength) [5,22,23].

In this review, we will describe the properties of graphene and graphene composites,
and the methods used to manufacture them with a particular emphasis on the challenges
and potential applications of these materials in biomedicine, tissue engineering, and drug
carrier systems.

2. Graphene Production Techniques

Several methods including pyrolysis, epitaxial growth, the chemical and electrochem-
ical exfoliation of graphite, physical vapor deposition, and chemical vapor deposition
have been used to produce graphene [6,11,14]. We divide these techniques into top-down
(mechanical exfoliation, chemical exfoliation, chemical synthesis) and bottom-up synthesis
methods (epitaxial growth, pyrolysis, CVD, etc.) [6]. To obtain graphene, it is possible to use
the thermal expansion of graphite/graphite oxide [8,24], which can lead to its formation.
However, this process rarely leads to results in the complete exfoliation of graphene to the
atomic level of individual sheets of graphene [8]. There are also known methods such as
liquid phase exfoliation of graphite employing ultrasonication, chemical exfoliation meth-
ods, or the electrochemical exfoliation method [8,25-27]. The disadvantages of graphene
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obtained by liquid phase exfoliation of graphite employing ultrasonication include the
graphene sheet size because it is typically smaller than 1 um?, and the graphene yield is
too low to be utilized in technological applications. Chemical exfoliation methods involve
the oxidation of graphite to graphene oxide and then reduction chemically or thermally.
These methods have attracted a lot of interest due to their potentially low cost and easy
production, but to obtain the graphene structure, the thermal reduction of graphite oxide is
carried out at high temperatures. However, the oxidized forms of graphite oxide cannot be
completely removed with a chemical reducing agent, which may cause the degradation of
the electronic properties [8].

Among these technologies, CVD appears to be the most promising process for indus-
trial development and scale-up production of graphene. Nearly all of the transition metals
included in the periodic table may be used as catalysts for the production of graphene,
according to recent developments in the CVD process for growing graphene [28]. Most
commonly, CVD of graphene involves injecting a precursor in the gas phase into a reaction
chamber. In the reaction chamber at elevated temperature, the precursor reacts with the
catalyst, and graphene is produced on the surface of the catalyst. The precursor may be a
hydrocarbon (for example, methane or ethylene) or also low-molecular-weight alcohols.
The temperatures of growth range from a few hundred degrees Celsius to the melting
point of the catalyst metal [29]. Nickel (Ni) and copper (Cu) are two catalysts mostly used
to prepare homogeneous and high-quality graphene. Nickel-catalyzed graphene, consist-
ing of a large proportion of few-layer or multilayer, could therefore be widely used as
stretchable transparent electrodes. In contrast, graphene grown on Cu is a monolayer with
a large area that has great potential in high-mobility field-effect transistors. The catalyst
surface is where graphene grains often form during the CVD growth of graphene on met-
als. During graphene growth, the grains coalesce and eventually lead to the formation of
grain boundaries, which are mainly dispersed in the as-grown graphene layer. As a result,
CVD-grown graphene is frequently polycrystalline and composed of a patchwork of grains
with different sizes and orientations. Two methods can be used to obtain monocrystalline
graphene without grain boundaries using chemical vapor deposition. The first method
involves complete control of the number of nucleation centers, as reducing the nucleation
number to one will finally result in the formation of individual graphene crystals. The
second method, on the other hand, involves controlling the orientation of the graphene
grains. In the absence of grain boundaries in the stitching areas, grains with aligned crystal
lattices would merge neatly, resulting in large-sized graphene crystals [28].

The catalyst-assisted CVD approach is an intriguing synthetic method for producing
wafer-sized graphene. When the nucleation and growth of crystallized graphene domains
take place in an atmospheric pressure CVD process, the average size of graphene domains
raises with increasing temperature and CHjy partial pressure, but the domain density
decreases (but it is independent of the CHy partial pressure). In addition, research by
Liu L. et al. [30] indicates that the nucleation of graphene domains on Cu depends on the
initial annealing temperature [30]. Plasma-enhanced chemical vapor deposition (PECVD)
has great potential for graphene production due to its low-temperature growth and fast
reaction rate. The high temperature provides the energy needed for graphene nucleation
and growth in the thermal CVD process. However, in the PECVD process, the growth of
multilayer graphene is dominated mostly by radicals generated in the plasma, so it does
not need to use high temperatures. Notwithstanding, the disadvantages of this method
include poor controllability and quality of obtained graphene after the graphene is grown.
Due to these limitations, this method is not widely used [11,31]. Li N. et al. [11] studied
the nucleation and growth of graphene at different temperatures by PECVD. They noted
that graphene could not be grown at temperatures under 600 °C. In the temperature range
of 650-800 °C, they obtained a high nucleation density of nanoscale graphene. In the
temperature range from 850 °C to 900 °C, they formed bigger grains of graphene, and over
950 °C, the coexistence of large and small grains was produced [11].
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Electrochemical exfoliation graphene is a popular top-down graphene recovery method.
It is composed of oxidizing, expanding, and exfoliating graphite to produce graphene with
a lower oxygen content. The process is schematically shown in Figure 2. The electrochem-
ical exfoliation method is an environmentally friendly technique to fabricate graphene
and enables production at room temperature [8,32,33]. This technique uses many types of
graphite, including graphite foils, rods, plates, and powders, as electrodes in an aqueous or
non-aqueous electrolyte, together with an electric current to cause electrode expansion [6].
The surface shows high roughness after electrolytic exfoliation, which is associated with
a large surface area. The highest surface area was obtained after 1 h of exfoliation, and
after that it declined rapidly [8]. Applying a voltage of 10 V resulted in the formation
of multilayer graphene platelets with high defect concentration. Awasthi G. et al. [33]
produced multi-layered (i.e., 1-5), high-quality graphene nanoplatelets using low voltage
(3—4 V) during the process. For this purpose, they used potassium hydroxide solution
as an electrolyte. The stirring of an electrolyte during electrolysis affected the properties
of graphene, i.e., the average size of graphene nanoplatelets increased in that case, but
also a reduction in the defect concentration was observed with an increase in several
layers of C atoms in graphene [33]. To create high-yield solution-processable graphene,
Zhang Y. et al. [34] used an electrochemical anode and cathode co-exfoliation technique.
They obtained graphene with an ultralow defect and oxygen content on electrodes. The
flexible supercapacitor exhibits great electrochemical performance and can be potentially
used in wearable electronics [34].
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Figure 2. Electrochemical exfoliation method (reprinted from [32], with permission from Elsevier,
license number: 5595791108264).
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3. Application of Graphene

Graphene has received a lot of attention in a variety of sectors, including energy stor-
age, electrochemical sensors, nanoelectronics, optical biosensors, membranes, composites,
drug delivery systems, etc. [5,9,10].

3.1. Biosensors

A biosensor is a device that detects chemical or biological reactions by producing
signals proportional to the concentration of an analyte in the reaction. Applications for
biosensors include the detection of pollutants, disease-causing microorganisms, and mark-
ers that are indicators of disease in bodily fluids like blood, saliva urine, or even sweat.
Biosensors are also used in the discovery of new medicines and the monitoring of dis-
eases. A typical biosensor consists of a bioreceptor, transducer, electronics, and display. A
bioreceptor is a molecule that recognizes the analyte specifically [35]. A transducer turns
biological interactions into physical signals (for example, optical, chemical, electrical, or
thermal signals) [36]. Electronics is a part that processes the transduced signal and prepares
it for display. On the display, the output signal is presented in numerical, graphical, tabular,
or pictorial form, depending on the requirements of the user [35].

Due to its excellent charge transfer, high specific surface area (2620 m?/g), thermal con-
ductivity of 500 W/mK, optical properties (visible and infrared light transmittance of 98%),
and ability to immobilize molecules, graphene has become a widely used material in sensor
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manufacturing [7,9]. Graphene can be modified, for example, with gold or silver nanopar-
ticles. It has been proven that the addition of nanogold resulted in greater surface area,
enhanced electrochemical reactions, and interaction between elements or nanoparticles, as
well as simplified charge transfer for better robustness, sensitivity, and specificity [9,37].
Narayanan J. et al. [38] successfully developed an electrochemical immunosensor for the
detection of botulinum neurotoxin-E, where glassy carbon electrodes were modified using
graphene nanosheets-aryldiazonium salt as a sensing platform and enzyme induced silver
nanoparticles, which were deposited on gold nanoparticles as a signal amplifier [38].

Graphene-based electrochemical sensors are used for the detection of cancer biomark-
ers and neurotransmitters, but also as immunosensors and for the detection various other
bioanalytes [39]. Graphene’s self-assembling characteristics are easily monitored, allowing
it to be used in highly sensitive biosensors for DNA detection. Furthermore, due to their
large surface area, superior electrical conductivity, and ability to load analytes, GO-based
electrochemical biosensors have shown promising results in detecting cancers [18].

Ansari G. et al. [40] prepared a nanosensor using zinc oxide nanowires (ZnO NWs) and
graphene. It can detect changes in hemoglobin content in vivo. ZnO NWs were produced
using vapor-liquid—solid fabrication. The graphene layer can improve the sensitivity and
response time of the biosensor, while the ZnO NWs can offer a significant surface area
for immobilizing the biological molecules. The biosensor’s sensitivity is improved by
graphene’s changed chemical potential. Furthermore, combining these two materials raises
the selectivity of this device [40]. Soman G. et al. [41] designed a GO-based molecularly
imprinted polymer for selective uric acid detection in blood serum. The main advantages of
the manufactured sensor include the possibility of direct analysis of blood samples without
requiring any pre-treatment, as well as extraordinary stability and reproducibility. The
findings showed the potential of the developed sensor in uric acid analysis [41].

Additionally, Mubarakali A. et al. [42] worked on a sensor to detect glucose. They
obtained that using colloidal Cu nanoparticles modified with graphene coated on indium-
coated tin oxide glass substrate as a working electrode. The results indicate that the
bioelectrode shows adequate stability and repeatability with a shorter response time.
Because of those properties, the electrode may be one option for a non-enzymatic glucose
biosensor [42]. Li B. et al. [43] also studied biosensors for glucose detection. A flexible
glucose oxidase/chitosan/graphene sponge/Prussian blue biosensor for sweat glucose
detection was designed (fabrication process is presented in Figure 3). The immobilization of
glucose oxidase with chitosan offers glucose oxidase good isolation from the environment
and protection, which increases glucose oxidase’s stability, reusability, and activity. The
gaphene sponge (graphene aerogel) is characterized by a large specific surface area, high
porosity, excellent electrical conductivity, and biocompatibility. As an electron transport
medium, Prussian blue was electrochemically deposited on the working electrode. The
results presented that the biosensor has a high selectivity for glucose and responds well
to glucose in human sweat. In addition, the many binding sites of the graphene sponge
allow for further composites with other functional materials to improve the flexible sweat
glucose biosensors [43].

However, Pareek S. et al. [44] fabricated an electrochemical DNA biosensor for human
papillomavirus-16 (HPV-16) detection. Cervical cancer is caused by the HPV-16 virus. GO
and silver-coated gold nanoparticles were used to modify an indium tin oxide-coated glass
electrode. The results indicate that the biosensor has a high sensitivity for the detection of
HPV-16, and it is possible to detect it in the early stage, which can be crucial in developing
point-of-care devices [44]. Bao J. et al. [45] developed an electrochemical biosensor for
methylated DNA detection. DNA methylation is related to cell proliferation and differenti-
ation. More and more often, there is information that abnormal methylation contributes to
the occurrence of diseases, especially in tumorigenesis. It can also be used as biomarkers to
predict response to chemotherapy strategies [45,46]. They proposed the biosensor, which in-
cluded gold electrodes and nanocomposite based on gold nanoparticles, rGO, and graphite
carbon nitride. The nanocomposite showed excellent electrochemical properties by the
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synergistic effects of each component. The proposed biosensor also displayed features
of high specificity, stability, and reproducibility. Because of the synergistic effect of each
component, the nanocomposite demonstrated good electrochemical characteristics [45].

GOx/CTS/GS

Figure 3. Fabrication process flexible glucose oxidase/chitosan/graphene sponge/Prussian blue
biosensor for sweat glucose detection. (A) Graphene sponge (GS) mixed with chitosan (CTS) and
glucose oxidase (GOx); (B) obtained GOx/CTS/GS composite; (C) Prussian blue (PB), composite and
Nafion solution were added to the gold three-electrode; (D) flexible biosensor (reprinted from [43],
with permission from Elsevier, license number: 5611890451239).

3.2. Tissue Engineering

Tissue engineering is “an interdisciplinary field that applies the principles of engi-
neering and the life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function” [47]. Tissue engineering is often known as “regener-
ative medicine”. It offers a variety of solutions, from building new organs for transplant
surgery to repairing damaged tissues. Tissue engineering, apart from cell culture and
stem cell differentiation, also uses biodegradable and biologically safe materials to create
structures called “scaffolds” [48]. Due to different design restrictions related to tissue
engineering, features including mass transport, scaffold degradation, and biocompatibility
must be taken into consideration while designing scaffolds [49]. For successful tissue
engineering, it is essential to produce a biocompatible porous scaffold to support the cells,
delivering bioactive molecules (for example, growth factors); as a result, they can pro-
duce physical and chemical cues that will ultimately determine the cell fate and cellular
organization [50]. The cell microenvironment has an impact on the adhesion, migration,
differentiation, communication, and proliferation of cells on the surface, biomaterials, or
inside the extracellular matrix (ECM). A perfect biomaterial for tissue engineering and
regenerative medicine often aims to imitate the corresponding ECM, providing cells with
the right microenvironment [51].

The commonly used materials for tissue engineering are presented in Table 1. In
addition, 2D nanomaterials have recently attracted great interest. 2D nanomaterials have
a thickness of a few nanometers but a large lateral size. The unique energy level struc-
ture and optical properties, controllable thickness, simplicity in modification and doping,
inherent bioactivity, high biocompatibility, and biodegradability are just a few of the dis-
tinctive properties of 2D nanomaterials. Additionally, 2D nanomaterials” large specific
surface area makes them good carriers of nanoparticles or medicines [52]. In addition to
graphene, scientists in recent years have proposed the following: 2D oxide and hydroxide
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nanosheets [53], black phosphorus nanoparticles, nanodots, nanosheets [54], non-spherical
metal nanomaterials (noble metal or transition metal dichalcogenides) [55], or hexagonal
boron nitride (hBN) nanoparticle [56]. Tarhan T. et al. [56] used hexagonal boron nitride
nanoparticles, silver nanoparticles, and polydopamine to stimulate wound healing. Silver
nanoparticles were chosen because of their anti-inflammatory properties and hBN for in-
duced proliferation and migration of cells. Even the low concentration of the obtained agent
enhances wound healing besides it reduces ROS production, promotes wound closure,
and reorganizes tube formation in cells [56]. Whereas, non-spherical metal nanoparticles
are used in biomedicine, including regenerative medicine and cancer therapy. What is
important, the architecture of metal-based nanomaterials influences their interaction with
biological systems, i.e., particle geometry is an important factor and can affect their biodis-
tribution, interactions with blood vessels, tumor penetration, transport across endothelial
cells, etc. [56,57].

Table 1. Examples of materials used for tissue engineering [49,51,58].

Natural Materials Synthetic Polymers Inorganic Material
) polyethylene glycol (PEG);
hyaclcl)lligiie?z::i d: poly(lactic-co-glycolic acid) hydroxyapatite (HAp);
chondroitin sulfate; (PLGA); ) . bioglass;
chitosan (CS); polycaprolactone (PCL); calcium phosphate cement
silk fibroin ! ultra-high molecular weight (CPC)
polyethylene (UHMWPE)

Sharifi S. et al. [59] proposed magnesium-zinc-graphene oxide nanocomposite scaf-
folds for bone tissue engineering. Scaffolds were fabricated by using powder metallurgy
method. Because of their biodegradability, adequate mechanical qualities, and required
biocompatibility, magnesium (Mg) scaffolds are an appropriate option for bone tissue
regeneration in several studies. The addition of Zn to Mg increases its corrosion resistance
and mechanical qualities. Furthermore, zinc is an element crucial for the human organism;
therefore, the released products should not be toxic to the body. Among the known alloys,
Mg-6Zn is interesting because of its corrosion resistance, mechanical properties, and cell
compatibility. However, GO indicates a positive effect on the adhesion and differentiation
of osteoblasts and stimulates biomineralization [59-62]. The addition of graphene oxide
made the mechanical strength and corrosion resistance significantly improved compared to
Mg-Zn scaffolds. Additionally, Mg-Zn-GO scaffolds were biocompatible and not cytotoxic
in contact with L-929 cells [59].

Chitosan is an amino polysaccharide that is largely found in the cell walls of fungi,
plants, insects, and marine invertebrates. Due to its chemical stability, high biocompatibility,
antibacterial activity, biodegradability, ability to adsorb proteins, and to accelerate wound
healing, CS is used in implantology, as a drug delivery system or scaffold [58,63,64].
Valencia A.M. [65] proposed to use chitosan functionalized GO by a covalent bond (CS-GO).
The results show the potential application of the CS-GO compound in tissue engineering
because of a low inflammatory response in vivo test and advanced resorption at 60 days
of implantation [65]. Nakagawa de Arruda M. et al. [32] designed a few-layer graphene
using the electrochemical exfoliation of graphite. It was supplemented with chitosan
to form a homogeneous composite with low oxygen content. In addition to increasing
surface area and enhancing chemical interactions, chitosan creates homogenous coatings
with graphitic materials that improve the percolation of charges and electrical signals,
increasing conductivity or capacitance. Because of its higher dispersion and resonance
active groups, the graphene composite’s electrical conductivity increased. Furthermore, it
is environmentally friendly because it uses less water and produces less toxic waste [32].

Hydroxyapatite (Cajo(PO4)s(OH),) is a commonly used material because of its simi-
larity with natural bone in terms of chemistry and structure. It has high biocompatibility,
bioactivity, and osteoconductivity. HAp also shows osteoinductive properties and it pro-
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motes bone regeneration [66—-69]. However, HAp’s limited mechanical strength and fracture
toughness limit its clinical applicability because they could cause the propagation of cracks
and an increase in corrosion rate [66,67,69,70]. To improve mechanical properties, some
materials are used as reinforcements of Hap, i.e., polyethylene, Al,O3, TiO;, and carbon
nanotubes. Unfortunately, these reinforcements may reduce the biological properties of
hydroxyapatite and affect adjacent tissues [66]. However, HAp/GO composite showed
improved in vitro osteoblast adhesion and apatite mineralization [71].

Liu Y. et al. [72] proposed HAp and HAp—graphene nanosheet (GN) composites syn-
thesized using a liquid precipitation approach and deposited using vacuum cold spraying.
The results demonstrated that the osteoblast cells spread and proliferated more readily on
the GN-containing coatings [72]. Ramadas M. et al. [71] proposed hydroxyapatite nanorods
grown on a graphene oxide sheet using a hydrothermal process. To assess cytotoxicity at
various concentrations of material, they used human skin cancer cells. The nanocomposites
presented no cytotoxicity effects on cancer cell lines. Although HAp /GO provides excel-
lent biocompatibility [71]. However, Sanchez-Campos D. et al. [73] prepared a composite
containing HAp, GO, and silver nanoparticles using a microwave-assisted hydrothermal
method, a modified Hummer’s synthesis, and by using dietary quercetin for silver nanopar-
ticles formation and deposition. A dose-dependent toxic response was found in eukaryotic
cells. It depended on the presence of GO, but superior cytocompatibility was observed
for the samples with HAp. Furthermore, the composite increased the inhibition zone for
S. aureus and E. coli compared to silver nanoparticles. The results of the antibacterial study
are presented in Figure 4. These indicate that the material can be applied as a bactericidal
agent for tissue replacement and surface coating [73].
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Figure 4. Pictures present inhibition zones (mm) of materials against S. aureus and E. coli: (a) the pure
HAp, GO and silver nanoparticles (AgNPs); (b) HAp/GO, HAp + Ag, GO + Ag and HAp/GO + Ag
composites (reprinted from [73], with permission from Elsevier, license number: 5611920074326).

Han W. et al. [66] prepared graphene oxide/hydroxyapatite composite coatings on
a titanium substrate using the electrophoretic deposition method. GO/HAp composite
coatings outperformed HAp coatings in terms of adhesion strength and corrosion resis-
tance. An appropriate amount of graphene oxide promoted the proliferation of the mouse
fibroblast cells and enhanced the mineralization properties. The results showed that 5 wt%
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GO exhibited optimal mechanical properties, bioactivity, corrosion resistance, and good
biocompatibility [66]. Fardi S.R. et al. [67] deposited hydroxyapatite-graphene oxide
nanocomposites on titanium using an ultrasound-assisted electrophoretic technique. Ti
sheets were anodized and then coated with HAp-GO with various compositions (0, 1, and
3 wt% of GO). They improved the mechanical properties with the best reported adhesion
strength demonstrated by coating with 1 wt% GO. This coating showed excellent bioactivity
and corrosion resistance [67]. Daulbayev C. et al. [74] fabricated a graphene oxide/calcium
hydroxyapatite/polycaprolactone composite using an electrospun technique. Graphene
oxide/hydroxyapatite composite was dispersed in biodegradable PLC. The results showed
good antimicrobial activity against Gram-positive and Gram-negative bacterial strains,
which depended on the GO loading. Furthermore, the composite had no cytotoxic effect on
the preosteoblast MC3T3-E1 cell line. This indicates that this composite scaffold can be used
for potential bone tissue regeneration [74]. Zhao H. et al. [75] fabricated porous graphene
oxide/hydroxyapatite composite ceramic scaffolds using digital light processing technol-
ogy. They demonstrated that adding a small amount of GO (0.1-0.4 wt%) to composite
ceramics can improve their mechanical properties. The findings revealed that no scaffolds
are cytotoxic. The composite scaffold increased cell adhesion, proliferation, and the expres-
sion of osteogenesis-related genes, while GO (0.1-0.2 wt%)/HAp scaffolds demonstrated
superior alkaline phosphatase activity and more effective bone mineralization, as well as
osteoinductivity [75].

3.3. Drug Delivery

Most conventional therapies and drug delivery systems have disadvantages such as
rapid metabolism and excretion of drugs before reaching the target, poor water solubility,
non-specificity to the target site, and opposing impacts on normal tissues. Therefore, nan-
otechnology and nanomaterials are becoming more and more popular in the development
of innovative drug transport mechanisms. The efficiency of intelligent drug delivery sys-
tems is continually being improved. This is to maximize therapeutic activity and reduce
side effects [76-78].

Li W. et al. [79] constructed a rectal delivery system using temperature-sensitive hy-
droxybutyl chitosan gel cross-linked with GO with pingyangmycin as a model drug. The
temperature-sensitive gels are mostly based on polyisopropyl acrylamide, poloxamer, and
CS. Because of their good biocompatibility, high permeability, and low drug toxicity, they
are frequently used for injectable drug administration, oral drug delivery, rectal drug deliv-
ery, or mucosal drug delivery. The obtained material presented an effectively prolonged
action time of the drug in vivo with rectal administration, and a sustained release effect [79].
Whereas, pH-responsive chitosan-based hydrogel can also be used as a drug delivery sys-
tem. Hydrogel was efficiently fabricated by varying amounts of GO for controlled cephra-
dine release. The content of GO proportionally affected the thermal stability. The material
was most effective against Escherichia coli and Pseudomonas aeruginosa. Furthermore,
pH-responsive swelling (schematic diagram presented in Figure 5) and biodegradability
were confirmed in phosphate-buffered saline and proteinase K solutions [80].

@ -OH at outer surface of polymeric chains

2 Em)

Charged Zone at High pH

Figure 5. Schematic diagram for swelling of hydrogel due to charge zones at polymeric chains
(reprinted from [80], with permission from Elsevier, license number: 5611930020590).
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Breast cancer is one of the most common cancers in women and has a high mortality
rate. Chemotherapy, immunotherapy, radiotherapy, and surgery are just a few of the
methods that have been used to treat cancer, and combining these methods typically results
in a more successful treatment [81-83]. However, scientists are still working on improving
therapeutic methods. Matiyani M. et al. [84] developed a multi-functionalized GO-based
novel drug nanocarrier for the delivery of the chemotherapeutic. They used quercetin and
curcumin, which are potent anticancer drugs. The drug delivery system was created by
combining graphene oxide with a hydrophilic polymer and metal oxides, zinc oxide and
titanium dioxide. The results showed that the nanocarrier exhibits a pH-sensitive release of
loaded drugs, besides demonstrating cytotoxicity towards breast cancer cells [84]. Whereas,
Rajaei M. et al. [81] synthesized pH-sensitive hydrogel of chitosan/agarose/graphene
oxide with glyoxal as the cross-linker. It was prepared using the water-in-oil-in-water
emulsification technique. The results indicate that the loading and entrapment efficiencies
of the drug are satisfactory. A highly effective and sustained medicine release profile was
observed at pH 5.4; within 48 hours, almost the entire content of the drug model was
released. In addition, effective cytotoxicity was observed against breast cancer cell lines
(MCE-7) [81].

Quantum dots can be used to minimize the size of sheets to less than 100 nm. More-
over, quantum dots show better properties with more active groups on their surface than
typical graphene and graphene oxide. They exhibit unique properties, i.e., water solubility,
non-toxicity, high biocompatibility, a small size with a large surface area, high drug loading
capacity, and better cellular uptake [85-87]. Mohammed-Ahmed H.K. et al. [85] exam-
ined graphene oxide quantum dots conjugated with glucosamine and boric acid with and
without doxorubicin (DOX) for cancer therapy. The results showed that nanocomposite
with boric acid improved the loading and release of DOX, with higher cellular internaliza-
tion. Seyyedi Zadeh et al. [86] also worked on the production of a drug carrier based on
quantum dots. They synthesized a magnetic graphene quantum dots-Fe3O4 nanocarrier
targeted with folic acid (FA) and loaded with curcumin. pH-dependent drug release was
observed for both GQDs-Fe3O4 and GQDs-Fe3;04-FA. The bare nanocarrier had no cyto-
toxic effect on normal cells. In addition, folic acid acted as a selective targeting agent in the
nanocarriers [86].

4. Conclusions

Single-walled carbon nanotubes, multiwalled carbon nanotubes, graphene, and re-
duced graphene oxide are just a few of the carbon nanostructures that have drawn a lot
of research interest. Graphene is a 2D sheet of sp?-hybridized carbon atoms of atomic
thickness that are organized in a honeycomb crystal lattice. Graphene is attracting a lot of
interest due to its unique structural, optical, chemical, thermal, mechanical, electrical, and
biological properties. Its derivatives are graphene oxide and reduced graphene oxide and
graphene quantum dots. Graphene can be created using a variety of processes, including
pyrolysis, epitaxial growth, chemical and electrochemical exfoliation of graphite, physical
vapor deposition, and chemical vapor deposition. But the most promising method for
industrial development and the production of graphene among those approaches is CVD.

Biomedical applications such as biosensing, medication delivery, regenerative medicine,
and diagnostic tools are rapidly expanding. Graphene-based scaffolds are a particularly
promising technology and have attracted interest due to their strong clinical potential in
tissue regeneration therapies due to their substantial influence on the proliferation and
differentiation of used stem cells. However, scientists still have many problems to solve,
the biggest challenges are as follows: cytotoxicity, biodistribution, biotransformation, and
immune response.

In conclusion, graphene nanomaterials have a bright future in biomedical applica-
tions. However, scientists still have many problems to solve, the biggest challenges being
cytotoxicity, biotransformation, and immune response.
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Abstract: Energy production, distribution, and storage remain paramount to a variety of applications
that reflect on our daily lives, from renewable energy systems, to electric vehicles and consumer
electronics. Hydrogen is the sole element promising high energy, emission-free, and sustainable
energy, and metal hydrides in particular have been investigated as promising materials for this
purpose. While offering the highest gravimetric and volumetric hydrogen storage capacity of all
known materials, metal hydrides are plagued by some serious deficiencies, such as poor kinetics, high
activation energies that lead to high operating temperatures, poor recyclability, and/or stability, while
environmental considerations related to the treatment of end-of-life fuel disposal are also of concern.
A strategy to overcome these limitations is offered by nanotechnology, namely embedding reactive
hydride compounds in nanosized supports such as graphene. Graphene is a 2D carbon material
featuring unique mechanical, thermal, and electronic properties, which all recommend its use as the
support for metal hydrides. With its high surface area, excellent mechanical strength, and thermal
conductivity parameters, graphene can serve as the support for simple and complex hydrides as well
as RHC (reactive hydride composites), producing nanocomposites with very attractive hydrogen
storage properties.

Keywords: graphene; energy storage; hydrogen; metal hydrides; composites; nanoconfinement;
supercapacitor; batteries

1. Introduction

Energy storage is a key driver and supporter of the everyday needs of society. Within
this context, metal hydrides are promising systems with the ability to store and release
hydrogen gas, the sole element promising a sustainable, emission-free future [1-9]. While
there are many binary and complex hydrides known, only those belonging to lightweight
metals have practical implications due to their high gravimetric and volumetric H, content,
in line with DOE’s current targets. However, their slow reaction kinetics, possible side
reactions, and poor recyclability have prompted researchers to find mitigation strategies to
overcome these shortcomings. The recent advances in SSHS (solid-state hydrogen storage)
materials have been summarized, and they entail both physisorption and chemisorption of
hydrogen [10]. In contrast to conventional systems based on high-pressure gas phase or
low-temperature liquid-state hydrogen, SSHS systems have the tangible potential to offer
high hydrogen storage capacity, sustainable performance, recyclability with little loss in
storage capacity, as well as manageable production costs [1-10].

Among recent advances, nanoconfinement in a properly chosen support has shown
important improvements regarding stability, thermodynamic parameters, and overall
kinetics, oftentimes affording reversible systems where pristine hydrides showed little or
no reversibility. For instance, MgH», which arguably is the metal hydride most investigated
to date, features too high energy barriers (AH = —75 kJ /mol, T4es = 573 K) to be considered
in its neat form in hydrogen storage tanks as such. Additionally, the dehydrogenated
material (Mg) is a very reactive metal (eox = +2.37 V), susceptible to oxidation by even
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minute oxygen traces, which would lead to MgO and, upon moisture exposure, to Mg(OH),;
this way, the reversibility of the cycle Mg/MgH, would be lost. Additionally, bare MgH,
is also plagued by particle agglomeration during cycling, which can lead to a continuous
decrease in H; storage capacity and even slower kinetics. These downsides observed for
the model system Mg/MgH, have prompted scientists to further tune the thermodynamic
parameters by altering the morphological features of MgH,. Nanostructuring, alloying, and
compounding with additives or catalysts are among the most utilized mitigating strategies.

Confinement in nano-sized supports would afford better particle size control upon
absorption/desorption a/d cycling, along with increased stability due to the confinement
matrix (typically silica or carbon). Furthermore, additional hydride may support interac-
tions that further decrease total system energy. While many types of carbo materials have
been investigated as supports (OMC-ordered mesoporous carbon, AC activated carbon,
carbon nanotubes CNTs, etc.), graphene has emerged as a two-dimensional carbon material
with unique electronic, mechanical, and thermal properties that can act as an efficient sup-
port material for metal hydrides. Several properties are essential to accomplishing this task:
its large surface area (in excess of 2500 m?/g), the layered structure forbidding hydride
NP from agglomeration, high electrical conductivity, and excellent mechanical strength.
The inclusion of hydride materials into nanoporous scaffolds is also an important aspect;
while ball milling (BM) seems to be the prevalent method, the incipient wetness/infiltration
method and in situ generation of hydride materials inside the matrix are gaining momen-
tum, especially due to the better dispersion and polydispersity of NPs produced by the
latter methods. With a higher surface-to-volume ratio, hydride NPs are expected to behave
differently in hydrogenation studies, with lower enthalpies compared to bulk and enhanced
kinetics due in part to more efficient H; diffusion in the thin hydride layer of a few nm [1-3].
Solvent infiltration/evaporation is more commonly used in the case of complex hydride
solutions, given their higher solubility in ethereal solutions such as MTBE and similar inert
ethers [2-6].

The current review aims to discuss the recent advances in graphene-supported metal
hydrides for energy storage applications, covering the main features of composite systems
based on graphene (G, GO, and related) and metal hydrides (LiH, MgH,, LiBH,4, LiAlHy,,
NaBH,4, NaAlHy, Mg(BHy),, MgyNiHs, Mn(BHy),, and others) [11]. The applications of
the generated nanocomposites have also been briefly described, with an emphasis on the
energy storage properties of said composites. The conclusions and future outlook directions
identify some areas where improvement strategies may yield enhanced energy storage
properties of hydride/graphene composites, as well as raising awareness regarding the
proper handling and processing of end-of-life composite energy materials, a prerequisite
for a sustainable future built around a hydrogen economy.

2. Overview of Metal Hydrides and Graphene Supports

In an effort to reduce CO, emissions and the subsequent greenhouse effect, H, produc-
tion can be achieved from renewable sources (biomass, water) by electrolysis, thermolysis,
or photocatalytic splitting [11]. However, the lightweight and limited space requirements
for a viable vehicular fuel have shifted attention towards solid-state hydrogen materials,
and metal hydrides are an excellent example of such materials. However, metal hydrides do
not cumulatively meet the requirements for high gravimetric content (~6.5 wt.%, ideally),
fast and reliable recycling behavior (over 1000 cycles without significant degradation), and
moderate thermodynamic parameters (enthalpies around 30 kJ/mol) that would allow
operation under the expected range (—40 ... 100 °C). Some of these shortcomings can be al-
leviated by the inclusion of the active hydrogen-storing compound in a nanoporous matrix
such as graphene [12]. Graphene is a 2D material with very appealing properties, highlight-
ing its potential use as support for various reactive species, including metals and metal
hydrides [13]. By embedding hydride species into graphene supports, valuable nanocom-
posites can be obtained with direct use for energy storage applications (Figure 1) [11-13].
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Figure 1. Graphene sits at the core of various improvement strategies for better and more effective
embedding of active hydrogen storage materials.

Engineering MH,@G composites has been no easy task, but a vast majority of re-
searchers have turned their attention towards the Mg/MgH), system, in part due to its
favorable thermodynamic properties (AH = 65.8-75.2 k] /mol), high H, storage capacity
(7.7 wt.%, 109 g H, /L), and most important, due to the reversible nature of the hydrogena-
tion/dehydrogenation process [14-16]. Assessing the support contribution to Hy storage is
equally importantly, and functionalization strategies have yielded interesting results in ball-
milled Mg-B-electrochemically synthesized reduced graphene oxide (erGO) with enhanced
H-uptake kinetics [17]. B-doped graphene has also been investigated by density-functional
theory DFT studies [18]. Tan et al. have shown, using principal calculations, that the ad-
sorption energy of Hy ... B-doped G can be tuned, enhancing the interaction by positively
charging the support. BC5, for instance, can store up to 5.3 wt.% Hj. More significantly,
the study sheds light on the heteroatom doping of graphene; B-doped G forms easier than
N-doped G (5.6 eV /atom for the former vs. 8.0 eV/atom for the latter) [18]. Combining
metal doping (Ni) with B-doped carbon-based materials, Wang et al. studied and compared
various forms of carbon with those of 3D graphene-based materials, obtaining composites
with surfaces functionalized with O-containing groups that further enhanced the spillover
effect with a positive effect on H; storage properties [19]. Edge-functionalization of G for
kinetic control of HSM (hydrogen storage materials) has also been reported [20].

Among various strategies to improve the behavior of hydrogen storage materials at the
nanoscale, nanoconfinement and nanostructuring were shown to be very effective [2,21,22].
Nanostructured metal hydrides MHy showed a tangible improvement in H; storage prop-
erties [2,21], while nanostructures of type hydride @ C in particular were proven to be
a model system for the future solid-state hydrogen storage fuel, as evidenced by DFT
computation by Shevlin and Guo in 2008 [22]. DFT simulations have played a pivotal role
in the expansion of the hydrogen storage field, the above-mentioned resource comparing a
few of the most important hydrides: MgH,, LiNH,, LiBH4, and derived reactive hydride
composites RHCs, as well as their interaction with various carbon systems [22].
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2.1. Metal-Decorated Graphene

An important strategy for tuning graphene for energy storage applications has been to
decorate the support with metals or clusters of metals. Among the investigated materials
are metallized siligraphene nanosheets (SiG) with varying light metal decorations (Li, Na,
K, Mg, Ca, Sc, Ti) [23], metal-decorated graphene (Li, Na, Mg)/G, DFT study [24], or Kin K
@ B-substituted G [25]. Given the potential of AlH3 for hydrogen storage, Al-doping has
also been explored in Al/G composites [26,27], Al, clusters supported by coronene and
graphene G (DFT study) [27], and Al/Si -SLG (SLG, single layer graphene + Si +Al) [28].

Palladium is well known for its high affinity for H, and many studies have been devoted
to the theoretical modelling of this interaction; Pd-decorated N-doped G, DFT study [29]; Pd,,
@ G (n = 1-4) in BC3 variant [30], and Cu- and Pd-decorated G, DFT study [31]. Titanium
and its clusters have also been investigated: Tiz clusters [32]; Tiy—decorated B/N-doped
G [33]; Tis & Nig—doped G nanoplatelets [34]; and Ti—Al subnanoclusters on G [35].

Most reports, however, focus on Mg-doped porous carbonaceous materials, such as
Mg@ G flake nanocomposites (H; generation from H,0) [36], Mg@graphite for comparison
purposes [37], Mg@rGO layers [38,39], Mg@Heteroatom—doped G [40], Mg@B-doped
G [41], and Mg/ defected GO [42]. Additionally, various alloys have also been studied for
graphene supports: Mg alloy @ GO-V,05 [43], rtGO-EC@ABS5 hybrid material (EC = ethyl
cellulose, AB5 = La(Nig g95Feq g5)5) (LNF) [44], or MmNi3 55C0( 75Mng 4Aly 3 /G nanoplatelets
(Mm denotes mischmetals) [45].

2.2. Mechanistic Insight and Kinetics of Hy ... Support Interaction

Pristine graphene can chemically absorb H, and its theoretical storage capacity is
7.7 wt.%; the hydrogenated graphene (graphane, (CH),, a sp® hybridized analog of
graphene) releases Hy(g) at ~400 °C, with an Ea = 158 k] /mol (1.64 eV) [46]. While an
intriguing material in its pristine form, its thermodynamic parameters make it less feasible
for scaling up processes aimed at vehicular applications; however, it is worth noting the
similarity of the activation energy deduced for graphane and that of metal hydrides.

The fundamental understanding of the adsorption/desorption mechanism of H; in
graphene is paramount to developing new materials aimed at this task; a pertinent com-
parison between physisorption and chemisorption on graphene was reported in 2011,
where the physical limitations of G (5 wt.% Hj storage) were correlated to the entropy
contribution TAS and the large van der Waals distance between two Hy molecules (0.3 nm),
further preventing the increase in gravimetric storage capacity of pristine graphene [7].
The interaction Hj ... G was studied by DFT in single- and double-vacancy graphene by
Wau et al., with direct implications for the behavior of defected graphene during hydrogena-
tion studies [47]. The mechanism of H; interaction with Al-doped porous graphene has
been reported by Ao et al., showing by DFT that Al/G can store up to 10.5 wt.% Hp, with a
relatively low Hj adsorption energy of —1.11 to —0.41 eV /Hj;, which would potentially
allow hydrogen absorption/desorption near room temperature conditions, in agreement
with the findings from the analysis of atomic charges, electronic distribution, and density
of states (DOS) of the system [26]. The enhanced interaction was potentially due to the
polarization of the adsorbed H, molecules.

Akilan et al. have studied by DFT the adsorption of H, molecules on B/N-doped
defected (5-8-5, 55-77, 555-777 and 5555-6-7777 defects) graphene sheets [48]. The N-
atom addition (donor behavior, n-type semiconductor) increases the delocalized electrons,
while the B atoms (acceptor, p-type semiconductor) increase the localized electrons in the
considered system. The most efficient adsorption was modelled when the H, molecule
approached the sheet in a perpendicular direction (—80 meV), while the least efficient
interaction was observed in a parallel orientation (—9 meV), while the delocalized electron
density was higher on the fusion points of the pentagonal and hexagonal rings and would
therefore enhance H; adsorption [48]. Another supporting DFT study of Hj storage on
TM-doped defected graphene (TM = transition metal) revealed that in the case of TM = Sc,
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the 555-777 /Sc structure doped with Sc showed the maximum Hj capacity, with Hy binding
energies in the range 0.2-0.4 eV /H, [49].

The advances regarding TM-loaded Mg-based alloys/G have been reviewed re-
cently [8]. A few important points are attributed to graphene: It can inhibit grain growth,
thus aiding the overall cyclability of the composite, and it can (co-)catalyze the hydrogena-
tion process, in which the electron transfer between Mg and C plays a key role [8].

The cyclic behavior of metal hydrides can be affected by issues related to grain growth.
This can be partly overcome with the formation of G layers encapsulating MgH, to prevent
grain growth [50]. In this report, Lototskyy et al. used various carbon sources (graphite,
AC, MWCNTS, etc.) and showed that the formation of graphene sheets during high-energy
reactive ball milling in hydrogen (HRBM) is responsible for the encapsulation of MgH»,
noting an increase in a/d cycling behavior along with a more reduced size of the MgH,
crystallites (40-125 nm vs. 180 nm in pristine form) [50]. The catalytic role of graphene
nanoplatelets (GNP) over H, storage kinetics in Mg has been studied by Ruse et al. [51]. The
enhancement of more than an order of magnitude was attributed to GNP properties (size,
thickness, defect density, and specific surface area), and these can be further tuned to alter
H, storage kinetics in Mg—-GNP nanocomposites [51]. A carbon-neutral, reversible, and
sustainable process that produces Hy is the formate-bicarbonate system, where graphene
has also served as a support of Pd and Ru metals [52].

2.3. Manufacturing Techniques

Several techniques have been utilized to introduce metal catalysts into graphene,
synthesizing (nano)composites containing graphene and carbonaceous materials [9]. While
ball milling and its variants remain a key technique, other options have been explored:
Electrostatic layer-by-layer self-assembled G/MWCNTs [53], Uranium U-decorated G (H;
and D, adsorption) [54], and plasma-assisted milling in Mg@FLG composites (few-layer
graphene nanosheets) [55]. Given the remarkable properties of 2D graphene on hydride
storing materials, the synthesis of 2D MgH) has also been proposed in DFT studies [56].

3. Applications of Graphene-Based Hydride Nanocomposites

Graphene-supported metal hydrides have potential applications in hydrogen storage,
battery electrodes, and fuel cells, among others. These are mainly the contributions of
the embedded metal hydrides that have been utilized in energy storage devices such as
batteries and fuel cells. By embedding metal hydrides in high-surface-area graphene, the
obtained nanocomposites can further enhance the performance and efficiency of pristine
hydrides, potentially yielding competitive novel energy storage devices with improved
cycling stability and durability [2,21].

3.1. Batteries—Battery Electrodes

Graphene-supported metal hydrides have also been studied as electrode materials
in batteries and fuel cells. The addition of graphene to metal hydride electrodes can
improve their cycling stability and reduce their electrode polarization. This improves the
efficiency and lifespan of the batteries and fuel cells. The high surface area of graphene
also enhances the electrochemical performance of the electrodes by providing more active
sites for electrochemical reactions.

Composites such as MH,@G have been utilized for batteries [57-59]. Mixed-valence
oxides (Co304) and hydroxides (Ni(OH),) have also been explored in Co3O4 nanocubes on
N-doped G for Ni-metal hydride batteries [60] and Ni(OH);-coated N-doped G aerogel as
replacement NiCd and NiMH batteries [61]. Various anode materials based on graphene
have recently emerged, such as MgH, self-assembled on G as anode material for Li-ion
batteries [62].
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3.2. (Super)capacitors, Electrochemical Storage

Supercapacitors are another energy storage device that can benefit from the addition
of graphene-supported metal hydrides in MH,@G composites [57,58]. Supercapacitors are
electrochemical devices that can store energy by electrostatically adsorbing ions at the sur-
face of the electrode [53]. The improvement of using Li-ion (120-170 Wh/Kg) vs. Ni-metal
hydride (40-100 Wh/Kg) has to be considered when designing new storage devices [58].
The high surface area and conductivity of graphene can enhance the electrochemical per-
formance of supercapacitors. The addition of metal hydride nanoparticles to the graphene
electrodes can further enhance the energy storage capacity and stability of supercapacitors.
Other materials based on graphene have also been investigated, for instance Fe;04 @ G
composite for high-performance Li-ion hybrid capacitors [63]. Electrochemical storage
properties have also been studied on heteroatom-substituted materials, such as N-doped
C [64], but also on Lag 7Mgp 3(Nip 85C00.15)3.5@Ni/Graphene [65].

3.3. Solar Cells and Portable Electronic Devices

Graphene-supported metal hydrides have also been studied for their application in
solar cells. The addition of metal hydrides to the graphene electrodes in solar cells can
improve their photovoltaic performance by enhancing charge separation and transport
properties. The high conductivity and large surface area of graphene also facilitate electron
transfer and reduce recombination losses in the solar cells. In addition to the above
applications, graphene-supported metal hydrides have also been studied for their potential
use in energy storage for portable electronic devices, power grid stabilization, and energy
harvesting. The unique properties of graphene and metal hydrides can be tailored to meet
the specific requirements of these applications and enhance their performance [2].

3.4. Energy Storage

One of the most promising applications of graphene-supported metal hydrides is in
hydrogen storage for fuel cell vehicles. Fuel cell vehicles are gaining popularity due to their
high efficiency and low emissions. However, the limited availability of hydrogen storage
materials has hindered their widespread adoption. This aspect will be discussed in more
detail in the following section (Section 4) [2,21].

4. Hydrogen Storage Properties of Composites MH,@G

Metal hydrides have shown promise as hydrogen storage materials, but their low
hydrogen storage capacity and slow kinetics have limited their application. The addition
of graphene as a support material can enhance the hydrogen storage capacity and kinetics
of metal hydrides, making them a promising candidate for hydrogen storage in fuel
cell vehicles.

4.1. Binary Hydrides—The Case of MgH,

While light metal hydrides show great promise as Hy-storing materials, the literature
and scientific research are still focused on MgH, due to its advantageous gravimetric
content, activation energies for desorption/adsorption, and multiple synthesis methods.
The following subsections explore the Hj storage properties of non-catalyzed and catalyzed
nanocomposites such as MgH,@G.

4.1.1. Non-Catalyzed Support

A great variety of reports in the literature focus on the Mg/MgH, system embedded in
various supports, including graphene [1] and GLM (graphene-like materials) (Figure 2) [16],
although some other binary hydrides (layer-by-layer lithiated composites such as LiH/G
for instance) have also been reported [66]. For instance, MgH, NPs nanoparticles have
been embedded in GNS (graphene nanosheets) to yield MgH, NPs@GNS composites [67],
MgH, NPs nanoparticles uniformly-grown@G [68].
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Figure 2. Synthesis of metal-carbon-graphene composites. Reprinted from ref. [16] under Creative
Commons Attribution (CC BY) license.

The mechanism of MgH,@G composite synthesis by reactive mechanical grinding
(under 2 MPa Hj) has been studied by Jang et al., who concluded that G played a catalytic
role in Hj absorption, considering the absorption kinetics and PCT (pressure-composition-
temperature) curves [69]. The composite MgH,-5 wt.% graphene could store 3.69 wt.%
H; at 423 K, while increasing the graphene amount in MgH,-5 wt.% graphene allowed
5.08 wt.% at the same temperature (423 K) [69]. Comparing the PCI isotherms for the two
samples, it seemed that MgH»—10 wt.% graphene displays a lower activation energy Ea
and better cyclic stability compared to MgH»—-5 wt.% graphene [69].

Another strategy to enhance the stability of MgH, during cycling was to create
Mg /rGO multilaminates to produce Mg/MgH,@rGO during cycling. These composites
exhibited a very high 6.5 wt.% reversible H, storage and a capacity of 0.105 Kg H, /L [70].
When MgHj interacts with 5 wt.% GO incorporated in MgH, during hydrogenation studies,
it also causes a reduction in the porous support (GO—rGO), as highlighted by a study by
Pukazhselvan et al. (Figure 3) [71].
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Figure 3. Dehydrogenation kinetics profiles obtained for 5 wt.% GO incorporated MgH,. Profile
corresponds to the as-prepared sample, and profile “b” corresponds to the hydrogen-restored sample.
Dehydrogenation temperature/pressure: 315 °C/1 bar. Reprinted from reference [71] under Creative
Commons Attribution (CC BY) license.
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The reduction occurs even during composite preparation, namely during mechanical
milling, and it affects the dehydrogenation temperature of MgH, (a reduction of 60 °C vs.
pristine) by lowering the dehydrogenation activation energy (by 20 kJ/mol). Considering
the affinity of Mg for oxygen, this could also be used as a method to obtain MgO-decked
rGO composites [71]. Various carbon scaffolds have been used for MgH,, including but not
limited to graphite, graphene derivatives, and carbon fiber [72]. Combined experimental
and DFT studies on the helical form of graphene nanofibers (HGNF) by Singh et al. [73]
revealed that the extra carbon sheet edges exposed would further improve MgH, dehydro-
genation compared to G-catalyzed MgH,, and the experimental results showed a 45 °C
improvement due to HGNF use in MgH, + 7 wt.% HGNF nanocomposites. The DFT results
supported this finding by revealing a weakening of Mg-H bonds by interaction with zigzag
and armchair type HGNF, forming C-Mg-H and C-H bonds [73]. Combined DFT and
experimental computations have also been performed on other MgH,@G variants, which
confirmed once again the catalytic role of G in reducing the dehydrogenation enthalpy and
dehydrogenation activation energy of MgH, [74].

Other approaches tackle graphene support functionalization, as is the case of MgH,-FG
(FG = fluorographene nanosheets). Using fluorographene, the nanocomposite MgH,-FG
absorbed 6.0 wt.% within 5 min, and desorbed 5.9 wt.% within 50 min, at 300 °C [75].

4.1.2. Catalyzed Support

Various catalysts have been utilized to improve the behavior of hydride@graphene
composites. For instance, MgH, catalyzed by TiH,@Gr (desorption onset at 204 °C),
with comparative improvements relative to the catalytic activity of Ti@Gr, TiO,@Gr, and
TiH,@Gr [76]. Other Ti-based salts such as TiCl3 have been used in MgH, catalyzed by
TiCl3 and GO-based porous carbon (GC) in composites such as MgH, /GC-TiCls, obtained
by isothermal hydrogenation of MgBu, /GC, first to yield MgH, /GC and then ball milling
with TiClj3 to form the final composite with about 78% MgH, [77]. The MgH, /GC-TiCl3
composite can release reversibly up to 7.6 wt.% Hp within 9 min at 300 °C, a result superior
to even the MgH,-GC-TiCl; mixture (weight ratio of 1:1:0.08, produced by direct ball
milling for 5 h) (Figure 4) [77]. This highlights the advantages of the stepwise synthesis
procedure outlined above.

Among the metals showing the most striking improvements in hydrogenation studies,
Ni has a distinct role. For instance, MgH; has shown improvements in dehydrogenation
behavior when catalyzed by Ni@N-doped C spheres [78], or by NiCo—functionalized
G [79]. MgH>-Ni@NCS composites produced by Wang et al. were obtained by hydriding
combustion and high energy ball milling Ni@NCS into Mg [78]. These composites showed
good stability even after 10 a/d cycles, and moderate H; storage parameters (a: 5. wt.%, d:
4.3 wt.% Hj within 8 min at 623 K; a: 4.2 wt.% in 60 min at 373 K (Figure 5)) [78].

When NiCo bimetallic NPs (4-6 nm) were used to functionalize graphene oxide
supports, NiCo/rGO were obtained via a one-pot synthesis and produced energy storing
nanocomposites MgH,—-NiCo/rGO with excellent cycling stability, featuring reduced Ea
=105 kJ /mol, absorbing 6.1 wt.% H; within 350 s at 300 °C under 0.9 MPa Hj [79]. The
metal sources were the corresponding metal chlorides (NiCl,.6H,O and CoCl,.6H,O) that
underwent sonication with GO/EG, reflux, and reduction with N,H4.H,O/NaOH [79].

Other support functions have also been pursued, such as MgH,@PTh core-shell NPs
on G (PTh = polythiophene) for use in Li-ion batteries [59], or MgH,@NiPc (NiPc = nickel
phthalocyanine) /G [80].

A summary of the main parameters in other doped-graphene supports for binary
hydrides or alloys is given in Table 1.
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composite samples at 300 C under 0.1 bar Hj. Reprinted with permission from Ref. [77].
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Figure 5. (a) Preparation process of the MgH,-Ni@NCS composite. (b) Absorption and desorption
cycling of MgH,—-Ni@NCS composite at 623 K; (c) Isothermal hydrogenation curves of the MgH,—
Ni@NCS composite and milled MgH, at 423 K; (d) Isothermal dehydrogenation curves of the
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Table 1. Doped-graphene supports for Mg/MgH, and related alloys.

Hydrogen Storing Species

Graphene Dopant

Nanocomposite

Observations

Ref.

Mg

5 wt.% NiS

Mg—5 wt.% NiS/rGO (by

HPMR, hydrogen plasma
metal reaction)

ball milling Mg and NiS/rGO, the
NiS-catalyzed support was prepared by
co-reduction of Ni**—impregnated GO
support; des: 3.7 wt.% Hj in 10 min and
4.5 wt.% Hj in 60 min;
E,, abs = 44.47 k] /mol;
Ea, des = 63.02 kJ/mol

[81]

MgH2

Ni

MgH,@Ni/G

(MgH; + 10 wt.%G + 10 wt.%Ni)
composites were investigated from a
combined DFT and experimental
viewpoint; des. onset at 339.5 °C

[82]

MgH2

MgH,@Ni-Gn

nickel-decorated graphene support
(Ni-Gn) afforded abs: 6.28 wt.%, 100 min,
373 K, and des: 5.73 wt.%, 1800 s, 523 K

[83]

MgHz

ZrCo

MgHz@lO wt.% ZI‘CO/G

The ZrCo dopant was present as 2D
nanosheets; des: 6.3 wt.% Hj, 5 min,
300 °C, E, ges = 90.4 k] /mol; abs:
4.4 wt.% Hp, 10 min, 120 °C, 3 MPa Hp,
E, ads = 57.6 k] /mol.

[84]

MgHz

KOH

MgH, + KOH/graphene

KMgHj3, MgO formed in-situ;

Ea = 109.89 kJ /mol; 5.43 wt.% H,
reversibly. Graphene provides more H
diffusion channels and better disperses

the catalysts

[85]

Alloys HSAs

(LaCeY)(NiMnCoAl)s@rGO

HSAs = hydrogen storage alloys;
retention rate 51.25% at a discharge
current density 3000 mA /g

[86]

Mg-Al alloy

Mggo Allo—X (80
wt.%Ni@Gn)

Mg-Al alloy in graphene-supported Ni;
x=04,8,12 wt.%; forx =8, a: 5.11 wt.%
in400s, 523 K; d: 5.81 wt.%, 1800s, 573 K

[87]

Mg-Al alloy

TiFs

Mg-Al alloy-TiF;@G

Mg-Al-M (M = G, TiF;, and TiF;@G)
composites; Ea = 139.8 k] /mol for
TiF;@G support; Mg-Al-TiF;@G

released 5.41 wt.% at 350 °C

[88]

Mg-Al alloy

Y203

Mg-Al alloy—Y,03@G

Mg-Al-Y,03@rGO reversibly
store/release H, at 250 °C; with 5 wt.%
of Y,03@rGO loading, Mg—Al composite
had E, release = 145.9 (vs. 162.6 k] /mol for
pristine Mg—Al alloy).

Ea uptake = 54.3 KJ/mol for Y205
catalyzed G.

[89]

MgH2

FeNi

MgH,@FeNi/rGO

5 wt.% FeNi/rGO modified MgH,
released 6.5 wt.% H, at 300 °C (onset
230 °C); uptake: 5.4 wt.%, 20 min, 125 °C,
32 bar Hp

[90]

MgHz

Ni—-CeOy

MgHz—Ni—CeOX/ GNS

MgH), catalyzed by Ni-CeOx/GNS;
graphene nanosheets supported
nanoscale Ni&CeOx (x = 1.69)

[91]

MgH2

TiB,

MgH,-TiB, /GNS

MgH), catalyzed by TiB,/GNS

[92]

MgH2

NiCu

MgH,-NiCu/rGO

MgH), catalyzed by NiCu/rGO from
double layer hydroxide

[93]

MgH2

Fe-Ni

MgH, + 10 wt.% Fe-LiCo
3DG

MgH,@Fe-Ni/G, namely MgH, + 10
wt.% Fe-LiCo 3D G (3D-graphene)

[94]

MgHz

NiFe-LDH

MgHz—Ni:; Fe/rGO

NiFe-LDH (layered double hydroxide
precursor)/GO yield (NizFe/rGO)
active catalyst

[95]

MgH2

Al, Cu

MggoA]lo—Cu@G

MgH,—Mg-Al alloys with Cu
introduced in situ:
MggpAljp—Cu@G nanoplates

[96]

27



Crystals 2023, 13, 878

Table 1. Cont.

Hydrogen Storing Species

Graphene Dopant Nanocomposite Observations Ref.

MgH2

abs: 6.2 wt.% H, within 5 min at 275 °C;
des: 4.9 wt.% Hy within 100 min at
350 °C; E, ges = 114.8 k] /mol.

MgH,@CA microspheres [97]

MgHz

desorption at 180 °C by the plasma
carbon-modified MgH, /TiC containing
FLGS (few layer graphene sheets)

TiC MgH,-TiC@G [98]

MgH2

SrF, and SrF, MgHj; cat. by SrF; and

MgH,-SrF; (SrF2)@Gr SrF,@Gr additives

[99]

MgHz

FeCoNi MgH,@FeCoNi NPs/G MgH,@FeCoNi NPs/G as new catalyst [4]

MgH2

MgH,@FeOOH nanodots NDs @G,
release H; at 229.8 °C (AT = 106.8 °C
lower than pristine MgH,), showing
good cycling stability (over 20 cycles,
98.5% of initial capacity maintained,

while also reducing the activation

energy Ea)

MgH,@FeOOH
nanodots/G

FeOOH [100]

Mg

Mg@Ni/G nanocomposites with
5-60 wt.% Ni loading:
Mg/MgH, + Ni/GLM
(graphene-like material)

Ni Mg/MgH, + Ni/GLM [101]

MgS

MgS@G prepared by reaction:
MH,@G + S — MgS@G + Hy; for
advanced Li-storage

MH,@G, MgS@G [102]

_—

For instance, Zhang et al. used 2D ZrCo nanosheets to catalyze MgH, decomposi-
tion [84]. When 10 wt.% ZrCo was added, the composite MgH,@10 wt.% ZrCo/G released
6.3 wt.% Hj at 300 °C in 5 min. (Figure 6). When bimetallic catalysts such as ZrCo are
homogeneously dispersed on G, they play a role similar to that of MgyNi/MgyNiHy (as
a “hydrogen pump”), easing the dissociation of H; as well as its recombination, along

with weakening the Mg—H bonds, further improving the hydrogen storage properties of
MgH, [84].

a) (b) 46 (© )
X0 : MgH,+10wt% ZrCo MgH,+10 wt% ZrCo MgH + ZrCo/ Graphene
E -1 ﬁ‘%n 102} y=-10.87x+9.09 ;—\f 6| I/' ( r
S H : « R?=0.999 i ( r
22 H _— YE04116Kkimo| > i
-3 : TN Mg, N g 21 :
84 $ E. a4l % y=2187x23.8 5 S of, 1st lan lsm 1oth ' é1st' 2nd: l5m 10th.
c ol 3 3 S \ RE=0973 N . @ 30 50 90;201%0180210 30 %o 90 12011“0180210
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Figure 6. (a) DSC curves of MgH, + x (x = 5, 10, 15) wt.% ZrCo composites; (b) Kissinger’s
plots (b) of the MgH, with and without 10 wt.% ZrCo composites; (c) Isothermal dehydrogena-
tion/hydrogenation curves of the MgH, + 10 wt.% ZrCo and MgH, + 10 wt.% ZrCo/5 wt.% Graphene
composites as a function of cycling. Reproduced with permission from ref. [84].

4.2. Complex Hydrides Embedded in Graphene Supports: M(BH4),,, M(AIHy)y,

Nanoconfined complex hydrides have emerged as prime candidates in energy storage
applications. They possess the highest H, gravimetric storage capacity, and careful tuning
of their composition, additives, and morphology could yield highly reversible systems with
real prospects in vehicular applications [2]. Graphene (non-catalyzed or catalyzed) has
served as the support for manufacturing such stable, high-performance nanocomposites of
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complex hydride@G. A summary of more representative examples of such composites is
given in Table 2.

Table 2. Doped-graphene supports for complex hydrides M(BHy)n, M(AIH,)n and related hydrides.

Hydrogen Storing Species Graphene Dopant Nanocomposite Observations Ref.

LiBH,, LiAIH,, NaAlH,

(C3Ny)

(Li, Na)XH,
(X=B/Al)/C3Ny

LiBHy, LiAlH4, NaAlH,/C3Ny studied
by DFT; support offers suitable
adsorption site for AIH,/BHy (x =3, 2, 1)

[103]

LiBHj, LiAIH,, NaAlH,

(Li, Na)XH, (X = B/Al)/G

LiBHy, LiAlH4, NaAlH4 /Graphene and
Graphdiyne; DFT study shows strong
support interaction due to well-defined
pore structure

[104]

LiBH,4

LiBH4-N-doped G/MC

LiBHy in 10 at%N-doped
Graphene/resorcinol formaldehyde;
impregnation degree: 30, 50 and 70 vol%;
XRD diffraction 26 = 12.6° that can be
attributed to Li-B-N(G)-H interaction

[105]

LiBH,

Ni/Co

LiBH4-Ni/Co
NPs-N-doped G aerogels

LiBHy catalyzed by NiCo NPs-N-doped
G aerogels; Co-decorated, des.: 8 wt.%
Hy at 325 °C (1st cycle; with 1 wt.% at
226 °C). Ni-decorated, des: 8 wt.% Hy,

[106]

LiBHy

LiBH4-G

LiBH4 wrapped in G

[107]

LiBH4

Fe3O4

LiBH4-Fe304/porous G

LiBHy catalyzed by (Fe3Oy4 dispersed on
porous G)

[108]

LiBH,4

LiBH4—(mesoporous
resorcinol-
formaldehyde/G)

LiBH4 nanoconfined in (mesoporous
resorcinol-formaldehyde/G) entangled
supports; des: 13 wt.% at 400 °C;
recharging at 400 °C, 5 h, 60 bar Hp;

6 wt.% reversible storage capacity;

[109]

LiBH,

Ni nanocrystals
(24 nm)

LiBH, /G

LiBH, (5-10 nm)-Ni(2—4 nm) /G,
affording 9.2 wt.% Hj due to by-passing
B,Hg and By,H22 anion formation

[110]

LiAlHy4

NiCOz 04

LiA1H4—NiC02 04 @ rGO

LiAlH, dehydrogenation by NiCo,O4
nanorods@rGO nanocomposites by ball
milling; LiAlH4 + 7 wt.% NiCo,04@rGO

des. onset at 62.7 °C (in total 6.28 wt.%
Hby); 4.0 wt.% hydrogen within 20 min at

150 °C (isothermal)

[111]

LiBH,

NiFez 04

LiBH4-graphene-
NiFe,; Oy (Ar)

Ea =127 kJ/mol (vs. 170 kJ /mol for
pristine LiBHy); after 5 a/d cycles. Hy
storage was ~6.14 wt.%; des. onset at

349 °C

[112]

NaBH,

nano-NaBH;@GNs

Ultrasmall (6-10 nm) nano-NaBH;@GNs
by MFSP (mechanical-force-driven
self-printing, a technique similar to 3D
printing), for scalable fabrication of 0D
complex hydrides in 2D supports;
~5 wt.% stable H, storage capacity

[113]

NaAlH4

NaAlH,@G

NaAlHy (12 nm)@G-50; G weakens Al-H
bonds of NaAlHy; des.: 5.6 wt.% at
300 °C; 3.8 wt.% (120 °C);

Ea = 68.23 kJ/mol (vs. 128 k] /mol
for bulk)

[114]

NaAlHy

NP-TiH,

NaAlHy— 7 wt.%
NP-TiH,@ G

NaAlH, catalyzed by 7 wt.%
NP-TiH, @G as active catalyst; 5 wt.% Hj
is achieved reversibly, with onset below

80 °C; TiH; (~50 nm lateral, ~15 nm
thick) produced my metathesis
TiCly + LiH in THF with G support

[115]
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Table 2. Cont.

Hydrogen Storing Species

Graphene Dopant

Nanocomposite

Observations

Ref.

NaAlHy

N. CNTs

NaAlH;@N-doped
G/CNTs

NaAlH;@N-doped G and CNTs
(produced by NHj treatment of G,
600 °C, 30 min); 1.8 wt.% reversible
Hy storage

[116]

NaA1H4

NaAlH,;/GNs

NaAlH,;/GNs graphene nanosheets, C60
fullerenes and MC mesoporous carbon;
NaAlH—support interactions revealed
by FE-SEM and %’ Al solid state NMR.

[117]

NaAlHy

NaAlH,@rGO

NaAlH, @rGO framework, GOF with
NaAlH,;@GOF (1 M), desorbing
1.01 wt.% (20.0 wt.% NaAlHy), 16.6% of
bulk NaAlH, due to oxygen functional
groups in the GOF reduced by BH, ™.,

[118]

NaAlH,

TiO,

TiO,-NaAlH,@G

Layer-by-layer TiO,-NaAlH,;@G
composites with 90% high loading (des.
peak at 191.6 °C vs. 286.5 °C for bulk
NaAlH,)

[119]

NaAlHy

NaAlH,@G

NaAlH4@G nanofibers

[120]

NaAlH4

Al TiCl,

Al, Ti-doped NaAIH,@G

Ti-doped NaAlH,@G: NaAlH, co-doped
2 mol% TiCl3z, 10 mol% G, 5 mol% Al
(ball milling)

[121]

NaAlH4

CeHz 5

NaAlH4,@FLG/Ce
(CeHz51)

NaAlH4,@FLG/Ce (CeH; 51); onset at
85 °C, 5.06 wt.% Hy at 200 °C; 4.91 wt.%
reversible after 8 a/d cycles. Ce activated

G surface.

[122]

NaAlH4

Heteroatoms

NaAlH@dopant/G

NaAlHi@dopant/G (dopant: S-, N-,
vacancies, B, N, O-, P-, F-, HO-),
investigated by means of DFT

[123]

Mg(BHy),

Mg(BH,),@G

Mg(BH4),@G synthesized by
[MgH,@G + B,Hg]; it was shown that G
weakens the Mg-H and B-H bonds,
affording a desorption of H, starting at
154 °C (onset) and up to 225 °C (end)

[124]

Mg(BHy),

Mg(BH,),@rGO

Mg(BH,),@rGO (1-4 wt.%),
investigation of mechanism and
phase evolution

[125]

Mg(BHy),

Mg(BH,),@G

Mg(BH4),@G; the 3 polymorphs of Mg
were produced from MgBu, by tuning
reaction conditions (11.2, 10.3, and 9.9 wt
% H for the v, 3, and « phases)

[126]

NaMgH3

NaMgH; @GO

NaMgH3z; @GO and NaMgH3
@MWCNTs

[127]

Kz NaAlH6

Kz NaAlH(,—GS

GS graphene sheets as catalysts for
sodium potassium alanate K,NaAlHg

[128]

Mn(BH,),

Ni, LiNH,

Mn(BH,),@(Ni,
LiNH,)/G

Mn(BH4),@G (Ni, LiNH; additives) by
solvent infiltration/extraction

[129]

Mg, Ni

Mg, Ni-rGO/MWCNTs

Mg, Ni-rGO/MWCNTs for
battery—supercapacitor hybrid device
(high discharge capacity 644 mAh/g)

[130]

Mg,Ni

Mg, Ni/rGO

rGO/Mg,Ni—enhanced cycling stability

[131]

Mgz N1H4

Mg, NiH,@GS

Mg, NiH4@GS (surface
graphene nanosheets)

[132]

Huang et al. have described an interesting method to prepare NaAlH,-based compos-
ites with an average hydride size of 12.4 nm, while highlighting the advantage of supporting
the complex hydride on graphene (0.31 eV vs. 1.34 eV) (Figure 7) [114]. With high theoretical
storage capacities (7.5 wt.% gravimetric, 94 g Hp /L volumetric), NaAlH, could desorb Hj
in three steps (via NazAlHg—3.7 wt.%, further decomposition to NaH—1.9 wt.% and the
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(a)

Graphene

CO-CGO-CO-GBO-CO-Go-CC-CC  —GO-GO-GO-GC-GO-Go-Go-6o—&C

often overlooked third step to Na metal); however, due to thermodynamic considerations,
only the first two steps are achievable within reasonable temperature ranges.

4

Ha §
(b) 0?&"}" H: HY
0.31 %

oo

(c)

= NaAlH /G at 160°C

H, Capacity (wt.%)

NaAlH, at 160 °C|
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Time (min)

Figure 7. (a) Schematic illustration of the synthesis of SAH@G-50. Isosurface of electron density
of the NaAlH, on graphene and (NaAlH,)s on graphene; (b) Energies required for the removal of
hydrogen from NaAlH; with (0.31 eV) and without the presence of graphene (1.34 eV); (c) Isother-
mal dehydrogenation of SAH@G-50 in comparison with NaAlH, and the ball-milled NaAlHs/G
composite at various temperatures. Reprinted with permission from Ref. [114].

While mechanochemistry or solvent infiltration are typically utilized to confine metal
hydrides in nanoporous supports, it is widely accepted that the in situ generation of
hydride species can provide more intimate contact between the active hydrogen storage
species and the support, resulting in enhanced hydrogenation parameters. Zhang et al., for
instance, synthesized the Mg(BHy),@G (MBH-Gr) composite, which has the ability to start
releasing Hj at 154 °C vs. mechanochemically milled BM-MBH-Gr (257 °C) or pristine
Mg(BHy)2 (296 °C), showing a tangible ~6 wt.% storage around 200 °C (Figure 8). The
synthesis proceeded via the hydrogenation of MgBu,, which shows favorable adsorption
of graphene, and 3—-MgH, NPs of ~8 nm are formed highly dispersed on the substrate
(“MH-Gr”) as a result of this interaction. The large spacing between graphene layers could
be responsible for the lack of agglomeration during the solid—-gas reaction with BoHg in
order to generate Mg(BH4)> NPs (reaction (1)) [124].

50 barH,,170° +ByHg,G
Iy 2o

MgBu, © MgH, Mg(BH,), 1)

However, the authors also noted simultaneous formation of MgB1oH;, (2478 em~lin
FTIR spectra), and DFT data showed that the synthesis of MgB1,H;, (AH = —320 kJ /mol)
and Mg(BH,)> ((AH = —308 k] /mol) is fairly similar. These values suggest that the presence
of graphene favors the formation of Mg(BHy),. The optimized geometries (Figure 8d) also
reveal that graphene weakens Mg-H and B-B bonds (they are longer in the presence of

graphene vs. pristine), congruent with the easier formation of Mg(BHy), [124].

4.3. Reactive Hydride Composites (RHCs) in G Hosts

There are only a few examples of MgH,-based nancomposites; for instance, the MgH,—LiBH,
RHC [133] and 2 LiBH4s—MgH, @ G (80 wt.% loading capacity) [134]. In the case of the
latter composite, the synthesis method started from MgH, @ G [134]. Not surprisingly,
the MgH, was compounded with LiBH,, another key component and widely—explored
hydrogen storage complex hydride (18.5 wt.%, 121 kg Hy /m?), with the positive results
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making use of LiBHy destabilization by binary metal hydrides such as MgH,, in addition
to the advantageous nanoconfinement effect in the porous graphene support [133]. The
mutual destabilization of the system 2LIBH4-MgH), is depicted in reaction (2), where
the final decomposition products are LiH and MgB,. Even without graphene supports,
the RHC system 2LIBH;—MgH, showed reversibility under moderate conditions (50 bar
H,, 300 °C), considerably lower than the harsh rehydrogenation requirements from spent
LiBH,4 (200 bar Hj, 700 °C).

(e)m

2 o =i = MBH-Gr
m/z=2 e —:.=BM-MBH-Gr
==o==pure Mg(BH),
Vo 8 -
= i 299°C ~
] 154°C A 336°C S 64
&, \ . 4 5 &
2 3 2 y
= T R 'S = > &
3 s : g 41 g
] & 2 s a9
- Ny N ARV
i/( st & \im T 3
! T 296°C 1] S 4 e BM-MBH-Gr
: Yy 9 —pue M(BH),
[ . : .
L ' 1 [ . 1 (0 == T T N 1
100 200 300 400 0 10 20 30 40 50 60 70 80

Temperature('C)

Time (min)

Figure 8. (a) Schematic illustration of the fabrication of MBH-Gr via a space-confined solid—gas
reaction: the graphene-tailored solid-gas reaction between MH-Gr and B,Hg to synthesize Mg(BHy),
NPs that are uniformly distributed on graphene (MBH-Gr) under the protection of hydrogen;
(b—d): Relaxed atomic configurations of MgH, and B,Hg, and calculated reaction enthalpies for
the formation of (b) Mg(BHj), and (c) MgB,Hj, from the reaction between MgH, and B,Hg with
the support of graphene. (d) Relaxed atomic configurations of MgHj, and B,Hg without and with the
support of graphene. Gray, white, green, and pink spheres are C, H, Mg, and B atoms, respectively;
(e) Mass spectra of the as-synthesized MBH-Gr compared with BM-MBH-Gr and pure Mg(BH,),;
(f) Isothermal dehydrogenation of the as-synthesized MBH-Gr at various temperatures, with BM-
MBH-Gr and pure Mg(BHy); at 175 °C included for comparison. Reprinted with permission from
Ref. [124].

2 LiBH, + MgH, < 2 LiH + MgB, +4 H, 2)

Xia et al. have demonstrated the solvothermal procedure to impregnate graphene
with RHC precursors that finally yielded the binary composite 2LiBH;—MgH,, with homo-
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O MgH2

6 LiBH4 in THF

geneous particle size (10.5 nm) uniformly dispersed on graphene support even at very high
loadings, which afforded a reversible 9.1 wt.% hydrogen capacity that did not degrade
below 8.9 wt.% after 25 a/d cycles (Figure 9) [134].
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Figure 9. (a) Schematic illustration of the fabrication of graphene-supported 2LiBH4-MgH, nanocom-
posite: (1) self-assembly of uniform MgH, NPs on graphene via solvothermal treatment; (2) in-
filtration of LiBHy solution; (3, 4) removal of solvent and heterogeneous nucleation of LiBH4 on
MgH, NPs.; (b) Thermogravimetric analysis curves of the as-prepared 2LiBH4-MgH; nanocompos-
ites anchored on graphene with various loadings compared with the ball-milled composite (bulk);
(c) isothermal dehydrogenation of LBMHS80@G at various temperatures under a back pressure of
0.3 MPa.; (d) Long-term cycling performance of the dehydrogenation (under a back pressure of
0.3 MPa) and hydrogenation for LBMH80@G and bulk 2LiBH;-MgH, composite at 350 °C; (e) nor-
malized Hj capacity as a function of cycle number, where the hydrogen capacities are normalized to
the theoretical value of 2LiBH4-MgH; composite; (f) SEM and (g) TEM images of LBMH80@G after
15 cycles of dehydrogenation. Reprinted with permission from Ref. [134].

While other C-based materials supporting RHCs are rather common, the same cannot
be said about G-supported RHCs. The improvements observed in lowered dehydrogena-
tion temperature and parameters can be also traced back to the thermal conductivity of
the graphene support, which enables the effective dissipation of heat and uniform heating
throughout the composite [133]. Interestingly, nanoconfinement might not be solely re-
sponsible for the observed effects, as XRD data showed characteristic hydride peaks; hence,
these were not fully confined, and the main role might actually be reserved to the highly
specific surface area of graphene as well as to the nanosized metal hydrides.

4.4. Other Hydride Systems Confined in 2D-Graphene

Among hydrogen storing materials, ammonia borane (AB) plays a special role. While it
has been investigated thoroughly, the mechanism of dehydrogenation is still not very clear,
presumably due to polymerization processes occurring during thermal decomposition,
and, perhaps more importantly, the system is not reversible. However, there have been
attempts to incorporate AB into the porosity of catalyzed graphene supports, which yielded
composites such as AB-Ni-Co/rGO catalyst [135], AB/Cu@CuCoOx supported on G [136],
or AB/rGO (or GO) produced by ice-templating sheets of GO, serving as supports for the
one-step integration of AB. The AB@rGO nanocomposite released H; as low as 70 °C [137].
A closely-related lithiated species of AB, namely lithium amidoborane LiNH,BH3, has
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been utilized to produce LiNH;BH3 /G nanocomposites that released 10.9 wt.% H, without
(BN)x byproducts such as borazine [138].

Other 2D materials such as MXenes have also been incorporated in hydrogen storing
materials such as hydrides, providing excellent improvements, presumably due to the
presence of catalytic Ti sites and superior morphological features such as its highly-specific
surface area [139].

Liquid organic hydrides can also release H, under G-CNT composite catalysts [140].
Substituted alkyl (R = Me) and aryl (R = Ph) silanes RySiH4_« (R = Ph, Me) have also
been employed in Hj generation from MeOH. In this instance, however, the Ru-based
catalyst was immobilized in the rGO support, producing the highly-active catalyst [Ru]-rGO
(0.05 mol%), where [Ru] = [Ru(p-cym)Cly(NHCI)] complex [141]. To sum up, there are various
approaches spanning metal salt catalysts [142], heterostructured supports [143], Ni-based
catalysts supported by DFT computations [144], trimetallic catalysts FeCoNi NPs [145], or
bimetallic PdRu [146] that have all played an essential role in the development of efficient
catalysts and supports for metal hydrides and magnesium hydride in particular.

5. Conclusions

Featuring high hydrogen storage capacity and electrochemical properties, metal hy-
drides embedded in graphene supports have emerged as a new class of nanocomposite
systems with promising features for energy storage systems. However, their development
and integration in practical systems still face challenges to be overcome for their widespread
adoption and long-term viability. The cost-effectiveness of these composite systems is an
essential factor in their widespread adoption and increased lifespan viability. The cost
of raw materials as well as production and energy costs are still too high, prompting the
development of cost-effective and scalable fabrication processes.

Regarding the environmental impacts and ways to limit their availability, the use of
CRM (critical raw materials) such as Mg, Ni, and Ti and their continuing depletion world-
wide are of concern. The development of alternative materials that do not rely on CRMs
is crucial for the sustainability of this technology. The long-term stability and durability
of metal hydrides embedded in graphene supports are crucial for their sustainability, as
frequent replacements can result in the generation of more waste and have a significant
environmental impact. The optimization of the synthesis process and the development of
durable and stable materials can improve the lifespan and performance of metal hydrides
embedded in graphene supports, making them more sustainable. The disposal of metal
hydrides embedded in graphene supports at the end of their lifecycle is also a concern. The
development of recycling processes for metal hydrides and graphene supports can reduce
the environmental impact of their disposal.

6. Current Challenges and Future Outlook

Energy storage systems are today in need of technological breakthroughs to revolution-
ize the way energy is produced, distributed, and stored. Various reviews have presented
the critical shortcomings of current technology [3]. Nanocomposites based on metal hy-
drides and graphene currently feature hydrogen storage capacities lower than the targets
set by the Department of Energy (DOE) for practical hydrogen storage (6.5 wt.% as the
ultimate goal). Moreover, the cycling stability of metal hydrides needs to be improved
to ensure the long-term performance of the composite material, while the potential side
reactions occurring at the nanoscale must be further tuned and reduced. The scalability
and cost-effectiveness of the synthesis methods used to prepare graphene-metal hydride
composites need further refinement. Current methods such as ball milling (most commonly
used) and in situ growth are time-consuming and require expensive equipment with high
associated energy bills, which limits their practical application for large-scale production,
which is compulsory for industrial adoption of this technology.

Future research efforts addressing these challenges ought to focus on developing new
metal hydrides with higher hydrogen storage capacities and improved cycling stability.
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In addition, new synthesis methods should be explored to improve the scalability and
cost-effectiveness of the process. Advances in computational modeling and simulation can
also be used to predict the performance of new metal hydride candidates and optimize their
synthesis routes. In this regard, thermodynamic considerations are an essential starting
point for the successful selection of future hydride-based materials.

Additionally, while graphene does feature many desirable properties, other carbon-
based materials can be explored for the development of new hybrid materials with en-
hanced properties for energy storage applications, such as carbon nanotubes (MWCNTs)
or other forms of porous carbon (OMC, CMK-3, etc.). Carbon materials can be further
activated to enhance hydrogen-support interactions, which in turn will lead to a more effec-
tive Hj storage material. Hence, current strategies need to focus on enhancing Hp-support
interactions [4] by any of the following approaches: heteroatom-doping of porous G/other
nanoporous materials; coordinatively unsaturated metal sites in MOFs; nanoconfinement
of Hj into nanopores (<1 nm); and enhanced orbital interactions Hp-adsorbent [4].

As the global demand for clean energy solutions continues to grow, the development
of efficient energy storage systems such as graphene-metal hydride composites can play a
crucial role in accelerating the transition towards a sustainable energy future.
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Abstract: The aim of this study is twofold. First, to assess the effect of the sonication process on
the optimal dispersion of GO sheets for nanostructural reinforcement of cement pastes, as there is
currently no clear criterion on this effect in the literature. For this purpose, in the first stage, the
GO content in distilled water was fixed at 0.03% by weight, and the sheets were dispersed using
different levels of ultrasonic energy, ranging from 0 J/mL to 2582 J/mL. In the second stage, to
analyze the modification of pore structure due to the addition of GO sheets in different ratios (0-0.06%
by weight) and its relationship with the mechanical and fracture properties of reinforced cement
pastes. According to the results, it has been determined that the incorporation of GO sheets into the
matrix alters the mechanical and fracture behavior, varying depending on matrix pore size and GO
particle size. The addition of GO leads to a reduction in the average size of macropores (greater than
8 um) of 13% for a dosage of 0.45% in weight and micropores (between 8 and 0.5 um) in a 64% for
the same composition with non-sonicated GO, although the total volume of pores in these ranges
only decreased slightly. This reduction is more pronounced when the GO has not been sonicated and
has larger particle size. Sonicated GO primarily modifies the range of capillary pores (<0.5 um). The
addition of GO with the highest degree of dispersion (465 nm) did not show significant improvements
in compressive strength or Young’s modulus, as the cement used contains a significant volume of
macropores that are not substantially reduced in any composition. Adding 0.030% ultrasonicated GO
achieved a 7.8% increase in fracture energy, while an addition of 0.045% resulted in a 13.3% decrease
in characteristic length, primarily due to the effect of capillary and micropores.

Keywords: graphene oxide; sonication; cement paste; fracture energy; porosity; microstructure;
compressive strength

1. Introduction

The fracture behavior of cement-based materials is fundamentally governed by the
process of generation, coalescence, and propagation of cracks in the microstructure [1,2].
The amount, dimension, geometry, and distribution of defects in the material matrix have a
remarkable influence on the cracking propagation and the subsequent failure mechanism
at the macroscopic level [3-5]. In fact, the purpose of steel fiber-reinforced concretes,
commonly reinforced with fiber lengths around 6 and 60 mm, is to act as barriers that
hinder the crack propagation in the matrix and transmit stresses through a bridging effect
linking the cracked zones, improving the fracture behavior. However, the effectiveness of
steel fibers is limited to crack sizes fundamentally between microns and a few millimeters,
depending on the type of fiber used [6,7]. Since cementitious materials are multi-scale
flawed materials, which range in flaw size from a few nanometers to tens of millimeters,
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the steel fibers are not sufficiently effective for nanocracks, and so the reinforcement of
the matrix by adding nanoparticles should be conducted for the enhancement of their
mechanical properties and fracture behavior.

Improvements in the science of materials have made possible the use of nanoscale
reinforcements, such as carbon nano-fibers [8,9], carbon nanotubes (CNTs) [10,11], graphene
sheets [12-16], carbon dots [17], graphene oxide sheets (GO) [18-20], reduced graphene
oxide sheets (rGO) [21-24], and chemically functionalized graphene oxide [25], with the
aim of improving the overall mechanical properties of materials. Nanoparticles are highly
effective additives for the modification of cement products, even at low concentrations
(<1%). Nevertheless, there is a great controversy between results of GO reinforced cement
products reported by different researchers [16,26-28]. Shamsaei et al. [29] and Lu et al. [30]
also noticed these high variations in increase of performance. In fact, there are some results
that show great improvement and tangible changes with addition of GO [27,28] and others
that show indifference or even disadvantages [18,26].

Graphene oxide is an interesting material to improve the mechanical and fracture
properties of cement-based materials due to its high tensile strength of 130 GPa and
large specific area of 2630 (m?/g) [31]. Additionally, GO can be well dispersed in water
solutions due to the presence of oxygen functional groups [19,32]. GO has a high reactivity
with cement products (portlandite and C-S-H), influencing chemical reactions and the
subsequent macroscopic behavior of cement materials [33]. Thus, the addition of GO
modifies the properties in a fresh and hardened state. On the other hand, GO sheets can fill
nanopores and provide a higher density cement matrix. GO forms strong covalent bonds
to improve structural interfaces and the performance of hydration products [28,34,35]. The
addition of graphene oxide can strengthen the material matrix at a nanoscale level where
conventional steel fibers are ineffective.

Studies of graphene oxide have been going on for 100 years since GO was described
for the first time [36,37]. In the last twenty years, there has been an increase in studies
in cementitious materials, pastes [36,38,39], mortars [13,31], and concretes [39—41]. Many
studies have focused on rheological properties [37,42—44], hydration [19,21,35,37,45,46],
and strength development [19,21,28,37], whereas other works have focused on the influence
of the process of sonicating of nanoparticles [34,46,47]. Others have focused on mechanical
properties [14,25,48], but few have focused on detailed studies of the evolution of fracture
properties with the influence of sonicate content and energy on the microstructure at the
nano- and micro-level.

Most usually studied matters are variations in mechanical strength, porosity, and
microstructure when GO is added like reinforcement. It could be thought that discrepancies
between results are caused by the existence of significant differences between experimental
procedures [46-49]. Additionally, since GO sheets are micro or nanoscale, it is possible
that differences in the manufacturing process apparently irrelevant for researchers might
be determinant [50]. All production processes are different from one another, which has
created substantial differences that can make the results of the studies incomparable. Some
points of discordance or disagreement between different studies are the use of surfactants
in the mixture, the revolution level of mixers, the ultrasonication energy transfer to the
mixture to optimize the GO sheets dispersion, the control of temperature generated in the
mixture during the mixing process, the use of tape or distilled water, and the water to
cement ratio [24,35,44,46,49].

The objective of this paper is twofold. First, the assessment of the effect of the sonica-
tion process on the suitable dispersion of GO sheets. For this, the content of GO in distilled
water was fixed to 0.03 wt% and the sheets were dispersed by ultrasonication. The solu-
tions were submitted to different ultrasonication energy levels from 0 J/mL to 2582 J/mL
following the same procedure in all cases. The influence of ultrasonication energy on
the GO sheet sizes achieved was directly measured by a particle size analyzer and the
subsequent suitable sonication energy was determined. Second, the effect of different
contents of GO sheets on the capillarity, micro, and macro pore structure of the cement
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paste matrices were analyzed by mercury intrusion porosimetry (MIP). An assessment of
the porosity ranges that are affected by the addition of GO sheets was discussed. Finally,
the mechanical and fracture behavior of the various pastes were experimentally assessed.
In this way, the mechanisms by which changes in the matrix’s microstructure caused by the
presence of GO sheets affects the mechanical and fracture properties of concrete have been
thoroughly investigated.

2. Materials and Methods
2.1. Materials

Ordinary Portland cement, CEM I 52.5 R/SR, was used in this study. The particle size
distribution of cement measured by laser diffraction is shown in Figure 1. As observed, the
cement has a particle size distribution between 0.04 and 60 um [51]. The mean and median
particle sizes are 8.09 pm and 5.1 pum, respectively. The range of suitable particle sizes for
the hydration process of cement is between 3 and 32 um (red lines in Figure 1) [52,53]. This
cement presents a percentage of 90.61% of particle sizes in the suitable range. Thus, the
particle size is significantly suitable to achieve very efficient hydration reactions.

{1 —— CEM152.5R/SR

Distribution (%)

0.01 0.1 1 10 100 1000

Particle size (um)
Figure 1. Particle size distribution of cement as measured by laser diffraction.

Additionally, the XRF chemical composition of cement is presented in Table 1. The
predominant compound is CaO from the cement clinker.

Table 1. XRF chemical composition of cement [wt%].

CaO AlL,O3 SiO, SO3 Fe, O3 KO MgO Na,O TiO,
45.61 6.59 18.29 4.02 2.85 1.09 1 0.29 0.41
P,0Os5 Cl,0O3 BaO MnO, SrO CuO ZnO LOI Total
0.13 0.07 0.06 0.05 0.05 0.04 0.02 19.43 100

A dispersed GO in water with a concentration of 0.03 wt% was employed in this study
from Graphenea. The elemental analysis in weight of GO presented is C (49-56%), H (0-1%),
N (0-1%), S (2—4%) and O (41-50%). In Figure 2 the incremental volume percentage of
GO sheet sizes in water suspension when it has not been yet sonicated or turned over
is shown. As shown, the high variability in the results of the particle size distribution
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measurements indicate that the GO sheets in solution are randomly attached to each other,
showing particle sizes between 0.42 and 10.1 pm. Three particle size measurements were
performed on different mixtures with the same concentration to ensure the reliability of
the results. It is worth noting the significant deviation of the particle size results when
the dilution is not previously sonicated. The random adherence of the particles to each
other makes the mixture totally inhomogeneous. This demonstrates how essential it is to
properly sonicate the GO and to control the process. In this work, an exhaustive analysis of
the ultrasonication process and its influence on the results was performed in Section 2.2.
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Figure 2. Particle size distribution of GO as measured by laser diffraction.

2.2. GO Dispersion Analyses

The GO dispersion analyses were performed for the same aqueous GO dispersion,
0.03 wt%. Although the effectiveness may be slightly affected for other concentrations, the
study was carried out for the most common concentration according to other authors [19,54].
An exhaustive analysis of the influence of ultrasonication energy was performed to ensure
the optimum dispersion of GO sheets. It should be clarified that the efficiency of the
sonication process can vary depending on numerous factors such as the concentration
of GO water solution, the sonication energy, the type and depth of the probe in the so-
lution, the total volume of solution to sonicate, and the arrangement of that volume in
the vessel [19,22,47]. Having the same volume in vessels of different width—height ratios
modifies the conditions of sonication and its outcome. The heating generated during the
sonication process must be controlled to avoid or reduce water evaporation that changes
the initial GO-water concentration [19,55]. All this implies that the sonication time alone is
not relevant data to be able to reproduce a sonication process as observed in some studies.
It is much more relevant to talk about the sonication energy transferred to the fluid.

Various samples were prepared in order to determine the optimum ultrasonication
energy to be transferred to the sample. The sonication process was carried out using a
sonicator model Sonics Vibra-Cell vex-750 (Llinars del Vallés, Catalonia, Spain) of 20 kHz
with a 19 mm diameter probe. The amplitude set was 70% and pulse of intervals of 20" to
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avoid overheating. The GO suspension was sonicated in a glass container 8 cm in diameter
and 15 cm in height. Cold water at 6 °C was poured around the vessel to mitigate the
heating of the sample and subsequent evaporation. The ultrasonication energy transferred
to fluid can be seen in Table 2. Before ultrasonication, the solution was mixed by a tumbler
for 24 h.

Table 2. Ultrasonication analyses parameters and results of dispersion.

Time Ultrasonication Min. GO Sheet Max. GO Sheet Mean GO Sheet
(min) Energy (J/mL) Size (um) Size (um) Size (um)
0 0 0.483 + 14.7% 5.90 4+ 87.7% 3.10 + 74.4%
10 224 0.255 + 3.4% 0.99 + 0.3% 0.572 £ 0.1%
15 299 0.250 + 0.0% 0.99 4+ 0.3% 0.544 + 0.5%
30 663 0.211 + 0.0% 0.89 4 0.0% 0.465 + 0.1%
45 1204 0.199 + 0.0% 0.99 £ 0.3% 0.492 + 0.1%
60 1518 0.208 + 12.1% 0.99 4+ 0.3% 0.491 + 1.1%
90 1831 0.203 + 6.5% 1.03 £ 3.4% 0.536 + 4.9%
120 2582 0.223 + 0.0% 1.17 £ 6.8% 0.639 + 8.4%

To determine the best GO dispersion according to the different ultrasonication energy
levels, a direct measurement of the GO sheet size was measured by a particle size analyzer
(Mastersizer 3000, Malvern, UK). Three samples under the same test conditions were
carried out to determine the specific GO sheet size distribution. The results of the average
GO sheet size distribution can be seen in Figure 2 and the values for mean, minimum and
maximum GO sheet sizes and their standard deviations are presented in Table 2.

For the ultrasonication energy of 224 ] /mL, the range of GO sheet sizes is 0.255-0.99 um
(Figure 3 and Table 2). This range is much smaller than the interval obtained for the ref-
erence sample without sonicating, 0.42-10 pm (Figure 2), so sonication is indispensable.
The GO sheet size decreases from a mean value of 3.10 um to 0.572 um, a decrease of
81.5% (Table 2). What is even more relevant is that the standard deviation goes from
74.4%, without sonication, to 0.1% with 224 J/mL of ultrasonication energy. This factor is
extremely important for the repeatability and reliability of characterization results. For the
299 J/mL ultrasonication energy, a slight shift of the maximum peak of the GO sheet size
distribution curve towards the lower particle size zone is observed. This leads to a lower
mean particle size, as can be seen in Table 2, from 0.572 to 0.544 pm. It can be seen how the
decrease in relative terms of the mean GO sheet size is much smaller (4.9%) and how the
deviation of the results, although larger than for 224 J/mL, is still very small (0.5%).
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Figure 3. GO sheet size distribution in the 0.03 wt% suspension at different ultrasonication energy levels.

Regarding the ultrasonication energy results of 663 J/mL, this is the case for which the
maximum GO sheet size is significantly smaller, 0.890 um, and where the lower limit is one
of the smallest, 0.211 um. This is reflected in the lowest mean GO sheet size being reached,
at 0.465 pm. All this indicates that this amount of energy transferred to solution is, between
the values analyzed, the best GO dispersion. In addition, the deviation of results is the
most reduced, so the pastes manufactured with this sonication energy should provide the
most reliable results.

For sonication energies between 1204 and 2582 J/mL, the trend observed is increasing
in mean GO sheet size from 0.492 to 0.639 um, and the deviation of the results from 0.1 to
8.4%. It is worth noting that providing ultrasonication energy higher than 663 J/mL does
not improve GO dispersion. Too-large power sonication results in a scissoring effect that
breaks up the nanoparticles. Consequently, the power should be decreased as much as
possible to guarantee a more homogeneous dispersion [56]. Based on the GO dispersion
analysis performed, the most suitable ultrasonication energy has been set at 663 J/mL.

In Figure 4, the minimum, mean, and maximum values of GO sheet sizes and their
deviation versus the ultrasonication energy transferred to suspension of 0.03 wt% (Table 2)
is represented. As seen, infra-sonication and supra-sonication generate results of GO sheet
sizes with higher deviation; this effect is more significant for the minimum and mean
curves of particle size. On the other hand, a peak is clearly observed in the curves for the

663 J/mL energy case, which implies the smallest GO sheet size and the results with the
lowest deviation.
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Figure 4. Evolution of GO sheet sizes with increasing ultrasonication energy for 0.030 wt%.

2.3. Mix Proportions and Specimen Preparation

In this work, five different types of cement pastes reinforced with GO have been
examined. The first paste, without GO addition, was used as the reference mix. The
remaining four pastes had GO contents by weight of cement of 0.015%, 0.030%, 0.045%, and
0.060%. For the GO-reinforced pastes, two batches of specimens were produced for each
type of mix, with one batch to analyze the fracture behavior without sonication, 0 J/mL, and
sonicated with 663 J/mL (suitable value determined in Section 2.2). A total of nine batches
of specimens were manufactured. The mix proportions, nomenclature and ultrasonication
energy transferred to the sample are shown in Table 3.

Table 3. Mix proportions, nomenclature, and sonication energy. Note: The generic nomenclature used
in this work is P-X1-X2, in which P denotes paste, X1 denotes the GO concentration in percentage
by cement weight, and X2 denotes the ultrasonication energy transferred to the solution used for
manufacturing each paste.

Cement . o Ultrasonication Energy

(kg/m®) w/c Ratio GO (%) (/mL)
P-0-0 1400 0.35 0 0
P-0.015-0 1400 0.35 0.015 0
P-0.015-663 1400 0.35 0.015 663
P-0.03-0 1400 0.35 0.03 0
P-0.03-663 1400 0.35 0.03 663
P-0.045-0 1400 0.35 0.045 0
P-0.045-663 1400 0.35 0.045 663
P-0.06-0 1400 0.35 0.06 0
P-0.06-663 1400 0.35 0.06 663

Each batch of specimens consists of three beams of 40 mm x 40 mm x 100 mm and
three cubes of 40 mm per side. In total, 27 prismatic and 27 cubic specimens were manu-
factured. The GO-water solutions were properly sonicated just before the manufacturing
process. Subsequently, the pastes were manufactured with a 5-liter mixer. First, the cement
was added and mixed for 3 min, then the dispersed GO water solution was added and
mixed for 5 min more. During this time, a fresh fluid paste was obtained and then poured
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into the molds. Next, the specimens were left for 24 h air curing, covered with plastic to
reduce the loss of hydration. Afterwards, the specimens were demolded and cured in water
at 20 °C for 27 days more. After this time, they were removed from the water and left to
dry in the open air for 24 h. Finally, the experimental tests were carried out.

As it can be seen in Figure 5, The probe used was 19 mm (3/4"), following the
manufacturer’s recommendation based on the volume of mixture to be sonicated. The
sonicator was placed in a soundproof box within a climate-controlled room, maintaining
a temperature of 24 °C £ 2 °C. Additionally, the sonication container was placed inside
another container with water to mitigate any abrupt temperature changes during sonication.
Sonication was performed prior to starting the paste fabrication process. Once the aqueous
solution with graphene oxide was sonicated, fabrication proceeded.

Figure 5. Probe of ultrasonic device.

3. Experimental Program
3.1. Fracture Behavior

Three notched prismatic specimens of 40 x 40 x 100 mm? were subjected to three-point
bending tests to determine fracture energy using the RILEM work-of-fracture method [57].
Each sample was sawn with a notch to a depth ratio of one-sixth. The samples were fitted
with a 10 mm-long LVDT to determine mid-span deflection and a clip gauge to determine
crack mouth opening displacement (CMOD).

In addition, an inverse analysis using the non-linear hinge model [58-60] was carried
out to obtain the values of the bilinear tension softening graph (Figure 6). The bilinear
graph is defined by the failure stress (f;), the displacement at failure (wy,), the slope of the
first branch (a;), and the slope of the second branch (ay) [61].

—
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Figure 6. Bilinear tension softening graph.

3.2. Compressive Strength and Young's Modulus

The compressive strength was determined from experimental tests on 40 mm cubic
specimens following the guidelines of the standard UNE-EN 12390-3 [62]. Three specimens
for each type of paste and ultrasonication level were tested. Nine different paste batches
were tested (Table 3); thereby, 27 tests were carried out in total. To determine Young’s
modulus, it was obtained indirectly from the load-CMOD results reported from experi-
mental three-point bending tests on 40 x 40 x 100 mm? prismatic specimens notched at
one sixth of the height according to the standard RILEM TCM-85 [57]. The three-point
bending tests were carried out to also determine the fracture properties of the pastes and
will be described in more detail in the following subsection. The method for determining
Young’s modulus was that described by Swartz et al. [63], which relates the initial slope of
the experimental load-CMOD curve to the elasticity modulus of the material. Three tests
for each type of paste and ultrasonication level were assessed.

3.3. Mercury Instrusion Porosimetry (MIP)

High-pressure mercury intrusion porosimetry (MIP) was used to determine the poros-
ity and pore size distribution in the range between 7 nm and 100 um. The samples were
obtained from the three-point bending specimens. Three samples per composition were
carried out.

3.4. Stereomicroscope

A SMZ25 stereomicroscope (Nikon Instruments Inc, Melville, New York, USA) was
used. The instrument is connected to a computer running NIS Elements BR software, which
was used to capture the images. Small specimens measuring 20 mm x 40 mm x 40 mm
were fabricated for this test.

3.5. SEM

A TENEO equipment (FEI, (Thermo Fisher Scientific, Waltham, MA, USA)) with
a field emission scanning electron microscope operated at 5 kV and equipped with an
energy-dispersive X-ray spectroscopy system was used.
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4. Results

4.1. Porosity of Cement Matrix

The MIP analysis provides useful information on pores between 7 nm and 100 um.
Figure 7 shows the pore size distribution obtained for all pastes with different GO concen-
trations and ultrasonication levels. Figure 6 is divided into four subfigures corresponding
to the four different GO concentrations (0.015%, 0.030%, 0.045%, and 0.060%). In each
subfigure, the pore distribution curves of the GO pastes, both sonicated and non-sonicated,
as well as that of the reference paste (without GO content) are shown. In this way, the effect
of GO concentration and ultrasonication can be compared in each subfigure. The most

significant data obtained from the curves are shown in Table 4.
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Figure 7. Differential porosity curves for (a) P-0.015, (b) P-0.030, (c) P-0.045, and (d) P-0.060.

Table 4. Pore volume for each range of each paste and ultrasonication level.

Pore Volume (mL/g)

<500 nm 500-8000 nm >8000 nm

P-0-0 1.70 £ 0.05 0.076 + 0.004 0.062 + 0.004
P-0.015-0 1.59 4+ 0.04 0.049 4+ 0.003 0.060 4+ 0.005
P-0.015-30 1.26 £+ 0.03 0.044 + 0.003 0.069 £ 0.004
P-0.03-0 1.19 + 0.04 0.049 + 0.006 0.061 £ 0.005
P-0.03-30 1.15 4+ 0.04 0.041 4+ 0.003 0.066 4+ 0.005
P-0.045-0 0.85 £ 0.01 0.028 £ 0.002 0.056 £ 0.004
P-0.045-30 0.94 +0.01 0.022 4+ 0.002 0.061 £ 0.004
P-0.06-0 1.21 £ 0.02 0.047 4+ 0.003 0.099 4+ 0.006
P-0.06-30 1.11 £ 0.03 0.045 + 0.005 0.065 £ 0.005
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As shown in Figure 7, there are three different pore ranges: capillary pores (less than
0.5 um in diameter), micropores (0.5-8 um in diameter), and macropores (greater than § pm
in diameter). The three main parameters in the pore distribution are as follows: (1) the GO
pore size, (2) GO percentage, and (3) pore volume of P-0-0. Figure 5 shows that most of
the pores are capillary pores in all dosages, especially in the 0.007-0.1 um range. P-0-0
has a higher amount of macropores compared to other CEM I 52.5 R/SR cements used in
previous studies with GO addition [64].

Regarding macropores, as can be seen in Table 4, the addition of GO can divide large
pores into several smaller ones [65], but the total pore volume of macropores (greater than
8 um) is very similar for additions of 0, 0.15%, and 0.03% of non-sonicated GO. The use of
sonicated GO results in a smaller decrease in the total volume of macropores compared
with non-sonicated GO (Figure 8a,b). The minimum macropores are reached in P-0.045-0,
with 87% of P-0.045-0. The two compositions with 0.06% (with the highest proportion of
GO) produce a decrease in the workability of the cement paste, leading to an increase in
the macropores present [66,67], as can be seen in Figure 8c.

Figure 8. Images from stereomicroscope for (a) P-0-0, (b) P-0.045-0, (c) P-0.06-0.

Regarding micropores, the addition of GO produces a reduction in micropores, and this
reduction is greater with higher GO addition because the micropores present in P-0-0 are
divided into smaller ones P-0.045-0 (Figure 9a,b), many of which fall into the higher range
of capillary pores (0.1-0.5 pm). The addition of sonicated GO results in an even greater
reduction in this range of pores than non-sonicated pastes. P-0.045-0 and P-0.045-30 show
36% and 28% of the microporosity of P-0-0, respectively. For the two compositions with
0.06% (with the highest proportion of GO), there is an increase in micropores in the paste,
due to the reduced workability of the cement paste.
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Figure 9. Image from SEM for (a) P-0-0 and (b) P-0.045-0.

Regarding capillary pores, the addition of GO, whether sonicated or non-sonicated,
reduces the volume of pores present in this range by 0.15%, 0.03%, and 0.045%. Although
in the range (0.1-0.5 um), the pore volume is increased by the division of micropores into
smaller pores; the reduction in pore volume smaller than 0.1 um is especially significant,
so much so that even the peak porosity shifts to smaller sizes in all compositions. This
is due to the filling effect of small pores by GO, probably producing nanopores smaller
than 7 nm. P-0.045-0 and P-0.045-30 present 50% and 55% of the microporosity of P-0-0,
respectively. For both 0.06% compositions, the capillary pores are increased due to the
reduced workability of the paste. This behavior in the variation of capillary pores is similar
to that found in previous works [62].

Considering the results of the MIP test, it is determined that effective sonication
involves tailoring the dimensions of the GO sheets to match the pore sizes of the matrix,
rather than striving for the smallest possible GO sheet size. When sonication results in
a particle size that is excessively small for the pore size of the matrix being reinforced,
the impact of GO on mechanical and fracture properties becomes insignificant, as will be
discussed in subsequent sections. It explains why numerous studies have demonstrated
significant enhancements in mechanical properties following GO addition [14,26,48,65],
while others have reported contradictory findings [46,50,66].

4.2. Compressive Strength and Young’s Modulus

Figure 10 shows the average values of compressive strength, f., and Young’s modulus,
E, for each GO content and ultrasonication level assessed. As shown in Figure 10a,
the compressive strength of pastes reinforced with non-sonicated GO solution (0 J/mL)
achieves mean values similar to the reference paste (no GO) for all evaluated GO contents
(0.015%, 0.030%, 0.045%, and 0.060%). For the sonicated pastes, no significant improvement
in compressive strength is observed for any analyzed GO concentration. The explanation
lies in the fact that the volume of macropores does not change significantly for any of the GO
concentrations (see Table 4). During the compressive strength test, macropores determine
the preferential fracture path of the matrix, as cracks propagate between macropores. Since
the addition of GO, with the sonication performed in this study, affects the size of capillary
pores and these do not influence compressive strength [67], no improvements in this
property are obtained.
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Figure 10. (a) Compressive strength and (b) Young’s modulus for each GO content and ultrasonication.

With respect to the Young’s modulus, all the pastes showed an increase in Young’s
modulus with an increase between 7.6-25.8% compared to the reference paste. According
to Kendall and coauthors, this property is primarily influenced by the existence of a large
number of pores with sizes in the nanometer range [68,69], although more research is
needed in this area. Table 4 shows an analysis of the pore size distribution below the
maximum measured particle size for all samples.

For the reference paste, it is observed that having a significant pore size distribution
smaller than 500 nm and between 500-8000 nm (6.3%), in comparison to GO-reinforced
pastes, results in lower Young’s modulus values. Focusing on the sonicated and non-
sonicated GO-reinforced pastes, no clear trend is observed. We believe that the way pores
are distributed and connected in the material plays a more relevant role than a specific size
range, which is beyond the scope of this study.

4.3. Fracture Behavior

The size-independent fracture energy was calculated using the RILEM work-of-
fracture method and experimental three-point bending tests. Additionally, bilinear tension
softening diagrams (o; — w) were obtained using the non-linear hinge model described
in [69]. The average values of size-independent fracture energy obtained from three experi-
mental tests by mix are shown in Table 5.

Table 5. Size independent fracture energy of each GO content and ultrasonication level.

Mix Fracture Energy, Gg (N/m)

P-0-0 20.5+37
P-0.015-0 249 +£1.5
P-0.015-663 21.8+£15
P-0.030-0 223+24
P-0.030-663 219+1.6
P-0.045-0 21.6 £2.3
P-0.045-663 196 £1.9
P-0.060-0 219 +44
P-0.060-663 222+27

In cement pastes, the crack fracture mechanism is a critical aspect that influences
the material’s structural integrity and durability. The process of crack formation and
propagation in cementitious materials can be complex, involving several microstructural
factors and environmental conditions [70]. Cracks in cement paste typically initiate at
points of stress concentration, such as pores, microcracks, or inclusions within the matrix.
Once a crack initiates, its propagation is governed by the fracture mechanics of the material.

Based on the fracture energy results, it is observed that the addition of GO sheets does
not generate a clear trend towards improving the overall fracture energy. Nonetheless, a
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trend is observed with the pore distribution of the pastes, which is partially related to the
addition of graphene sheets. The lowest fracture energy value is obtained for the P-0.045-0
paste, which had the lowest value for capillary pores and macropores, and the second
lowest in the micropore range (Table 4). The lower overall fracture energy is due to the fact
that a denser cement paste matrix exhibits more brittle behavior.

On the other hand, the highest total fracture energy value was achieved for P-0.015-0
(21.4%). This paste exhibits the highest number of capillary pores and micropores, except
for the reference paste (Table 4). A greater number of capillary pores and micropores can
lead to a less brittle matrix [66], as observed in this case. We will proceed with a more
detailed analysis of the remaining properties that influence fracture behavior.

On the other hand, a two-dimensional FE model of the three-point bending test was
developed and fitted to the experimental results, as described in Section 3.1, to identify the
parameters that define the cohesive laws of each paste. Figure 11 shows the experimental
and FE mean load-displacement curves for P-0.045-663. The minimum acceptable require-
ments for numerical fitting of the cohesive law parameters are an R-squared value greater
than 0.95 of the FE results in relation to the experimental load-displacement curves. The
cohesive laws and their parameters obtained with this procedure are shown in Figure 12
and Table 6, respectively.

Table 6. Bilinear cohesive law parameters of each GO content and ultrasonication level.

ft o1 ag ap w1 Wy Gy Gr-G¢ Ec Lch
(MPa) (MPa) (mm-1) (mm1) (mm) (mm) (N/m) (N/m) (GPa) (m)
P-0-0 53 0.16 771.6 6.7 0.0068 0.030 17.85 1.8 19.7 0.015
P-0.01-0 4.3 0.13 595.9 4.6 0.0072 0.035 15.48 1.8 24.8 0.033
P-0.015-663 4.5 0.18 568.4 5.6 0.0075 0.040 16.87 3.8 23.1 0.025
P-0.030-0 4.0 0.36 527.5 15.6 0.0076 0.030 15.20 4.0 24.5 0.034
P-0.030-663 55 0.18 771.6 6.7 0.0070 0.030 19.25 2.2 23.0 0.017
-0.045-0 4.5 0.27 660.9 10.5 0.0068 0.032 15.30 34 22.1 0.024
P-0.045-663 5.7 0.17 921.5 7.1 0.0062 0.030 17.67 2.0 21.2 0.013
P-0.060-0 4.2 0.25 660.9 10.5 0.0067 0.032 14.07 3.2 24.2 0.030
P-0.060-663 45 0.27 660.9 10.5 0.0068 0.032 15.30 34 23.5 0.026
600 - _
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Figure 11. Experimental region, mean experimental, and FEM load vs. mid-span deflection curves of
P-0.045-663 with squared error of comparison.

55



Crystals 2024, 14, 707

6 —P-0.03-663
1 —P-0.015-663 -----P-0.03-0
---P-0.015-0 —P-0-0
—P-0-0 _
T a
g s
o o
& &
0 —— | Nmeeee
0 0.010 0.020  0.030 0.040 0 T T T ™ t T T T 1
Crack opening displacement, w (mm) 0 0.010 0.020 0.030 0.040
Crack opening displacement, w (mm)
(a) (b)
6 6-
—— P-0.045-663 — P-0.06-663
-— P-0.045-0 ---P-0.06-0
54 — P-0-0 — P-0-0
< 4 a
=3 =3
o 34 [}
) o
[%] 0
o o o
n n
14
0 T 7;777;“7‘;‘7 — T T 1 0 T T T T T T T T 1
0 0.010  0.020 0.030  0.040 0 0.010  0.020 0.030  0.040
Crack opening displacement, w (mm) Crack opening displacement, w (mm)
(o) (d)

Figure 12. Bilinear stress-crack opening displacement law: (a) 0.015%, (b) 0.030%, (c) 0.045%, and
(d) 0.060% GO content.

Concrete fracture necessitates the formation of the well-known Fracture Process Zone
(FPZ) [56], involving micro-cracking, coalescence, crack branching, and frictional inter-
locking as indicated by the weak interfacial transition zone (ITZ) between aggregates
and cement paste [71]. Based on Hillerborg's fictitious crack model [72], cohesive normal
stresses develop within the FPZ prior to a pre-existing crack, with a value equal to the
material’s tensile strength at the crack tip, followed by a descending part (softening) until
the stresses reach zero at the end of the FPZ. The distribution of these cohesive stresses is
typically represented by a bilinear softening diagram [73] in which the normal stress, o, is a
function of the crack opening width, w, in the FPZ (Figure 6). The first linear branch of the
softening diagram is primarily related to microcracking, whereas the second linear branch
is a result of the frictional aggregate interlock [74,75]. It is worth noting that the fracture
energy of the second branch, GF-Gf (Table 6), will not have a significant impact on the total
fracture energy, as the cement pastes do not contain aggregates nor fibers [76]. Cohesive
models can also be used to investigate the fracture behavior of this type of quasi-brittle
material when a crack (or notch) already exists [77].

In the case of tensile strength, the maximum value was obtained for the sample
P-0.045-663, with an increase of 7.5% compared to the reference paste (Figure 12). This
increase is due to the fact that this sample has the lowest amount of micropores and the
second lowest amount of capillary and macropores (Table 4). On the other hand, the sample
P-0.030-663 showed the second highest tensile strength, with an increase of 3.7% compared
to the reference paste. In this case, the lowest presence of pores is found in the micropores.
Therefore, it can be confirmed that micropores have a greater impact on the tensile strength
of the paste. Additionally, if this paste has a low amount of capillary and macropores, this
property is further enhanced.

Regarding the fracture energy (Gf), it is observed that the highest value was obtained
for the sample P-0.030-663. This matrix presents a balanced combination of low capillary
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pore and micropore values, along with high tensile strength. This combination ensures
that once the tensile strength of the material is reached, the fracture is not as abrupt, and a
greater amount of energy is required to fracture the paste.

As all specimens were the same size, it is feasible to carry out a ductility analysis
primarily centered on the results of the characteristic length [76,77], so that the higher the
lch, the higher the ductility of the paste. The characteristic length may be written in terms

of three parameters:
E.Gr
lch = 2
fi

where E. is Young’s modulus, Gr is the fracture energy, and f; is the tensile strength.

The lowest value was obtained for the P-0.045-663 paste, indicating that it has a more
brittle fracture process zone. This is because it was the paste with the lowest amount
of capillary pores and micropores, combined with the highest tensile strength. It can be
observed that, in general, non-sonicated pastes presented a greater characteristic length
(P-0.015, P-0.030, and P-0.060), coinciding with lower tensile strength and a higher amount
of capillary pores and micropores. Therefore, it can be established that there is a direct
relationship between the amount of capillary pores and micropores and the characteristic
length of the paste.

)

5. Conclusions

In this work, the effects of the addition of GO solutions with different concentrations on
the microstructure of cement paste and how it affects its mechanical and fracture behavior
have been assessed. From the results, the following conclusions can be drawn:

e  Proper ultrasonication should adjust the size of the GO to match the pore sizes of the
original paste, rather than making the GO as small as possible. If sonication produces a
particle size that is too small for the pore size of the matrix intended for reinforcement,
the effect of the GO on porosity will be negligible.

e  The P-0.03-663 exhibits the highest fracture energy at 7.8% compared to non-reinforced
paste. This is primarily attributed to the optimal combination of capillary and microp-
ores, resulting in elevated tensile strength and consequently higher fracture energy.

e  The lowest characteristic length was observed for the P-0.045-663 fundamentally
influenced by the reduced combination of capillary pores and micropores, which leads
to a more brittle matrix.

e  The tensile strength of the material is more influenced by the micropores than by the
capillary pores; it is higher when the GO is sonicated, and the maximum value was
obtained for the sample P-0.045-663.
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Abstract: This work demonstrates the potentials of a commercially available few-layer graphene
(FLG) in enhancing the electro-dissipative properties, mechanical strength, and UV protection of
polyolefin blend composites; interesting features of electronic packaging materials. Polyethylene (PE)/
polypropylene (PP)/ FLG blend composites were prepared following two steps. Firstly, different
concentrations of FLG were mixed with either the PE or PP phases. Subsequently, in the second
step, this pre-mixture was melt-blended with the other phase of the blend. FLG-filled composites
were characterized in terms of electrical conductivity, morphological evolution upon shear-induced
deformation, mechanical properties, and UV stability of polyolefin blend composites. Premixing of
FLG with the PP phase has been observed to be a better mixing strategy to attain higher electrical
conductivity in PE/PP/FLG blend composite. This observation is attributed to the influential effect
of FLG migration from a thermodynamically less favourable PP phase to a favourable PE phase via
the PE/PP interface. Interestingly, the addition of 4 wt.% (~2 vol.%) and 5 wt.% (~2.5 vol.%) of FLG
increased an electrical conductivity of ~10 orders of magnitude in PE/PP—60/40 (1.87 x 107> S/cm)
and PE/PP—20/80 (1.25 x 10> S/cm) blends, respectively. Furthermore, shear-induced deformation
did not alter the electrical conductivity of the FLG-filled composite, indicating that the conductive FLG
network within the composite is resilient to such deformation. In addition, 1 wt.% FLG was observed
to be sufficient to retain the original mechanical properties in UV-exposed polyolefin composites.
FLG exhibited pronounced UV stabilizing effects, particularly in PE-rich blends, mitigating surface
cracking and preserving ductility.

Keywords: graphene; polyolefin; electrical conductivity; photoprotection; mechanical properties

1. Introduction

Currently, the incorporation of carbonaceous filler [1-9] in the polymer matrix is a
promising field of research, aiming at the improvement of the properties of polymers.
Among these carbon-based fillers, carbon black is zero-dimensional, carbon nanotube is
one-dimensional, and graphene is two-dimensional [10]. Due to the two-dimensional
geometry of graphene, the extent of dermal effect, inhalation problem, and gene toxicity
associated with graphene is much less than that of carbon black or carbon nanotube [11].
This ensures the safer handling of graphene. Moreover, graphene [12] stands out as a highly
promising candidate. Theoretically, sp>-hybridized carbon atoms are arranged in a hexago-
nal lattice within atomic thickness to form pristine graphene [13]. This unique structure
offers remarkable characteristics. A perfect single-layer graphene is not only the light-
est (weighing merely 0.77 milligrams per square meter) but also the strongest (300 times
stronger than Kevlar) nanofiller discovered to date [14]. Furthermore, graphene demon-
strates exceptional electrical and thermal conductivity, along with remarkable flexibility,
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capable of stretching up to 25% of its original length without fracturing. These remarkable
attributes refer to graphene as a wonder material with the capability of enhancing its
properties (processability [15], photostability [16], mechanical [17], and electrical [18]) of
polymer composites.

In general, graphene has been observed to enhance the tensile strength and stiffness of
polymeric systems, often at the expense of ductility and impact strength [17-19]. Neverthe-
less, some exceptional observations can be found in the literature [20,21]. Due to graphene’s
intrinsic electrical conductivity, it can significantly improve the electrical conductivity of
polymer composites [22,23]. Furthermore, polymer blend composites often exhibit an even
higher electrical conductivity than single polymer/conductive filler composites. This is
attributed to the double percolation effect [24-29], which is achievable in co-continuous
polymer blend composites. Moreover, the migration of electrically conductive filler from
one phase to another via the polymer phase interface (achievable via strategic mixing
conditions) can also facilitate the improvement of electrical conductivity in polymer blend
composites [30].

Numerous studies [31-34] have investigated the influence of laboratory-processed
graphene on the mechanical and electrical properties of various polymer composites.
However, the large-scale production of very pure and fully exfoliated graphene is chal-
lenging [35]. In contrast, mass production of few-layer graphene (FLG) is obtainable
following the cost-effective mechanochemical exfoliation of graphite [36], which involves
a lower carbon footprint in comparison to mass production of carbon black [37]. Despite
exhibiting a wider size distribution and increased defects compared to lab-grade graphene,
particles produced through this process still retain many of graphene’s notable properties.
Accordingly, better electrical conductivity, improved mechanical strength, and improved
photostability of commercial-grade few-layer graphene-filled (FLG) polymer composites
have been reported in the literature [16,38]. Nevertheless, research aiming to achieve a
combination of improved electrical conductivity, mechanical strength, and photoprotection
in the same polymer blend composite remains limited in the literature.

In this connection, polyolefin systems were chosen due to their versatility in domestic
and industrial applications. Moreover, approximately 50% of global plastic waste is com-
posed of PE/PP mixtures [39]. A significant portion of this plastic waste can be recovered
as a PE/PP mixture from post-consumer waste using simple separation steps. However,
further separating PE from PP is both complex and costly [40]. This motivates research into
enhancing the properties of controlled PE/PP blend systems to gain a deeper understand-
ing. Such knowledge could be valuable in guiding the upcycling of polyolefin mixtures
recovered from post-consumer waste. In this study, polyethylene (PE), polypropylene (PP),
and PE/PP blend systems were selected to explore the potential of incorporating commer-
cially available FLG. Different concentrations of FLG were melt-mixed with PE, PP, and
PE/PP blend systems. For the PE/PP blend system, two different FLG mixing strategies
were employed to investigate their influence on the electrical properties of the composite.
However, if the filler fails to stabilize the morphology, subsequent morphological evolution
during post-processing is a likely phenomenon for an immiscible polymer blend compos-
ite. Shear-induced deformation followed by small-amplitude oscillatory shear (SAOS), a
rheological approach [41], was conducted to study the morphological stability /evolution
of the PE/PP/FLG blend composite. After the deformation step, SAOS was performed
to reach an equilibrium state of the deformed morphology. A similar approach has been
extensively studied for droplet-dispersed type polymer blend systems [42]. Furthermore,
the influence of adding FLG on the mechanical properties of the composites before and
after UV exposure was documented.

2. Materials and Methods
2.1. Materials

GrapheneBlack 3X, a few-layer (6 to 10) graphene powder, was received from NanoX-
plore Inc., Montreal, QC, Canada, to prepare the composites for this study.
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Two homopolymers, high-density polyethylene (HDPE) and polypropylene (PP), were
used as the thermoplastic components of the composites. Table 1 outlines the specifications
of the polymers.

Table 1. Identification, MFI, and density of the polymers used in this work.

Polymer Commercial Name MFI (g/10 min) Density (g/cm?®)
HDPE Alathon H5618 17 (190 °C, 2.16 kg) 0.955
PP Polypropylene 3720 WZ 20 (230 °C, 2.16 kg) 0.905

2.2. Methods

To prepare the composites for this study, master batch (MB) pellets of either PE/FLG
or PP/FLG were used for the preparation of composites. The MB pellets contained 30 wt.%
FLG, provided by NanoXplore, Inc. The samples were produced by using a HAAKE
twin-screw extruder (Rheomex OS PTW16/40).

PE and PP were separately blended at 200 °C and 150 rpm with their respective MB
pellets to create the PE/FLG and PP/FLG composites. Each composite consisted of 1 and
5 wt.% of FLG, respectively.

In addition, PE/PP—20/80 and PE/PP—60/40 blend composites with the FLG con-
centration ranging from 1 to 5 wt.% were prepared in two steps. First step: PE/FLG or
PP/FLG MB pellets were blended with PE or PP at 200 °C and 150 rpm, referred to as
the premixing step. Second step: these premixtures were melt-blended with the other
respective polymer blend at 190 °C and 115 rpm.

Finally, extruded pellets were injection molded in an Arburg Allrounder
221K-350-100 Injection molding machine to prepare dog-bone-shaped specimens and
rectangular specimens for the characterization of tensile and impact properties, respectively.
During injection molding, a certain temperature profile (zone 1: 175 °C, zone 2—180 °C,
zone 3—180 °C, zone 4—180 °C, zone 5—185 °C) was followed at a 0.3 in3/sec injection
speed and 8500 Psi injection pressure. It is worth mentioning that the injection duration
was 30 s, pressing was continued for 5 s, clamping pressure was maintained at 1000 psi,
and the injected samples were cooled for 25 s while the mold temperature was maintained
at 70 °C.

Moreover, disks of 1 mm thickness and 25 mm diameter were prepared by compressing
the composites at 200 °C and 10 MPa for 10 min in a compression mold.

2.3. Photodegradation Process

The injection-molded composites were weathered in a QUV chamber. The samples
were treated under UV radiation for a total of 2 weeks and 4 weeks by following the
alternating two steps mentioned in Table 2.

Table 2. Weathering conditions of the specimens in QUV chamber.

Step Function Irradiance (W/m?) Temperature (°C)  Time (h:m)
1 Exposure to UV radiation 0.89 60 8:00
2 No UV radiation n/a 50 4:00

2.4. Characterizations

Scanning electron microscope (SEM) images were captured by using a Hitachi SEM
S3600-N (Model: MEB-3600-N, manufactured by Hitachi Science Systems, Ltd., Tokyo,
Japan). Prior to SEM imaging, the surface (cryo-fracture or UV exposed) of the samples
was gold coated by employing a Gold Sputter Coater (Model: K550X, manufactured by
Quorum Technologies Ltd, East Sussex, Lewes, UK).

The electrical conductivity of the composites was assessed using a broadband dielectric
spectrometer (BDS) from Novocontrol Technologies GmbH & Co. KG, Montabaur, Germany.
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The investigation was conducted under an excitation voltage of 3 VRMS across a frequency
range from 1 x 1072 to 3 x 10° Hz. Gold-coated disk-shaped composites of 1 mm thickness
were sandwiched between two brass disks (electrodes) of 25 mm diameter in order to create
a plane capacitor structure for the analysis of the electrical properties. The real part of the
complex electrical conductivity at the lowest frequency (1 x 102 Hz) has been reported as
the electrical conductivity of the composite in the subsequent section of this study.

Shear-induced coalescence followed by SAOS was conducted on the rheometer,
MCR 501. Compression-molded neat and FLG-filled PE/PP—20/80 composites were
sheared at 0.05 s~! rate for 500 s, 2000 s, and 5000 s, respectively. In other words, the
samples were deformed at 25, 100 and 250 strains (shear rate x duration), respectively.
After each extent of deformation, the sample was subjected to SAOS for stabilization of the
deformed morphology, and the sample was saved for further investigation. A schematic
representation of the rheological approach has been provided in Figure 1. The shear rate
(0.05 s71) was chosen low enough to favor coalescence. This shear rate was selected based
on the critical capillary number (a function of the viscosity ratio of the dispersed matrix
phase, the viscosity of the matrix phase, the interfacial tension and the average droplet
size). Relevant theory [43,44], the calculation of the critical capillary number, and the
selection of the shear rate to investigate the morphological evolution are provided in the
Supplementary section of this work. It is worth mentioning that the deformed samples
were saved and cryo-fractured, followed by a gold coating to investigate the resultant
morphology using SEM images.

Shearing at
1| 0.05sfor
deformation

0.05 s1}500s

Shear rate

Saved the sample to check
» morphology after deformation
—AL Strain = shear rate x duration
25

SAOS to investigate
morphology

Figure 1. A schematic representation of the shear deformation followed by SAOS, a rheological
approach, to study the morphological evolution of neat and FLG-filled PE/PP blends. A similar
approach was followed for 2000 s and 5000 s, respectively.

The tensile properties were characterized according to ASTM D638 at room tempera-
ture with a 10 kN load cell and a crosshead speed of 50 mm /min. The MTS Alliance RF /200
tensile test apparatus was used for the investigation of tensile property. Dog-bone-shaped
samples with 160 mm length, 12 mm width, and 3.5 mm thickness were used to characterize
the tensile properties of the samples.

The Izod (notched) impact strength was investigated according to ASTM D256 by using
the impact strength tester device (manufactured by International Equipments, Maharashtra,
India). Prior to the test, a notch was created on each sample (62 mm x 12 mm) by using a
motorized notch cutter, manufactured by International Equipments, India.

At least five replicas were considered for each sample to investigate mechanical
properties, and the average value has been reported along with the standard deviation (SD)
as an error bar.

A Perkin-Elmer FTIR spectrometer(manufactured by PerkinElmer, Wales, UK), specifi-
cally the Spectrum Two™ model equipped with a diamond crystal, was utilized for captur-
ing the Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
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spectrum. Thin films collected from the surface of both neat and FLG-filled composites
(both pre- and post-UV exposure) were analyzed to obtain their respective FTIR spectra.
Each spectrum comprised 10 scans and was collected at a resolution of 4cm ™! across the
wave number range of 400-4000 cm .

FTIR spectra were utilized to investigate the relative carbonyl content of each sample,

employing Equation (1)

Ac—o after UV exposure
Ac—o before exposure

Relative carbonyl content = @D

In this context, Ac-o) denotes the area under the peak (within the wave number
range of 1680-1800 cm 1), indicative of the C=O functional group [16]. FTIR spectra of
samples before and after UV exposure can be found in the Supplementary Materials (see
Figure Sla—e). Evaluating the relative carbonyl content is of interest as it serves as an
indicator of polymer degradation over time. To ensure accuracy, a minimum of three
spectra from distinct regions of the samples were analyzed to compute and present the
average carbonyl content values.

3. Results and Discussion
3.1. Morphology of Neat Blends

Figure 2a—c illustrate the microstructure of neat PE/PP blends with ratios of 20/80,
60/40, and 80/20, respectively. All the blends presented a droplet-dispersed morphology.
However, droplet phase and size are governed by the blend composition. For instance, the
PE/PP—20/80 blend represents PE droplets in the PP matrix. In contrary, PE/PP—60/40
and PE/PP—80/20 blends show PP droplets dispersed in the PE matrix. However, PP
droplet size is bigger in PE/PP—60/40 than that of PE/PP—80/20. This size difference is
attributed to the higher proportion of the PP phase (minor phase) in the PE/PP 60/40 blend
system. The presence of a comparatively higher portion of the minor phase in an immiscible
polymer blend increases the probability of droplet coalescence. This phenomenon may
result in bigger droplets in the matrix phase.

Figure 2. SEM images of PE/PP blends: (a) PE/PP—20/80, droplets representing PE phase;
(b) PE/PP—60/40, droplets representing PP phase; (c) PE/PP—80/20, droplets representing
PP phase.

3.2. Influence of FLG on Morphology of Blend Composite

Figure 3 illustrates the distribution of PP droplet size (number average droplet radius,
Ry) in a neat and FLG-filled PE/PP—20/80 blend composite. The addition of FLG results in
a reduced and narrower distribution of PE droplet size. The addition of 2 wt.% and 5 wt.%
of FLG results in a notable reduction in droplet size. The formation of finer morphology is
attributed to the inhibition effect of rigid filler against the coalescence of droplets to grow
bigger. A similar effect of rigid fillers was reported in the literature [45].
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Figure 3. Distribution of PE droplet size in neat and FLG-filled PE/PP—20/80 blend composite with
1, 2 and 5 wt.% of FLG, respectively.

The SEM micrographs in Figure 4a—c depict the influence of the addition of 5 wt.% of
FLG on the microstructure of PE/PP blend composites. The introduction of FLG causes
deformation of PE droplets in PE/PP—20/80 and PP droplets in PE/PP—60/40 and
PE/PP—80/20 blends, respectively. Particularly in the PE/PP—60/40 blend, the deforma-
tion of relatively larger PP droplets enhances the likelihood of continuity in the minor PP
phase. This phenomenon, in turn, can facilitate the creation of an uninterrupted network of
electrically conductive fillers in the polymer blend composite.

Figure 4. SEM images of the phase morphology of 5 wt.% FLG-filled composites; (a) PE/PP—20/80;
(b) PE/PP—60/40 and (c)PE/PP—80/20. The red arrows are used to indicate the presence of FLG in
the composites.

3.3. Influence of FLG on Electrical Conductivity of Composites

The impact of different FLG mixing strategies has been studied (see Figure S2 in the
Supplementary Materials) on the electrical conductivity of a PE/PP—60/40 blend compos-
ite. Notably, the composite exhibits significantly higher electrical conductivity when FLG is
pre-mixed with the PP phase compared to when it is pre-mixed with the PE phase. This
observation motivated us to carry on the rest of the study with composites, where FLG
was pre-mixed with the PP phase. Figure 5 reports the change in electrical conductivity in
FLG-filled composites with different concentrations of FLG in the composites. The graph
displays that the electrical conductivity of PE/PP—60/40 blend composite is higher than
that of PE/PP—20/80 blend composite, specifically up to 4 wt.% of FLG. However, when
the FLG concentration reaches 5 wt.%, both blend composites demonstrate similar electrical
conductivity. This suggests that the electrical properties are significantly influenced by
the morphology, governed by blend compositions. In contrast, FLG-filled PE, PP, and
PE/PP—80/20 remain insulative, even at a dosage of 5 wt.% FLG. Notably, the PP/FLG
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composite exhibits higher electrical conductivity than that of PE/FLG at 9 wt.% concen-
tration of FLG. This observation implies that a relatively lower concentration of FLG is
required in the PP matrix compared to the PE matrix to establish a continuous FLG network.

1x102
- O PE/PP - 60/40
8 A~ PE/PP - 20/80
4 O PE/PP-8020 O )
= 1x106{ X PP3T20 o7
T X PES5618 X
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S X 1018
= 7 A
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=
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0 1 3 4 5 9

Concentration of FLG (wt.%)

Figure 5. Real part of the conductivity of the compounds at 1072 Hz (the lowest frequency) for
different concentrations of FLG. Dotted lines are used to guide the reader’s eye.

3.4. Influence of Deformation on Electrical Conductivity of Blend Composite

Figure 6 presents the electrical conductivity of the deformed PE/PP—20/80 blend
composite, containing 5 wt.% FLG, as a function of the frequency of the applied electric field.
After deforming the composite in molten condition in the Rheometer, the samples were
preserved to investigate the electrical conductivity. Intriguingly, despite the deformation in
morphology (discussed using Figure S3 in the Supplementary Materials) and a change in
filler localization (see Figure S4 in the Supplementary Materials), the electrical conductivity
of the composite remained unchanged. This underscores the robustness of the FLG network
in withstanding mechanical deformation in molten conditions. This observation is in
agreement with the observation reported in the literature [46].

1x1072
ONo Strain
A 25 Strain
=100 Strain
1x1074 - %250 Strain

1x1076 ~

Electrical conductivity (S/cm)

1x10°8 T T T
1x1072 1x10° 1x 102 1x104 1x106

Frequency (Hz)

Figure 6. Electrical conductivity of PE/PP -20/80 blend composite (containing 5 wt.% FLG) after
deformation by different strains, as a function of frequency.
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3.5. Influence of FLG on Mechanical Properties Polyolefin Composites

In Figure 7a—c, the mechanical properties of the samples are plotted as a function of
FLG concentration. Since the ductility of PE is around 10 times higher than that of neat
PP, the ductility of PE has been plotted on the secondary axis of Figure 7c with different
concentration of FLG. Figure 7a illustrates that the tensile modulus of neat PP is higher than
that of neat PE. In addition, the tensile moduli of PE, PP, and PE /PP blends are increased
by the additions of FLG. It is worth mentioning that the tensile strength of the samples as a
function of the concentration of FLG has been provided in Figure S5 in the supplementary
materials. The stiffness of polymeric materials can be increased due to the reinforcement
effect of rigid fillers. Analogous findings can be observed in the literature [47,48]. Figure 7b
shows that the impact strength of PE, PP, and PE/PP blend composites was not significantly
affected by the presence of FLG. A similar effect of rigid filler on the impact strength of
polymer material was reported earlier [49]. However, Figure 7c shows that the addition of
FLG decreased the ductility of the composites. The reduction in elongation at break of PE
and PE/PP—60/40 (PE- rich blend) composites is statistically more significant than that
of PP and PE/PP—20/80 (PP- rich blend) composites. The presence of rigid filler hinders
the polymer chain mobility, which ultimately affects the ductility of the composite. Several
works in the literature have reported similar findings [2,17,19].
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Figure 7. Mechanical properties of: (a) tensile modulus, (b) impact strength, and (c) elongation at
break of PE, PE/PP blends, and PP composites with different concentration of FLG.

3.6. Effect of Adding FLG on UV-Exposed Composites
3.6.1. Property Retention of UV-Degraded Composites

In Figure 8, the retention of elongation at break (a sensitive property to UV degrada-
tion) after 4 weeks of UV exposure for neat and FLG-filled PE, PE/PP—60/40,
PE/PP—20/80, and PP is plotted as the FLG concentration was varied in the compos-
ites. The figure illustrates that UV-exposed unfilled PE, PP, and PE/PP blends become
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too brittle to capture the correct elongation at break under the testing condition. This
indicates a substantial UV degradation of the pure polyolefins. Conversely, FLG-filled
polyolefin composites exhibit enhanced retention of ductility under UV radiation, owing to
the photoprotective properties of FLG. Nevertheless, this photoprotective effect of FLG is
more pronounced in polymeric systems where PE is the predominant phase compared to
those where PP is the major component. Further analyses have been carried out in terms of
sample surface imaging and FTIR investigation.
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Figure 8. Retention of elongation at break of UV-exposed PE, PE/PP blends, and PP as the FLG
concentration increased in the specimens.

3.6.2. Appearance of the Compounds after UV Exposure

The SEM images in Figure 9a—c illustrate the surfaces of neat PE, PE/PP—60/40 blend,
and PP samples, which were exposed for 4 weeks under UV radiation. Figure S6 has been
provided in the Supplementary section to extend the idea of the appearance of a polyolefin
sample before UV exposure. Additionally, Figure 9d—f display the UV-degraded surfaces
of PE, PE/PP—60/40 blend, and PP composites, containing 1 wt.% FLG, respectively.
Apparently, the presence of FLG lessens the occurrence of UV degradation-driven cracks
in the samples’ surface compared to their neat counterparts. This suggests that FLG can
mitigate the UV degradation process in polyolefins.

PE PE/PP - 60/40

Figure 9. SEM micrographs of the UV-exposed unfilled (a) PE, (b) PE/PP—60/40, and (c) PP along
with 1 wt.% FLG-filled (d) PE, (e) PE/PP—60/40 and (f) PP composites.
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3.7. Chemical Analysis

In Figure 10, the relative carbonyl content of UV-exposed samples of PE,
PE/PP—60/40, PE/PP—20/80 blends, and pure PP, both without and with FLG, is plot-
ted against exposure time. The relative carbonyl content is determined by analyzing the
FTIR absorption spectra of each UV-exposed sample and normalizing them against the
carbonyl content of the corresponding sample prior to UV exposure. The incorporation of
FLG reduces the formation of carbonyl content in UV-exposed composites, indicating the
UV-stabilizing effect of FLG in polyolefin systems.
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Figure 10. The change in the relative carbonyl content of UV-exposed PE, PE/PP blends, and PP
samples with the duration of the UV exposure.

Furthermore, it is evident that the relative carbonyl content in UV-exposed PP is
significantly higher compared to that in PE, suggesting that PP is more susceptible to
UV degradation than PE. This tendency towards UV degradation is also observed in
PE/PP blends; blends with a higher proportion of PP exhibit greater susceptibility to UV
degradation compared to those with more PE. An explanation has been extended in the
discussion part. Figure 10 illustrates the order of UV degradation tendency in the PE/PP
polymer system as follows: PP > PE/PP—20/80 > PE/PP—60/40 > PE. A similar order of
UV degradation tendency is noted in FLG-filled PE/PP composites, but the degradation
rate is slower, attributed to the UV-stabilizing effect of FLG.

3.8. Discussion

The comprehensive analysis of the morphology, electrical properties, mechanical
properties, and UV degradation behavior of FLG-filled PE/PP blend systems provides
valuable insights into the multifaceted effects of FLG on polyolefin blend systems.

In a filler-filled, immiscible polymer blend system, double percolation [24-29] is
an interesting phenomenon. This phenomenon refers to the percolation of one phase
through another phase with the concomitant formation of a filler network through one
of the percolating phases. In the case of a conductive filler, the double percolation effect
increases the electrical conductivity of the composite by a significant order of magnitude.
In this work, Figure 4b shows that the PP phase was not percolated through the PE
matrix in the 5 wt.% FLG-filled PE/PP—60/40 blend composite. Despite lacking the
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double percolation effect, this composite presents higher electrical conductivity. In fact, the
predominant presence of FLG in the PP phase of the PE/PP blend composite is likely due to
the premixing of FLG with the PP phase. Moreover, FLG migration from the PP to PE phase
via PE/PP interface is also realized according to thermodynamic prediction [30]. Therefore,
thermodynamic preference-induced FLG migration from the PP to PE phase via the PE/PP
interface and volume exclusion effect of the PE phase in PE/PP—60/40 and 20/80 blend
are two dominant factors in tailoring the conductive FLG network in PE/PP—60/40 and
20/80 blend composites. It has been reported in the literature [50] that once the conductive
filler network is fully developed, further addition of filler does not reflect any significant
effect on the conductivity of the composite. This phenomenon can be referred to as the
saturated effect of the filler network. Moreover, blends with ratios of 60/40 and 20/80
exhibit superior conductivity compared to PE/FLG or PP/FLG composites, even when FLG
concentration is higher (9 wt.%). This difference can be attributed to the poor dispersion
of FLG in the PE phase compared to the PP phase under the same processing conditions.
Moreover, superior electrical conductivity in the PE/PP—60/40 blend composite is not
observed when FLG is pre-mixed with PE (see Figure S2 in the Supplementary section).
This could be attributed to the possible wrapping of FLG by insulating PE due to a stronger
affinity between FLG and PE. Consequently, an interrupted FLG network results in reduced
electrical conductivity in PE, even at higher concentrations of FLG. Additionally, during
composite cooling, small PE crystals may form on FLG surfaces, impeding FLG contact and
resulting in lower electrical conductivity in FLG-filled PE/PP—60/40 blend composites,
prepared by FLG premixing with PE phase. These findings underscore the critical role
of FLG dispersion and localization in attaining optimal electrical properties in polyolefin
blend composites.

Furthermore, the shear-induced deformation applied in the molten condition of the
compound does not affect the electrical conductivity of the composite in its solid state.
This indicates that the conductive network established by FLG remains unaffected even
under applied shear deformation. This highlights the resilience of FLG-filled composites to
mechanical deformation while maintaining electrical performance.

FLG addition enhances the tensile modulus of both PE and PP, indicating improved
stiffness attributed to the reinforcement effect of FLG. When mechanically strong, rigid
fillers are present in polymer-like materials, the fillers act like stress concentrators, facil-
itating load transfer. In turn, the filler-filled composite increases. Furthermore, better
filler-matrix adhesion results in higher strength in the composite. Moreover, FLG incorpo-
ration does not adversely affect the impact resistance of the polyolefin blend composites.
In general, rigid fillers have two opposing effects on the impact strength of a filler-filled
composite. One effect is its role as a defect center, responsible for reducing the impact
strength of the composite. Another role is to resist the crack, which is responsible for
increasing the impact strength of the composite. When these two effects counterbalance
each other, the impact strength of the filler-filled composite may remain unchanged. How-
ever, the impact strength of a filler-filled composite can also be influenced by filler-matrix
adhesion, filler loading, and the interfacial properties of the composite. The preservation of
mechanical properties coupled with the enhancement of stiffness underscores the potential
of FLG as a multifunctional filler in polyolefin blend systems. However, the presence of
graphene reduced the ductility of the composite, irrespective of the composition of the
sample. In general, the presence of rigid particles like few-layer graphene restrains the
mobility of polymer chains, which results in a reduction in the ductility of the filler-filled
polymer composite.

Furthermore, FLG demonstrates a UV stabilizing effect on polyolefin composites,
reducing the formation of carbonyl content, indicative of UV degradation of polymers.
Usually, light-absorbing groups (chromophores), as internal or external components in
polymer materials, initiate photodegradation [51]. Initially, chromophores absorb photons
from UV radiation and become excited. These excited chromophores then break down into
free radicals due to further UV exposure in the presence of oxygen. These free radicals attack
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the polymer chains and propagate the photodegradation process. The presence of graphene
in the polymer matrix can decelerate the photodegradation process by absorbing photons.
Additionally, graphene can interact with excited chromophores, absorbing their energy and
releasing it as heat, which is known as the quenching effect. Moreover, the 7-conjugated
electrons in graphene can react with free radicals, neutralizing them and thereby slowing
down the photodegradation of the polymer material via the free radical scavenging effect of
graphene. Apart from these chemical effects of graphene, it can also act as a physical barrier
against oxygen diffusion through the polymer matrix due to its two-dimensional geometry.
It has been noticed that the UV stabilizing effect of FLG is more pronounced in PE-rich
blends compared to PP-rich blends, highlighting the differential susceptibility of PE and
PP to UV degradation. PP exhibits a comparatively higher sensitivity to UV degradation,
potentially attributed to the presence of tertiary carbon atoms within the polymer chain [52].
The tertiary carbon atom can be readily attacked by UV radiation, which makes PP more
susceptible to UV degradation than PE. The presence of FLG mitigates UV-induced surface
cracking and preserves the ductility of the composite materials, further emphasizing its
role in enhancing the durability and performance of polyolefin blend composites under
UV exposure.

4. Conclusions

This study underscores the notable influence of FLG inclusion on the electrical conduc-
tivity, mechanical properties, and UV protection of polyolefin blend composites, as follows:

e  The addition of FLG results in electrically conductive, mechanically strong, and more
durable PE/PP blend composites.

e  The application of shear-induced deformation in molten conditions can change the phase
morphology of the blend composite, yet the electrical conductivity remains unaffected,
highlighting the resilience of the conductive network within the FLG-filled composites.

e Only 4 wt.% (~2 vol.%) of commercial-grade and low-cost FLG could induce an
electrical conductivity of the order of 1.87 x 107° S/cm (semi-conductive zone) in
PE/PP—60/40.

As little as 1 wt.% FLG is adequate to retard the UV degradation of polyolefin composite.
FLG demonstrates a UV stabilizing effect, more pronounced in PE-rich blends, miti-
gating UV-induced surface cracking and preserving ductility.

In conclusion, FLG offers a versatile solution for designing a reinforced electrostatic
dissipative polyolefin composite with improved UV resistance. By understanding the
interplay between FLG dispersion, morphology, and filler-polymer interactions, it is possi-
ble to tailor the properties of these composites for a variety of applications, from electric
applications (semi-conductive separators in power cables, electro-dissipating packaging
materials, etc.) to outdoor structural components.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst14080687/s1. ~ Figure S1: FTIR spectra of neat (a) PE,
PE/PP-20/8, PE/PP-60/40 and PP samples, and FTIR spectra of neat (b) PE, (c) PE/PP-20/8,
(d) PE/PP-60/40 and (e) PP samples indicating the carbonyl growth after UV exposure within the
wave number range of 1680 to 1800 cm~!. Figure S2: Electrical conductivity of PE/PP-60/40 blend
composite with 5 wt.% FLG; premixed with PP phase and premixed with PE phase. Figure S3:
Distribution of PE droplet size in neat and FLG-filled PE/PP-20/80 blend composite with 1 and
2 wt.% of FLG, respectively, after deformation by 250 strain. Figure S4: SEM image of 2 wt.% FLG-
filled PE/PP-20/80 blend composite after deformation, red arrows indicate the deformation-driven
migration of FLG from PP phase to PE droplet surface. Figure S5: Tensile strength of PE, PE/PP
blends and PP composites as a function of FLG concentration. Figure S6: SEM images of the surface
appearance of a polyolefin sample before UV exposure. Table S1: The parameters and corresponding
values to calculate the shear rate to ensure droplet coalescence during the coalescence test.
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Abstract: This work demonstrates how the addition of few-layer graphene (FLG) influences the
processability and mechanical properties of the mixed polyolefin waste stream (R-(PE/PP)). Three
different types of compounds were investigated: (1) R-(PE/PP) with FLG; (2) blends of R-(PE/PP)
with prime polyethylene (PE) or polypropylene (PP) or PP copolymer; and (3) R-(PE/PP) with
both the prime polymer and FLG. The processability was assessed by measuring the torque during
melt extrusion, the melt flow index (MFI), and viscosity of the compounds. Investigations of the
processability and mechanical properties of the composites indicate that the presence of FLG can
reinforce the composites without hindering the processability, an unusual but desired feature of rigid
fillers. A maximum increase in tensile strength by 9%, flexural strength by 23%, but a reduction in
impact strength were observed for the compounds containing R-(PE/PP), 4 wt.% FLG, and 9 wt.%
prime PP. The addition of FLG concentrations higher than 4 wt.% in R-(PE/PP), however, resulted in
higher tensile and flexural properties while preserving the impact strength. Remarkably, the addition
of 10 wt.% FLG increased the impact strength of the composite by 9%. This increase in impact strength
is attributed to the dominant resistance of the rigid FLG particles to crack propagation.

Keywords: graphene; mixed polyolefin; waste stream; processability; mechanical properties

1. Introduction

Over the recent years, polymer materials have demonstrated a promising role in
household as well as industrial applications. Consequently, plastic waste accumulation
is soaring. According to a survey by Deloitte [1], over 11 Mt of plastics were wasted
in Canada during 2016 only, and only 9% was recycled; around 4% was incinerated for
energy recovery and 87% was dumped into the environment. The estimated loss was CAD
7.8 billion for Canada.

Polyolefins (different types of polyethylene (PE) and polypropylene (PP)) are widely
used in packaging materials [2] and are heavily present in post-consumer plastic residues.
However, because they have comparable densities, they cannot be easily separated using
standard techniques available in most sorting facilities. The most straightforward solution
to recycle them consists of blending them and using them as is. However, this is quite
problematic as PE and PP are thermodynamically immiscible with each other, resulting
in a material with weak mechanical properties. Hence, this type of mixed plastic waste
is often directed to incineration and landfills [3]. Therefore, improving the properties of
mixed polyolefin waste streams is highly desired to enable the recycling of a huge portion
of polymer waste.

In general, the mechanical recycling of plastic waste involves mixing with a rigid filler,
prime polymer, or both [4]. In this regard, several investigations have been reported on the
influence of adding different copolymers [5-8], solid particles [9-12], and combinations of
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copolymers and solid particles [6,12-14] on the mechanical properties of prime polyolefin
mixtures. However, these studies cannot be, necessarily, applied to mixed polyolefin waste
due to many uncertainties such as polymer aging, presence of impurities, varied molecular
structure, and molecular weight. Hence, more research work on the improvement of the
mechanical properties of a mixed polyolefin waste stream is needed. A few studies are
available on the upgrade of mixed polyolefin waste streams [15-18], involving a copolymer
and a few rigid fillers. These additives in PE/PP blends mostly increase the impact strength
(impact toughness) and elongation at break (tensile toughness or ductility), but deteriorate
the strength and modulus (stiffness) compared to the unfilled blends. Generally, impact
modifying copolymers increase toughness but hinder the strength of the original material.
Unlike copolymers, inorganic rigid fillers act as stress concentrators and mostly increase
stiffness and strength but reduce toughness. Therefore, different dosages of mechanically
strong fillers and /or impact modifying copolymers need to be explored to obtain a better
balance of stiffness, strength, and toughness in the composite.

Concomitantly, graphene is a 2D carbonaceous filler with lightweight and excellent
mechanical strength. Moreover, commercially available few-layer graphene (FLG), mass-
produced from natural graphite by a mechanochemical exfoliation process, allows for an
economically viable use of graphene at an industrial scale. Although there have been
several reports on the effect of adding modified and unmodified graphene on electrical
properties [19-24], only a few have focused on the mechanical properties [19,25] of prime
PE/PP blends. Furthermore, the effect of the addition of FLG to improve the properties of
a mixed polyolefin waste stream, to our knowledge, has not been investigated. Therefore,
this study was conducted to analyze the potential of commercially available FLG, which is
less expensive than lab-grade graphene, to improve the properties of a mixed polyolefin
waste stream.

In this work, a mixed polyolefin waste stream (designated as R-(PE/PP) mixture was
melt blended with either FLG alone, a prime polymer alone (PE, PP homopolymer, or
PP copolymer), or FLG in combination with a prime polymer. To prepare the composites
containing R-(PE/PP) and FLG, the FLG concentration was varied from 1 to 10 wt.%. To
prepare the blends of R-(PE/PP), FLG, and each of the three prime polymers, only a 4 wt.%
loading was selected. Torque during extrusion, melt flow index (MFI), and viscosity of the
samples were measured to evaluate the influence of adding FLG on the processability of
the composites. In addition, the tensile, flexural, and impact properties of the composites
of R-(PE/PP) containing FLG and/or the prime polymers were evaluated. Finally, the
influence of adding FLG on the microstructure, and subsequently, the mechanical properties
of the composites were investigated by scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Materials

FLG powder (GrapheneBlack 3X) from NanoXplore Inc., Montreal, QC, Canada,
produced through a water-based environmentally friendly mechano-chemical exfoliation
process was used in this work. The average thickness of FLG is 6-10 atomic layers and the
lateral primary particle size is 1 to 2 pm. Loose clusters of primary particles form secondary
particles. The average lateral size of secondary particles is around 30 pum.

A R-(PE/PP) mixture sourced from a local recycler in Quebec was selected for this
work. According to the supplier’s information, the mixture contains around 30 to 40 wt.%
PP with less than 5 wt.% contamination (dye, ink, or pigment, etc.). Differential scan-
ning calorimetry (DSC) analysis of the R-(PE/PP) samples (Figure S1, provided in the
Supplementary Materials) indirectly confirmed the composition to be about PE/PP-60/40.

Masterbatches loaded with 30 wt.% FLG in three different prime polymers (PE ho-
mopolymer, PP homopolymer, and PP copolymer), provided by NanoXplore Inc., Montreal,
QC, Canada, were used in this work. In addition, a masterbatch obtained by adding 20 wt.%
FLG to the R-(PE/PP) was also prepared and used.
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The specifications of the masterbatch polymers used in the present work are summa-
rized in Table 1.

Table 1. Identification, MFI, and density of the polymers used in this work.

Masterbatch Polymer Commercial Name MEFI (g/10 min) Density (g/cm?)
R-(PE/PP) N/A >4 (230 °C, 2.16 kg) N/A
PE homopolymer Alathon H5618 17 (190 °C, 2.16 kg) 0.955
PP homopolymer Polypropylene 3720 WZ 20 (230 °C, 2.16 kg) 0.905
PP copolymer Formolene 2620 A 20 (230 °C, 2.16 kg) 0.900

2.2. Processing

Three types of composites were obtained:

Type 1: R-(PE/PP)/FLG composites by blending the R-(PE/PP) with the R-(PE/PP)/
FLG masterbatch to analyze the individual effect of adding FLG.

Type 2: R-(PE/PP)/prime polymer compounds by mixing the R-(PE/PP) with the
prime polymer (PE, PP homopolymer, and PP copolymer) to analyze the effect of adding
only the prime polymer.

Type 3: R-(PE/PP)/prime polymer/FLG composites by mixing the R-(PE/PP) with
the prime polymer/FLG masterbatch to investigate the combined effect of adding the
prime polymer and FLG.

All of the samples were processed in a HAAKE twin-screw extruder, (Rheomex OS
PTW16/40) at 150 rpm, and 200 °C in all zones. Table 2 summarizes the nomenclature and
corresponding compositions of the samples.

Table 2. Sample nomenclature and respective composition of the samples.

Tvoe of R-(PE/PP) Prime Polymer FLG
Con}:poun ds Samples Nomenclature Concentration Concentration Concentration
P (Wt.%) (Wt.%) (Wt.%)

As received
mixed polyolefin R-(PE/PP) 100 0 0
waste stream

R-(PE/PP)/FLG = 99/1 99 0 1
Type1 R-(PE/PP)/FLG = 96/4 9% 0 4
R-(PE/PP)/FLG = 93/7 93 0 7
R-(PE/PP)/FLG =90/10 90 0 10
R-(PE/PP)/PE/FLG =
87713 87 13 0
Tvpe 2 R-(PE/PP)/PP/FLG =
yp 87713 87 13 0
R-(PE/PP)/PPcop/FLG
—57/13 87 13 0
R-(PE/PP)/PE/FLG =
57/9/4 87 9 4
Type 3 R-(PE/PP)/PP/FLG =
yp 67/9/4 87 9 4
R-(PE/PP)/PPcop/FLG
_87/9/4 87 9 4

In the case of the Type 3 composites, 4 wt.% concentration of FLG was selected for
further investigation. This choice was based on the performance of Type 1 composites,
which, after the addition of 4 wt.% FLG, started to exhibit observable differences in the
mechanical properties of the composites. Therefore, 87 wt.% R-(PE/PP) was blended with
the 13 wt.% prime polymer/FLG masterbatch, resulting in Type 3 composites with 4 wt.%
FLG. The final composition resulted in the R-(PE/PP)/prime polymer/FLG = 87/9/4.
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2.3. Characterizations
2.3.1. Melt Flow Index (MFI)

A melt flow index (MFI) tester (manufactured by International Equipments, Mumbai,
India) was used to estimate the MFI of the samples according to ASTM D1238.

2.3.2. Rheological Properties

A capillary rheometer (model: Instron SR20) was used to measure the viscosity of
the samples at 200 °C at a shear rate varying from 50 s~! to 1000 s~!. This range was
selected because it includes the shear rate that the polymer undergoes during the extrusion
or injection processes. The length and diameter of the capillary were 40 mm and 1 mm,
respectively, resulting in an L/D ratio of 40.

2.3.3. Mechanical Properties

An MTS Alliance RF/200 tensile test device was used to study the tensile and flexural
properties of the samples. Tensile properties were studied according to ASTM D638 at
a crosshead speed of 50 mm/min to measure the tensile strength, tensile modulus, and
elongation at break, at room temperature. Flexural strength and modulus were analyzed
according to ASTM D790 with a 0.1 (mm/mm)/min outer fiber strain rate (Z). For each
case, a 10 kN load cell was used.

An impact strength tester device (manufactured by International Equipments, Mumbai,
India) was used to measure the notched impact strength of the samples. The impact
strength was evaluated according to ASTM D256. A motorized notch cutter (manufactured
by International Equipments, Mumbai, India) was used to make notches in the samples.

At least five specimens of each composite were tested at room temperature to report
the tensile, flexural, and impact properties. The average value is reported along with the
standard deviation.

2.3.4. Morphological Characterization

A SEM 53600-N Hitachi (Model: MEB-3600-N) was used to obtain scanning electron
microscope (SEM) images of the samples’ fractured surface. The FLG powder was attached
to the double-sided carbon tape without any gold coating to obtain the SEM image. To
obtain the SEM images of the composites, the samples were cryo-fractured to analyze the
morphology. In addition, a few samples were fractured by applying an impact load. A
Gold Sputter Coater (Model: K550X) was used to coat the surface of the compounds before
taking the SEM images.

3. Results and Discussions
3.1. Rheological Properties

The MFI values (Figure S2, provided in the Supplementary Materials) of the neat
R-(PE/PP) and FLG-filled composites (Type 1 and Type 3) were found to be independent
of the studied additive concentrations and types. Similarly, the applied torque during
extrusion remained at 48 &= 1 Nm, irrespective of the FLG concentration in the composites.
Both observations indicate that unlike other solid particles [26,27], which adversely affect
the processability and flow properties of the polymeric materials, FLG had very little or no
effect on the flow behavior of the R-(PE/PP) when added up to 10 wt.%.

Furthermore, Figure 1 shows the viscosity as a function of shear rate at 200 °C (pro-
cessing temperature) for a few of the studied compounds. It can be seen that the viscosity
of the materials was not affected by the addition of graphene. This can be attributed to the
lubrication effect of FLG [28]. Similar findings were reported by the co-authors in a previ-
ous study regarding prime high density polyethylene (HDPE)/recycled HDPE/FLG blend
composites [4]. Another study [28] reported similar results for HDPE/graphite composites.
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Figure 1. Apparent viscosity of the neat R-(PE/PP) and the additive (FLG, prime polymer) filled
R-(PE/PP) samples at 200 °C as a function of shear rate.

3.2. Mechanical Properties

The tensile and flexural properties of the R-(PE/PP)/FLG composites (Type 1) as a
function of FLG concentration were investigated. Figure 2a shows the tensile and flexural
strengths, and Figure 2b shows the tensile and flexural moduli of the studied compounds.
Figure 2c displays their impact strength, and Figure 2d indicates their tensile toughness
and elongation at break.

From Figure 2a,b, it can be observed that the presence of FLG resulted in an increase
in the strength and modulus (stiffness) of the composites when compared to the one of
the unfilled R-(PE/PP). The most significant increases in the tensile, flexural, and impact
properties were observed for the R-(PE/PP)/FLG = 90/10 composite. These increases in
strength and stiffness can be attributed to the reinforcement effect of the FLG particles in the
R-(PE/PP). Previously, a similar reinforcing behavior of carbon fiber [9], glass beads [10],
short glass fiber [11], and wood flour [29] in a controlled PE/PP blend system has been
reported in the literature.

40
® Tensile strength (a)

35 | ®Flexural strength

30 A

25 A

20
15
10 -
0 1 4 7

Concentration of FLG (wt.%)

Strength (MPa)

10

Figure 2. Cont.

80



Crystals 2023, 13, 358

2.5 | ® Tensile modulus |
u Flexural modulus (b)
2.0 -
g
U 1.5
g
= 1.0 -
=
S
= 0.5 -
0.0 -
10
Concentratlon of FLG (wt %)
70
u Impact strength (c)
60
ié‘ 50 |
=
=40
=3
@30 1
£20 1
]
£10 -
0 —— — T L — T B —
0 10
Concentration of FLG (wt.%)
10 60%
_ u Tensile toughness (d) uﬁ
§ g | e Elongation at break i 50%?\3
= 2
- - 40% S
2 6 =
< - 30% =
g 4 g
o - 20%%
3 : &
= 2 & s [T =
ﬁ s
0 - - - 0%
0 1 10

Concentration of FLG (wt. %)

Figure 2. (a) Tensile strength and flexural strength, (b) tensile modulus and flexural modulus and
(c) impact strength, and (d) tensile toughness and elongation at break of the R-(PE/PP)/FLG compos-
ites as a function of FLG concentration.

As illustrated in Figure 2¢, the addition of 1 wt.% FLG resulted in a reduced impact
strength while 4 and 7 wt.% FLG did not reduce the impact strength of the composites.
However, an increase in the impact strength was observed in the R-(PE/PP)/FLG = 90/10
composite. This unusual trend in the impact strength by the addition of rigid fillers has
only been reported in a few studies, and was attributed to the resistance of the rigid filler
particles to crack propagation throughout the composite [30].
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Both elongation at break and tensile toughness of the FLG-filled composites decreased
as the FLG concentration increased, as can be seen in Figure 2d. This is a common effect of
the addition of rigid fillers and has been reported in the literature [12,31].

It is worth noting that the increase in the FLG loading yielded the opposite effect on
the tensile toughness and impact resistance of the Type 1 composites. Possible reasons
explaining this difference are presented in the Discussion section.

Mechanical properties of the Type 2 (R-(PE/PP)/prime polymer = 87/13) and Type 3
(R-(PE/PP)/prime polymer/FLG = 87/9/4) composites are summarized in Figure 3. The
tensile strength, flexural strength, tensile modulus, flexural modulus, elongation at break,
tensile toughness (estimated by the calculating the area underneath the stress—strain curve),
and impact strength are, respectively, presented in Figure 3a—g, as a function of the type of
prime polymer present in the Type 2 and Type 3 composites.

As observed in Figure 3a—d, the Type 3 composite containing both the prime polymer
(PE or PP) and FLG presented higher tensile and flexural properties than that of the neat
R-(PE/PP) and respective Type 2 samples. For example, with 4 wt.% FLG and 9 wt.% PP,
the flexural strength of Type 3 was 21% higher than the corresponding one of the Type 2
composite with 13 wt.% PP.

However, the Type 2 composites showed a higher elongation at break, tensile tough-
ness, and impact strength than the corresponding ones of Type 3. A substantial increase
in the impact strength and ductility was observed in the Type 2 composite containing the
PP copolymer. Precisely, the addition of the impact-modifying PP copolymer resulted in a
sharp increase in the fracture toughness by 132% for Type 2 and by 50% for Type 3 when
compared to the neat R-(PE/PP). A similar effect resulting from the addition of copolymers
has been reported [5-8].
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Figure 3. (a) Tensile strength, (b) flexural strength, (c) tensile modulus, (d) flexural modulus,
(e) elongation at break, (f) tensile toughness, and (g) impact strength of the Type 2 and Type 3
samples as a function of the type of the used prime polymer. The properties of the as received
R-(PE/PP) are presented by the black bars as a baseline.

3.3. Morphology

Figure 4 shows the SEM images of the cryo-fractured surface of (a) R-(PE/PP), (b) and
(c) R-(PE/PP)/FLG = 96/4 and (d) FLG powder.

In Figure 4a,b, two different phases are visible. The rough phase corresponds to PE
and the smooth phase to PP. PP has a much higher glass transition temperature than PE.
During cryo-fracturing, PP dips below its glass transition temperature much easier than
the case for PE. Consequently, the PE undergoes ductile fracture while the PP undergoes
brittle fracture [18]. Although PE was the major component of the mixed polyolefin waste
stream of this work, the area of the PE phase domain was smaller than that of the PP phase.
In the case of an immiscible polymer blend, the morphology is directly dependent on the
viscosity ratio of the constituting polymer components at the processing conditions. In
the PE/PP immiscible blend systems, PP can form the matrix of the blend morphology
with minor weight contribution, if the viscosity of PP is less than that of PE. A similar
observation of creating a matrix by the minor component of the blend has been reported in
the literature [18]. The authors showed this observation in the case of a PE/PP-65/35 blend
where the viscosity of PE was 500 Pa-s and the viscosity of PP was 300 Pa-s.

Moreover, Figure 4c indicates the localization of FLG in the PE phase, which was
similar to the observations by other authors [23]. The SEM image of the FLG powder on
carbon tape is provided in Figure 4d as a reference and for the purpose of comparison. The
preferential localization of FLG in the PE phase is attributed to lower interfacial tension
between PE and graphene than that of PP and graphene [32]. Moreover, it is observed
that the addition of FLG resulted in a finer or elongated domain size of the PE phase in
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the R-(PE/PP)/FLG = 96/4 composite compared to that of the neat R-(PE/PP). A similar
refinement of morphology in the presence of FLG has been reported by other authors [4].

Figure 4. SEM images of (a) neat R-(PE/PP), (b,c) R-(PE/PP)/FLG = 96/4, and (d) FLG powder; in
(a,b), the domain of the PE phase is marked by a white outline and in (c), the localization of FLG in
the PE phase is marked by the red arrow to guide the readers’ eyes.

3.4. Discussion

As shown in Figure 1, the viscosity of the FLG-filled composites remained independent
of the loading of FLG. The observed torque during extrusion and the MFI values (provided
in Figure S2 of Supplementary Materials) also support this finding. Therefore, it can be
stated that FLG loadings up to 10 wt.% do not affect the processability of the composites.
This may be the outcome of commensurable contacts of filler agglomerates, which maintain
both the slippage and mobility of the molten polymer chain in the filled composites, similar
to the unfilled compound (i.e., lubricant effect) [28].

It was observed that in the Type 1 composites, higher loadings of FLG increased both
the tensile and flexural strength and modulus of the composites. This is attributed to the
reinforcing effect of strong solid particles [9,11,29] such as FLG. Furthermore, decreasing
trends of both elongation at break and tensile toughness were observed at increasing
concentrations of FLG. In contrast, the impact strength (fracture toughness) behavior
as a function of FLG loading showed a different trend. Low (1 wt.%), medium (4 and
7 wt.%), and high loadings (10 wt.%) of FLG resulted in reduced, similar, and increased
impact strength, respectively, compared to the one of neat R-(PE/PP). In particular, the
R-(PE/PP)/FLG =90/10 composites showed an increase in the fracture toughness but a
decrease in elongation at break and tensile toughness. In homogeneous or single-phased
materials, both impact toughness and tensile toughness follow a similar trend of variation.
More complicated trends might be at play in heterogeneous or multiphase composite
systems. In fact, the elongation at break of a polymer composite depends mostly on the
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extent of the polymer chains” mobility while the impact strength depends on the rate
of crack propagation throughout the compound. Solid particles reinforcing the polymer
composites may have a positive or negative effect on the impact strength by acting either as
defect centers [33] or crack resisting points [30], depending on their strength and stiffness.
In other words, the overall impact strength of the solid particle filled blend composites is the
outcome of the competition between the negative effect of a filler as a defect center and the
positive effect of the crack resistance of the filler. A higher impact strength of the composite
can be achieved if the loading of the rigid filler is within an optimum concentration range
where the crack propagation resistance of the filler is the dominant factor. In this work,
the reduction in the impact strength of the R-(PE/PP)/FLG = 99/1 composite indicates
that 1 wt.% FLG was not within the desired optimum concentration range to overcome the
negative effect of fillers as defect centers in the composite. On the other hand, the increased
impact strength of the R-(PE/PP)/FLG = 90/10 composite suggests that 10 wt.% FLG was
adequate and within the optimum concentration range to increase the resistance to crack
propagation, and to overcome the negative effect of FLG as a defect center, on the impact
toughness of the composite. For reference, the SEM images of the fractured surfaces of
the neat R-(PE/PP), R-(PE/PP)/FLG = 96/4, and R-(PE/PP)/FLG = 90/10 composites are
shown in Figure 5a—c, respectively.

Figure 5. SEM images of the fractured surface of the (a) neat R-(PE/PP), (b) R-(PE/PP)/FLG =96/4,
and (c¢) R-(PE/PP)/FLG = 90/10. The arrows indicate a few of the FLGs, visible on the fractured
surface of the R-(PE/PP)/FLG composites.

It can be seen in Figure 5b,c that more FLG was visible in the R-(PE/PP)/FLG =90/10
composite than in the R-(PE/PP)/FLG = 96/4 composite. In other words, R-(PE/PP)/FLG-
90/10 (shown in Figure 5c) had more impact crack resisting sites than the neat R-(PE/PP)
and R-(PE/PP)/FLG = 96/4 (as can be seen in Figure 5b)). This phenomenon resulted
in a higher impact strength for the R-(PE/PP)/FLG = 90/10 composite. However, the
polymer chain mobility or slippage of the polymer chains in the solid state was restricted
by strong and rigid FLG, which reduced the elongation at break of R-(PE/PP)/FLG =90/10.
Simultaneous increment in the impact toughness and reduction in the tensile toughness in
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the same composite was also observed by Antimo et al. [25] in a PE/PP-90/10 composite
with 4 wt.% graphene derivatives.

Based on the analysis of the plots in Figures 2 and 3, it can be concluded that R-
(PE/PP)/FLG =90/10, R-(PE/PP)/PP/FLG = 87/9/4, and R-(PE/PP) /PPcopolymer = 87/13
compounds have shown significant improvement in different properties compared to that
of the unmodified R-(PE/PP). Table 3 shows the variation in the mechanical properties of
the best performing samples in this work.

Table 3. Mechanical property variation (%) in compounds showing a significant change in properties
compared to the neat R-(PE/PP).

Property Variation (%)

Type 2

ropees ARisd DRIMINI e edaihows
PPcopolymer
Tensile strength 24 MPa +4% —6% +9%
Tensile modulus 1.4 GPa +60% —7% +37%
Flexural strength 30 MPa +16% —9% +23%
Flexural modulus 0.9 GPa +46% +1% +34%
EL‘:rl‘)grzta‘I‘:“ 34% ~80% +63% —80%
Tensile toughness 6 MPa —67% +39% —70%
Impact strength 55.5]/m +9% +132% —20%

Further analysis of the data presented in Table 3 suggests that, if the target application
requires an overall increase in the strength, stiffness, and fracture toughness in the mixed
polyolefin waste stream, then the addition of a higher loading of FLG is recommended.
Since any reprocessing step or inclusion of any additive (fillers or nanofillers) will increase
the cost of R-(PE/PP), the addition of a higher loading of FLG will increase the price of
the R-(PE/PP)/FLG composite. However, it is worth mentioning that an industrial grade
FLG was used in this work, which is more cost effective than other grades of carbon based
nanofillers such as carbon nanotubes (CNT). In addition, FLG has the potential to reduce
the photodegradation of polymer composites [34]. Therefore, it is expected that FLG-filled
composites feature a higher strength and durability compared to those of the unmodified
mixed polyolefin waste stream, at a cost of the added FLG. Finally, the presented approach
is intended to recover mixed plastic waste streams that have little or no value at the base
and are otherwise landfilled. For superior impact and tensile toughness, the strategy of the
mixing of R-(PE/PP) with a copolymer would be more useful. For applications requiring
higher strength and stiffness and less sensitivity to toughness, compounds containing both
prime PP and FLG would be interesting.

4. Conclusions

We investigated the influence of adding FLG on the processability and mechanical
properties of mixed polyolefin waste streams. FLG alone, the prime polymer (PE, PP,
or PP copolymer) alone, and FLG in combination with different prime polymers were
melt blended with the R-(PE/PP). MFI, effective torque during extrusion, and viscosity of
the FLG-filled composites remained unchanged for concentrations of FLG up to 10 wt.%.
Moreover, it was shown that the addition of 4 wt.% FLG in combination with prime PP
increased the tensile strength by 9%, the tensile modulus by 37%, the flexural strength by
23%, and the flexural modulus by 34%, but reduced the impact strength by 20% compared
to the respective properties of the neat R-(PE/PP). However, the addition of 10 wt.% of
FLG increased the tensile strength by 4%, tensile modulus by 60%, flexural strength by
16%, flexural modulus by 46%, and the impact strength by 9% compared to that of the
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neat R-(PE/PP). This desired increase in the tensile and flexural properties is attributed
to the reinforcing effect of FLG. The increase in the impact strength of R-(PE/PP)/FLG
with a higher loading (10 wt.%) of FLG was attributed to the resistance effect of strong FLG
particles to impact crack propagation.

Based on the experimental and morphological observations, this work reports that
FLG enables the processability of R-(PE/PP) while improving the mechanical properties of
FLG-filled R-(PE/PP) composites. This work outlines the possibility of channeling a mixed
polyolefin waste stream back to various regular applications with more strength, without
altering the processability. FLG-reinforced R-(PE/PP) composites can be used in outdoor
furniture and in the construction industry. As a result, the demand for virgin polymers
could be reduced, which would be a big step toward the protection of biodiversity and a
reduction in harmful gas emissions. Moreover, this study suggests a useful application of
commercially produced FLG.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst13020358 /s1, Figure S1: DSC analysis of unfilled R-(PE/PP),
Figure S2: MFI of (a) R-(PE/PP)/FLG composites as a function of the concentration of FLG and
(b) R-(PE/PP)/prime polymer/FLG composites as a function of the type of prime polymer.

Author Contributions: Conceptualization, SM.N.S., E.H., G.G., E.D., N.M. and N.R.D.; Methodology,
S.M.N.S,, E.H., E.D. and N.R.D.; Validation, S.M.N.S., E.H., G.G., E.D., N.M. and N.R.D.; Formal
analysis, SM.N.S,, EH., G.G., ED., N.M. and N.R.D.; Investigation, SM.N.S., E.H., E.D. and N.R.D,;
Resources, E.H., G.G., E.D., N.M. and N.R.D.; Writing—original draft, S.M.N.S.; Writing—review &
editing, E.H., G.G., E.D., N.M. and N.R.D,; Visualization, SM.N.S., E.H., E.D. and N.R.D.; Supervision,
EH., G.G, E.D.,, N.M. and N.R.D,; Project administration, E.H., G.G., E.D., N.M. and N.R.D.; Funding
acquisition, SML.N.S., E.D. and N.R.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by NanoXplore Inc.; Natural Sciences and Engineering Research
Council (grant number CRDPJ 538482—18); PRIMA Quebec (grant number R18-46-001); Fonds de
Recherche du Québec-Nature et Technologies (grant number 318813). The APC was funded by
discounts from Editorial Office, MDPI and IOAP of Ecole de Technologie Superieure (ETS) Montreal.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The author confirms that the data supporting the reported results can
be found within the article and its Supporting Materials. Raw data that supports the findings of this
work can be inquired to the corresponding authors, upon reasonable request.

Acknowledgments: The authors would like to thank Mazen Samara for his helpful feedback to
improve the language of this paper, Laure Castagna for preparing a few samples during her internship,
and Jose Carlos Ferreira Junior for the help in obtaining the SEM image of the FLG powder.

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

1.  Petigny, J.; Ménigault, C.; Luisce, T.; Harscoét, E.; David, A.; Mitsios, A.; Laberge, M.; Lysenko, D.; Moore, P.; Dimoff, A;
et al. Economic Study of the Canadian Plastic Industry, Markets and Waste: Summary Report to Environment and Climate
Change Canada. 2019, pp. 1-43. Available online: https://publications.gc.ca/site/eng/9.871296 / publication.html (accessed on

30 January 2023).

2. Jubinville, D.; Esmizadeh, E.; Saikrishnan, S.; Tzoganakis, C.; Mekonnen, T. A comprehensive review of global production and
recycling methods of polyolefin (PO) based products and their post-recycling applications. Sustain. Mater. Technol. 2020, 25,

e00188. [CrossRef]

3. Maris, J.; Bourdon, S.; Brossard, ].-M.; Cauret, L.; Fontaine, L.; Montembault, V. Mechanical recycling: Compatibilization of mixed
thermoplastic wastes. Polym. Degrad. Stab. 2018, 147, 245-266. [CrossRef]

4. Diallo, A.K.; Helal, E.; Gutiérrez, G.; Madinehei, M.; David, E.; Demarquette, N.; Moghimian, N. Graphene: A multifunctional
additive for sustainability. Sustain. Mater. Technol. 2022, 33, e00487. [CrossRef]

87



Crystals 2023, 13, 358

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Vranjes, N.; Rek, V. Effect of EPDM on Morphology, Mechanical Properties, Crystallization Behavior and Viscoelastic Properties
of iPP+HDPE Blends. Macromol. Symp. 2007, 258, 90-100. [CrossRef]

Parameswaranpillai, J.; Parambil, H.P.; Sanjay, M.R.; Siengchin, S. Polypropylene/high-density polyethylene based blends and
nanocomposites with improved toughness. Mater. Res. Express 2019, 6, 075334. [CrossRef]

Blom, H.; Teh, J.; Rudin, A. I-PP/HDPE blends. III. Characterization and compatibilization at lower i-PP contents. . Appl. Polym.
Sci. 1996, 61, 959-968. [CrossRef]

Yang, M.; Wang, K.; Ye, L.; Mai, Y.-W.; Wu, J. Low density polyethylene-polypropylene blends: Part 2—Strengthening and
toughening with copolymer. Plast. Rubber Compos. 2003, 32, 27-31. [CrossRef]

Hsieh, C.-T.; Pan, Y.-J.; Lin, J.-H. Polypropylene /high-density polyethylene/carbon fiber composites: Manufacturing techniques,
mechanical properties, and electromagnetic interference shielding effectiveness. Fibers Polym. 2017, 18, 155-161. [CrossRef]
Qiu, G.-X.; Raue, E; Ehrenstein, G.W. Mechanical properties and morphologies of PP/mPE/filler composites. J. Appl. Polym. Sci.
2002, 83, 3029-3035. [CrossRef]

Ramos, M.A.; Belmontes, F.A. Polypropylene/low density polyethylene blends with short glass fibers. II: Effect of compounding
method on mechanical properties. Polym. Compos. 1991, 12, 1-6. [CrossRef]

Ghasemi, FA.; Daneshpayeh, S.; Ghasemi, I. Multi-response optimization of impact strength and elongation at break of
nanocomposites based on polypropylene/polyethylene binary polymer matrix in the presence of titanium dioxide nanofiller. J.
Elastomers Plast. 2017, 49, 633—-649. [CrossRef]

Parameswaranpillai, J.; Elamon, R.; Sanjay, M.R.; Siengchin, S. Synergistic effects of ethylene propylene diene copolymer and
carbon nanofiber on the thermo-mechanical properties of polypropylene/high-density polyethylene composites. Mater. Res.
Express 2019, 6, 085302. [CrossRef]

Mofokeng, T.G.; Ray, S.S.; Ojijo, V. Structure-property relationship in PP/LDPE blend composites: The role of nanoclay localization.
J. Appl. Polym. Sci. 2018, 135, 46193. [CrossRef]

Fang, C.; Nie, L,; Liu, S.; Yu, R;; An, N; Li, S. Characterization of polypropylene—polyethylene blends made of waste materials
with compatibilizer and nano-filler. Compos. Part B Eng. 2013, 55, 498-505. [CrossRef]

Karaagac, E.; Koch, T.; Archodoulaki, V.-M. The effect of PP contamination in recycled high-density polyethylene (rPE-HD) from
post-consumer bottle waste and their compatibilization with olefin block copolymer (OBC). Waste Manag. 2021, 119, 285-294.
[CrossRef]

Najafi, S.K.; Hamidinia, E.; Tajvidi, M. Mechanical properties of composites from sawdust and recycled plastics. J. Appl. Polym.
Sci. 2006, 100, 3641-3645. [CrossRef]

Kazemi, Y.; Kakroodi, A.R.; Rodrigue, D. Compatibilization efficiency in post-consumer recycled polyethylene/polypropylene
blends: Effect of contamination. Polym. Eng. Sci. 2015, 55, 2368-2376. [CrossRef]

Al-Saleh, M.H. Electrical, EMI shielding and tensile properties of PP/PE blends filled with GNP:CNT hybrid nanofiller. Synth.
Met. 2016, 217, 322-330. [CrossRef]

Du, B.X,; Hou, Z.H.; Lj, J.; Li, Z.L. Effect of graphene nanoplatelets on space charge and breakdown strength of PP/ULDPE
blends for HVDC cable insulation. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 2405-2412. [CrossRef]

Wei, Z.; Hou, Y,; Jiang, C.; Liu, H.; Chen, X.; Zhang, A ; Liu, Y. Graphene Enhanced Electrical Properties of Polyethylene Blends
for High-Voltage Insulation. Electron. Mater. Lett. 2019, 15, 582-594. [CrossRef]

Mun, S.C.; Kim, M.].; Cobos, M.; Gu, L.; Macosko, C.W. Strategies for interfacial localization of graphene/polyethylene-based
cocontinuous blends for electrical percolation. AICKE ]. 2019, 65, €16579. [CrossRef]

Tu, C.; Nagata, K.; Yan, S. Morphology and electrical conductivity of polyethylene/polypropylene blend filled with thermally
reduced graphene oxide and surfactant exfoliated graphene. Polym. Compos. 2017, 38, 2098-2105. [CrossRef]

Tu, C.; Nagata, K.; Yan, S. Dependence of Electrical Conductivity on Phase Morphology for Graphene Selectively Located at the
Interface of Polypropylene/Polyethylene Composites. Nanomaterials 2022, 12, 509. [CrossRef] [PubMed]

Graziano, A.; Garcia, C,; Jaffer, S.; Tjong, J.; Sain, M. Novel functional graphene and its thermodynamic interfacial localization in
biphasic polyolefin systems for advanced lightweight applications. Compos. Sci. Technol. 2020, 188, 321-329. [CrossRef]

Lago, E.D.; Cagnin, E.; Boaretti, C.; Roso, M.; Lorenzetti, A.; Modesti, M. Influence of Different Carbon-Based Fillers on Electrical
and Mechanical Properties of a PC/ABS Blend. Polymers 2020, 12, 29. [CrossRef]

Koodehi, A.V.; Koohi, A.D. Optimization of Thermal Stability of High-Density Polyethylene Composite Using Antioxidant,
Carbon Black and Nanoclay Addition by a Central Composite Design Method: X-ray Diffraction and Rheological Characterization.
J. Macromol. Sci. Part B 2018, 57, 660-678. [CrossRef]

Ferreira, E.H.C.; Andrade, R.J.E.; Fechine, G.J.M. The “Superlubricity State” of Carbonaceous Fillers on Polyethylene-Based
Composites in a Molten State. Macromolecules 2019, 52, 9620-9631. [CrossRef]

Feng, Y.; Yuan, Z.; Sun, H.; He, H.; Zhang, G. Toughening and reinforcing wood flour/polypropylene composites with high
molecular weight polyethylene under elongation flow. Compos. Sci. Technol. 2020, 200, 108395. [CrossRef]

Juan, L. Simultaneous Improvement in the Tensile and Impact Strength of Polypropylene Reinforced by Graphene. J. Nanomater.
2020, 2020, 7840802. [CrossRef]

Batista, N.L.; Helal, E.; Kurusu, R.S.; Moghimian, N.; David, E.; Demarquette, N.R.; Hubert, P. Mass-produced graphene—HDPE
nanocomposites: Thermal, rheological, electrical, and mechanical properties. Polym. Eng. Sci. 2019, 59, 675-682. [CrossRef]

88



Crystals 2023, 13, 358

32. Tu, C,; Nagata, K;; Yan, S. Influence of melt-mixing processing sequence on electrical conductivity of polyethylene/polypropylene
blends filled with graphene. Polym. Bull. 2017, 74, 1237-1252. [CrossRef]

33. Dikobe, D.; Luyt, A. Thermal and mechanical properties of PP/HDPE/wood powder and MAPP/HDPE/wood powder polymer
blend composites. Thermochim. Acta 2017, 654, 40-50. [CrossRef]

34. Karimi, S.; Helal, E.; Gutierrez, G.; Moghimian, N.; Madinehei, M.; David, E.; Samara, M.; Demarquette, N. A Review on
Graphene’s Light Stabilizing Effects for Reduced Photodegradation of Polymers. Crystals 2021, 11, 3. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

89



crystals

Article

Tailoring the Graphene Properties for Electronics by Dielectric

Materials

Isaac Appiah Otoo !, Aleksandr Saushin !, Seth Owusu !, Petri Karvinen !, Sari Suvanto 2, Yuri Svirko !,
Polina Kuzhir ! and Georgy Fedorov 1'*

Citation: Otoo, [.A.; Saushin, A.;
Owusu, S.; Karvinen, P; Suvanto, S.;
Svirko, Y.; Kuzhir, P.;; Fedorov, G.
Tailoring the Graphene Properties for
Electronics by Dielectric Materials.
Crystals 2024, 14, 595. https://
doi.org/10.3390/ cryst14070595

Academic Editors:
Justina Gaidukevic and

Jurgis Barkauskas

Received: 3 June 2024
Revised: 18 June 2024
Accepted: 23 June 2024
Published: 27 June 2024

Copyright: © 2024 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 (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physics and Mathematics, University of Eastern Finland, FI-80100 Joensuu, Finland;
isaac.appiah.otoo@uef.fi (I.A.O.); aleksandr.saushin@uef.fi (A.S.); sowusu@student.uef.fi (S.0.);
petrikarvinen@uef fi (P.K.); yuri.svirko@uef.fi (Y.S.); polina.kuzhir@uef.fi (P.K.)

Department of Chemistry, University of Eastern Finland, FI-80100 Joensuu, Finland; sari.suvanto@uef.fi
*  Correspondence: georgy.fedorov@uef.fi

Abstract: Tunability of properties is one of the most important features of 2D materials, among which
graphene is attracting the most attention due to wide variety of its possible applications. Here, we
demonstrated that the carrier concentration in graphene can be efficiently tuned by the material of the
dielectric substrate on which it resides. To this end, we fabricated samples of CVD-grown graphene
transferred onto silicon wafers covered with alumina, titanium dioxide, and silicon dioxide. We
measured the transmission spectra of these samples using a time-domain terahertz spectrometer and
extracted the Drude frequency-dependent graphene conductivity. We found that the sheet resistance
of graphene is strongly affected by the underlying dielectric material, while the carrier scattering
time remains the same. The carrier concentration value was found to range from 7 x 10'! /cm? in the
case of alumina and 4.5 x 10'2/cm? in the case of titanium dioxide. These estimations are consistent
with what can be extracted from the position of the G-peak in the Raman spectra of graphene. Our
results show a way to control the graphene doping level in applications where it does not have to
be adjusted.

Keywords: graphene; synthesis; Raman; terahertz

1. Introduction

Graphene has attracted a lot of attention during the last decades because of its unique
electronic properties giving it enormous potential [1]. The everlasting interest graphene
has received is due to its remarkable electrical, mechanical, and optical properties [2]
that have a large promise for numerous applications [3-7]. These include an enormous
thermal conductivity [8] (up to 5 x 10° W/mK in the ref. [9]), high mobility of electrons
(2 x 10° cm? V~1 s71 [10]), and ability to absorb 2.3% of incident radiation in a wide spec-
tral range spanning from infrared to ultraviolet [6].

These properties of graphene are mainly governed by the concentration of charge
carriers that can be controlled via electrostatic [11] or chemical [12] doping. Correspond-
ingly, varying the carrier’s concentration by electrostatic doping allows one to control its
conductivity and absorptivity and to create graphene-based transistors [13], plasmonic
interferometers [14], optical switches [15], and other optoelectronic devices. However,
applications such as chemical sensing [16] often require graphene to be doped to a certain
constant level. This can be achieved either by exploring electrostatic doping by adding a
gate electrode to the device architecture or by chemical doping via graphene functionaliza-
tion. The former approach essentially complicates the fabrication process, while the latter
one introduces extra defects that may affect sensor performance.

It is known that underlying dielectric substrates are capable of providing constant
doping of deposited graphene and carbon nanotubes [17,18]. However, the origin of this ef-
fect is still unknown. Recent work [19] reported on the substrate effect on the THz dynamic
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conductivity of graphene transferred onto bare silicon, silicon coated with Si3N4 and silicon
coated with SiO,. The graphene layer electromagnetic response was described within the
Drude model and the DC surface conductivity as well as the scattering time were estimated
based on the transmission spectra of the graphene-coated substrate. It has been shown that
both the carrier scattering time and concentration depend on the substrate material. This
approach allows for the non-invasive characterization of graphene’s transport properties.
The methodology of graphene AC conductivity reconstruction developed in [19] relies on
the assumption that the THz response of graphene is not dependent on the THz dispersion
of the used dielectric substrate, which leads to substantial blurring of the conductivity
values reconstructed from the experimental data.

In this paper, we extended the approach developed in ref. [19] to show that the
properties of the charge carriers in graphene can be efficiently tuned by the material of
the dielectric substrate on which it resides. For this work, we have chosen three different
dielectric substrates with thicknesses ensuring good Raman signals [20] in order to estimate
the graphene doping level based on its Raman spectra [21]. Using THz time-domain
spectroscopy (TTDS), we measured the transmission spectra of graphene deposited on a
silicon wafer coated with SiO,, TiO,, or Al,O3. We compared the transmission spectra
of the substrate with and without graphene and used the transfer matrix technique [22]
to obtain the DC sheet resistance and the carrier scattering time of the graphene layer.
We further improved this simple and nondestructive methodology of measuring the AC
conductivity of supported graphene via THz transmission data analysis. We considered
consistently the contribution of the substrate as is, and then reconstructed the constitutive
parameters of the supported graphene from the THz spectra. It decreased the measurement
error down to less than 20%. We thus achieved an estimation of the carrier concentration
with an accuracy that is much better than that in ref [19]. Our results confirmed that the
THz conductivity of graphene can be well described by the Drude model and allowed
us to obtain the DC conductance and scattering time in our graphene samples. Using
this improved methodology, we obtained an important result, i.e., we demonstrated that
the scattering time is not sensitive to the substrate, indicating that the carrier’s mean free
path is determined by the defects introduced during the graphene synthesis and transfer
rather than the substrate material. On the other hand, the DC sheet resistance varied from
350 )/sq for graphene deposited on TiO, to 900 (2/sq for graphene deposited on Al,Os.
The graphene carrier concentration varied from 7 x 10!! /cm? on the alumina substrate to
4.5 x 1012 /cm? on the titanium dioxide substrate. These estimations are consistent with
those of the position of the G-peak in the Raman spectra of graphene [21]. We believe
that our results provide an opportunity to achieve a constant concentration of the charge
carriers in graphene without electrostatic and/or chemical doping.

The collected data of graphene doping due to the presence of conventional substrates
are in good agreement with those measured via Raman scattering and give even less
scattered results than those provided by the Raman technique. This approach allows for
treating the developed THz spectroscopy method of determining the carrier concentrations
and AC conductivity of supported graphene as a future standard methodology to support
graphene characterization. Moreover, through the reconstruction of the doping level of
supported graphene through its interaction with several dielectric substrates, we found the
most conductive and less defective samples, i.e., graphene supported by Al,O3 and TiO,.

2. Materials and Methods

In these experiments, we used commercial graphene samples (Graphenea) synthesized
on copper foil using the chemical vapor deposition (CVD) method and covered with a
65 nm layer of poly-methyl methacrylate (PMMA) on one side (see Figure 1). Graphene
was transferred onto silicon 275 um wafers covered with a layer of Al,O3 (96 nm) or
TiO, (150 nm) using atomic layer deposition (ALD). Additionally, we used a commercially
available silicon wafer covered with a 3 um thick layer of thermally grown SiO,.
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Figure 1. Schematic illustration of transferring graphene to substrate.

The transfer process started with etching graphene on the side of the copper foil
not covered with PMMA using an Oxford Instruments Plasmalab80 etcher. Then, to
dissolve the copper foil and get the graphene ready for transferring, we left the copper
with graphene overnight in an iron chloride (FeCls) solution consisting of 90 g of FeCls and
200 mL deionized water. After that, we moved the graphene/PMMA layer to a beaker with
deionized water to wash away the remains of the FeCls solution. Next, we transferred the
graphene to another beaker with new deionized water five times. Then we transferred the
graphene with PMMA on the target substrates and let it dry overnight. We next removed
the PMMA layer by keeping it in acetone for 30 min and dried the sample under air for
5 min. After that, each sample was washed in isopropanol for 5 min, dried under air,
washed in deionized water and dried one more time.

The samples were characterized by measuring their Raman spectra in the 1100 to
3500 cm~! range by using 514 and 785 nm excitation wavelengths at 25 and 150 mW
power, respectively.

As the main characterization technique, we employed transmission spectroscopy. The
transmission of the samples in the THz range was studied with a time-domain spectrometer
(TDS) (TeTechS, Waterloo, ON, Canada) based on a femtosecond laser with 795 nm in the
transmission geometry with an aperture of 3 mm wavelength.

3. Results and Discussions

Figure 2a shows the SEM image of the graphene deposited onto a dielectric substrate.
The Raman spectra of the TiO;, SiO,, and Al,O3 substrates (blue curves) with the graphene
on them (red curves) are shown in Figure 2b—d, respectively. One can see that the SEM
image is typical for graphene and that the spectra are dominated by D, G and 2D peaks.
The D-peak lying around 1360 cm ™! is low in comparison with both the G and 2D peaks for
each sample, which means that the graphene does not have a lot of defects. The intensity
Ip of the 2D peak was more than two times that of the G peak (Ig) for all samples. It is an
indication of an unbent monolayer graphene. The exact peaks’ positions and I,p/Ig ratios
are presented in Table 1.

92



Crystals 2024, 14, 595

(b)

2000 T T T T T TT T T

1 1

B 1+ SifTiO, sample 2D peak1 B

1600 | : 2694 om’ J

st ; 1

® 1200 : J

%‘ & ‘ I 40cm” =
1 1

< 800} i Gpeak . ]
= i 1583 cm i
£ El :
400 20 cm :
1

BT= o0 comtAsiam ot 1500 2000 2500 3000 3500
Raman shift, cm
(c) (d)
6000 T TT T T T T TT T T 20000 T A T T T T TT T T
1 Si/SiO, sample | 2D peak - - 1 Si/AL,0, sample 2D peak E
o ' 16000 | . ! 2678 cm

. 1 . 1

3 1 =) o 1 1

: 4000 | 2

© ; © 12000 | : .
=2 | : = - |
0 [ ‘@ 1

5 1 Gpeak S 8000 I G peak :
- I = 1

£ 2000 1587 cm £ - 1 1583 cm” T

| 19.cm” 4000 | 25 em” -

.S I B i I R A S\ ]

1500 2000 2500 3000 3500 1500 2000 2500 3000 3500
. -1 . -1
Raman shift, cm Raman shift, cm

Figure 2. (a) SEM image and Raman spectra of graphene (red lines) and its substrates (blue lines),
(b) graphene on TiO;, (c) graphene on SiO,, (d) graphene on Al,Os.

Table 1. Results of Raman characterization. G- and 2D-peaks positions and I,p/Ig ratios were
obtained directly from the measured spectra. The concentration of the carriers was evaluated based
on the G-peak position following [21].

Graphene on TiO, Graphene on SiO, Graphene on Al,O3

Grpeak 1593 1587 1583
position (cm™")
FWHM of
G-peak (cm) 20+2 2042 2542
2D-peak 2694 2681 2678
position (cm™")
FWHM of
2D-peak (cm1) 40 +3 50 + 3 50 + 3
Lp/Ig 2.53 2.88 3.69
ns, 1012 /cm? 5+1 2405 +1

THz transmission spectroscopy allows one to measure the graphene surface conduc-
tivity (inverse of the sheet resistance) non-invasively [23], avoiding the lithography and
metallization process required for the four-probe sheet resistance measurements. This
approach was proven to be efficient in previous works. In our work, we used the transfer
matrix method [22] and the Drude model for dynamic dielectric permittivity to analyze the
measured spectra. We first fit the measured and simulated spectra for the bare substrate to
extract the Drude parameters (DC conductivity and scattering time) of the silicon wafer
and then used the same approach for graphene by fitting the corresponding spectra of
graphene-coated substrates.

The thickness and refractive index of the silicon wafer were obtained from the time
traces measured with the TDS. Figure 3 demonstrates typical time traces of the signal
recorded in the case of an empty aperture (blue curve) and the case of a S5i/TiO, substrate.
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The time trace of the signal in the case of the Si/TiO; substrate is delayed relative to the
case of the empty aperture and has an additional echo because of reflections inside the
substrate (see Figure 3, inset). Based on these two time traces we can calculate the refractive
index n and thickness d ;. of the substrates according to the following equations:

13—t
__fBzh 1
" tz3 — 3ty 4+ 211 ™
c(tp —t
dcalc: (712_11), ()

where c is the speed of light in a vacuum and ¢, t; and t3 are illustrated in Figure 3. The
results for all of the used substrates are summarized in Table 1. We note that the thick-
nesses of the silicon wafers we obtained using this method match the results of the direct
measurements and the wafer thickness value provided by the producer. The calculated
refractive indexes and thickness are presented in Table 2 along with the thicknesses dmeas
measured with a micrometer and one can see that they approximately match.

40 I I I I I
t1 |:| Signal without sample
Sample Main signal of sample
- t
: 20 | 2 -
© Echo of signal .
.és i ime
n
3
H -
IS 0
_20 1 1
0 20

Time, ps

Figure 3. Example of experimental time traces of the THz pulse propagating through the empty
aperture and through the Si/TiO, substrate.

Table 2. Refractive indexes: measured and calculated thicknesses of the samples.

Si/TiO, Si/SiO, Si/Al,O3
t, ps 25.28953 25.30211 25.25176
th, ps 2751762 27.49245 27.47986
ts, ps 33.78651 33.66062 33.74874
n 3.46 345 3.46
deate, LM 271.7 267.9 2717
dmeas, LM 275 275 275
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The THz transmission spectra of the substrates covered with graphene and without
it are illustrated in Figure 4a,b. The Fabri—Perot oscillations with a period depending on
the substrate’s thickness and refractive index are seen in each graph. We also note that in
the case of the bare substrate, transmittance tends to grow with frequency. This already
indicates that the Drude scattering time is comparable with the inverse of the characteristic
frequency. Transmission of the graphene-coated substrates is lower than that of the bare
ones in all frequency ranges due to the intrinsic conductance of the graphene. Figure 4c
shows the THz transmission spectra of the silicon substrates with 150 nm and 100 nm
layers of TiO,. One can see that the spectra match well enough. This illustrates first the
overall level of the reproducibility of the results. Secondly, it shows the lack of an effect of
the dielectric layer thickness on the THz transmission spectra.

(b) ()

1.0 T T T T T 1.0 T T T T T T T 0.6 T T T T T T T T
oo Fo I — sample with 150 nm of TiO,
o0g | SiTO;sample | SiALO; sample 0.5 k — sample with 100 nm of TiO,
c = c
K] K] K]
B o8 @ B 04
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(2] 7] 0N
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Figure 4. Experimental THz range transmission spectra of samples based on (a) Si/TiO,, (b) Si/ Al,O3
(blue lines—spectra of the substrate, red lines—spectra of the substrate covered with graphene) and
(c) experimental THz transmission spectra of silicon covered with 150 nm (red line) and 100 nm (blue
line) of TiO,.

The propagation of the radiation through the sample can be described in terms of
the transfer matrix method [22], which allows us to calculate the transmission, reflection,
and absorption through a stack of parallel layers with known dielectric functions &(w)
(the magnetic susceptibility is assumed to be the unit). The dielectric function of both the
substrate and silicon are described within the Drude model, implying as follows:

e(w) = €oo + 4711’2&, ®3)

where w is the frequency of the incident THz radiation and oy is the DC conductivity o(w
= 0). We first fit the transmission of the bare substrates using the silicon DC conductivity
and scattering time as fitting parameters. Importantly, the silicon refractive index thickness
is defined directly from the time traces. The scattering time turns out to be about 100 fs,
consistent with previous studies [24], while the conductivity ranges from 10 to 30 S/m.
Importantly the thickness of the ALD grown dielectric is much smaller that the radiation
wavelength, so taking it into account does not affect the results of the simulations. This
justifies considering the substrate as a uniform wafer with the thickness and refracted index
evaluated based on the time traces. The same applies to the silica-on-silicon substrates.
Next, we used the obtained dielectric function of the wafer and fit the transmission spectrum
of the graphene-coated substrate to evaluate the sheet resistance Ry, = 1/ 05 and scattering
for the graphene layer. In order to use Equations (3) and (4) for the graphene, we assume
that the graphene sheet thickness is d = 0.35 nm. Still, the obtained value of the graphene
sheet resistance does not depend on the graphene sheet thickness d, which is much smaller
than both the wavelength and skin depth.

95



Crystals 2024, 14, 595

A comparison of the simulated and measured transmission spectra of the bare sub-
strates is illustrated in Figure 5a and for the graphene-coated substrates in Figure 5b. The
resulting characteristics of the graphene evaluated based on the transmission spectra are
shown in Table 3.
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Figure 5. Experimental and theoretical THz spectra of Si/Al,O3 (a) substrate and (b) substrate
covered with graphene, blue lines—experimental spectra, red lines—calculated spectra.

Table 3. Drude parameters of samples.

Drude’s Parameter Si/TiO, Si/SiO, Si/Al,O3
n 3.46 3.45 3.46

d, pm 271.7 267.9 271.7

Teub, S 100 £ 20 100 £ 20 100 + 20

0g, s/m 11+£05 29+1 11+£05
Tgraph, 5 90 +5 90 +5 70 +5

Rsheet» ©2/5q 350 + 50 550 + 50 900 + 50

ns, 1012 /cm? 454025 1.5+ 0.08 0.7 £ 0.05

The results obtained show that the sheet resistance of the graphene significantly
depends on the substrate where it is placed. It varies from 350 (}/sq for graphene on
Si/TiO; to 900 ()/sq for graphene on Si/Al,O3 with an intermediate value of 550 ()/sq
for graphene on Si/SiO,. This allows us to suppose that the electronic properties of the
substrate affect the Fermi level of the graphene due to the different levels of its doping. The
scattering time of graphene derived from the calculated transmission spectra was about
80 £ 10 fs for all samples. Such a value corresponds to a mean free path of about 0.1 um,
which is typical for CVD-grown graphene [25]. The fact that the mean free path is the same
for all graphene samples indicates that the concentration of defects does not depend on
the substrate and is related only to the transfer of graphene and the CVD growth process.
Correspondently, the difference in sheet resistance is determined mainly by the difference
in the charge carriers’ concentration ns and we may describe its transport properties in
terms of the semiclassical Boltzmann transport theory [26]. Since in our case Ep >> kgT
(degenerate Fermi gas), we may write an equation for the conductivity of 2D materials
using the relaxation time calculated as follows:

vt [ng
o5 =7, 5)
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where os = 1/Rgjqei—sheet conductivity. Correspondingly,

(6)

N Th?
115 — R2

sheet€4v)2‘T2 I
where ¢ = 1.6 x 10~ !"—electron charge, vf = 10° m/s—Fermi velocity. We found that
ns =45 x 1012 em 2 for Si/TiO,, 1.8 x 10'* cm™2 for Si/SiO, and 0.7 x 10'2 em™? for
Si/ AL Os.

It is informative to relate the graphene carrier concentration evaluated based on the
transmission spectra to the Raman spectra of the corresponding samples. The graphene
on the Si/TiO, substrate had the highest charge concentration, and at the same time, its
G and 2D peaks had the biggest Raman shift. The lowest Raman shifts were registered
for graphene on Si/ Al;O3, and the intermediate parameters belonged to graphene on the
Si/5i0, substrate; in other words, the greater the charge carrier’s concentration, the greater
the Raman shifts of the G and 2D peaks. These results are consistent with the previous
studies. According to [27], the charge concentration of graphene affects its Raman spectra.
We used the results of ref [21] and the position of the G-peak in the measured Raman
spectra to estimate the charge carrier concentration; see the last row of Table 1. The good
match between the obtained concentration values provides solid ground for the reliability
of our analysis. We note that the use of transmission spectroscopy allows for better accuracy
in the evaluation of the carrier concentration, while the Raman data are used in our case
for independent verification of these data.

Importantly, our data cannot be used to draw any conclusions on the carrier type. In
other words, in no case can we tell whether graphene is p- or n- doped. Further studies will
be needed to resolve this issue. Still, the absolute value of the charge carrier concentration
is by itself a very important characteristic.

4. Conclusions

The dynamic charge transport of CVD graphene transferred onto Si/TiO,, Si/SiO,,
and Si/ Al,O3 substrates was investigated using time-domain terahertz range spectroscopy.
Analysis of the transmission spectra unambiguously showed that graphene dynamic
conductivity is well described by the Drude model with the DC surface conductance
strongly dependent on the dielectric material in direct contact with the graphene. On the
other hand, the carrier scattering time was found to be insensitive to it, meaning that the
scattering time was limited by the intrinsic defects in the graphene and not by the substrate.
Our data allow for a relatively accurate evaluation of carrier concentration. We found it
to vary from 0.7 x 10'2 cm~2 for graphene in contact with alumina to 4.5 x 10'> cm~2 for
graphene in contact with titanium dioxide. These values are consistent with the carrier
concentration estimations based on the positions of the G and 2D peaks of the measured
Raman spectra.

We thus demonstrated that the graphene doping level can be efficiently engineered by
choosing an appropriate substrate without a significant effect on the graphene quality (the
mean free path). This approach may facilitate graphene applications for sensing and opto-
electronic applications. The described methodology of the transmission spectra analysis
may be extrapolated to use time-domain terahertz spectroscopy as a versatile tool for the
characterization of 2D materials and thin films supported by silicon-based substrates.
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Abstract: The rise of straintronics—the possibility of fine-tuning the electronic properties of nanosys-
tems by applying strain to them—has enhanced the interest in characterizing the mechanical proper-
ties of these systems when they are subjected to tensile (or compressive), shear and torsion strains.
Four parameters are customarily used to describe the mechanical behavior of a macroscopic solid
within the elastic regime: Young’s and shear moduli, the torsion constant and Poisson’s ratio. There
are some relations among these quantities valid for elastic continuous isotropic systems that are being
used for 2D nanocrystals without taking into account the non-continuous anisotropic nature of these
systems. We present in this work computational results on the mechanical properties of six small
quasi-square (aspect ratio between 0.9 and 1.1) graphene nanocrystals using the PM7 semiempirical
method. We use the results obtained to test the validity of two relations derived for macroscopic
homogeneous isotropic systems and sometimes applied to 2D systems. We show they are not suitable
for these nanostructures and pinpoint the origin of some discrepancies in the elastic properties and
effective thicknesses reported in the literature. In an attempt to recover one of these formulas, we
introduce an effective torsional thickness for graphene analogous to the effective bending thickness
found in the literature. Our results could be useful for fitting interatomic potentials in molecular
mechanics or molecular dynamics models for finite carbon nanostructures, especially near their edges
and for twisted systems.

Keywords: graphene; mechanical properties; stretching; shear; torsion; straintronics

1. Introduction

Strain engineering or “straintronics” has emerged as a way to change the behavior of
materials, in particular, 2D nanomaterials, especially graphene [1-9]. In this case, strain-
tronics has been considered in recent years as a way to fine-tune, among other properties,
its band gap in order to use it in many different applications [10-19]. In fact, strained
graphene nanobubbles have been recently proposed as qubits for quantum computing [20].
It is also possible to take advantage of the changes in properties caused by strain in sensing
devices [21]. For instance, a graphene strain sensor that can detect various types of strain
induced via stretching, bending and torsion [22] and a graphene-based torsion balance [23]
have been constructed. Graphene’s properties make it suitable to be used as an actuator to
build artificial muscles [24] and in many other biomedical applications [25].

Material simulation methods can be classified according to, among other criteria,
two distinct features. The first one uses classical or quantum mechanics, and the second
considers materials as continuous media or takes into account their discrete atomistic nature.
Therefore, we can consider four different approaches in the study of carbon nanostructures:

1.  Quantum atomistic calculations, which explicitly treat materials as atoms obeying
the rules of quantum mechanics. This category includes methods that solve either
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full (like quantum chemistry and Density Functional Theory approaches) or approx-
imate quantum equations (like tight-binding and semiempirical methods). See, for
instance, [14,26];

2. Quantum continuous models, in which approximate quantum equation solutions are
extrapolated to the continuum limit. See, as an example, [27,28];

3. Classical atomistic simulations, which consider matter as being built of particles that
interact following the equations of classical mechanics with potentials (force fields)
that try to mimic experimental properties (or those calculated by quantum methods)
using empirical parameters. This category includes static calculations called molecular
mechanics (MM), also known as molecular structural mechanics (MSM) or nanoscale
continuum modelling (NCM)—in which molecular bonds are considered as springs
or beams—as well as classical molecular dynamics (MD). See, for instance, [29,30];

4. Classical continuous models, traditionally used in engineering. See, as an example, [31,32].

Present computational power precludes using quantum atomistic calculations for very
large systems, and multi-scale approaches are employed. In these models, macroscopic
parameters for approach 4 are obtained from classical atomistic calculations (approach 3)
that, in turn, fit their microscopic parameters using quantum mechanical results (ap-
proach 1). Therefore, these multi-scale models need a hierarchy of calculations. Jumping
from approach 1 to 3 in the case of deformed graphene is still an open question, and
better comprehension of the atomistic mechanisms at work in graphene deformations
is needed [33].

There are many studies on the different mechanical properties of both infinite graphene
and finite graphene nanostructures [30,34-44]. Nevertheless, there is a lack of a compre-
hensive study on the three different deformations a graphene nanoflake can be subjected
to—stretching, shear and torsion (especially the last one)—and on the validity of the use of
macroscopic formulas for isotropic materials [45,46] for this clearly anisotropic system.

We have studied the behavior of six different nearly square graphene nanoflakes of
various sizes subjected to the three aforementioned deformations along their two edges
(zigzag and armchair) and calculated for each of them Young’s and shear moduli and
the torsion constant, as well as Poisson’s ratio. Our results could be useful for fitting
interatomic potentials in MM/MSM/NCM or MD models for finite carbon nanostructures,
especially near their edges and for twisted carbon systems. We have also tested how well
commonly used formulas for calculating the torsion constant for a thin slab, as well as
Poisson’s ratio from Young’s and shear moduli, perform.

The structure of the paper is as follows. We present in Section 2 (Materials and
Methods) first the theoretical model employed, then the systems studied and, finally,
the computational method used. Our results are presented in Section 3 in four different
subsections: Young’s Modulus, Shear Modulus, Torsion Constant and Poisson’s Ratio.
Finally, the conclusions of the study are summarized in Section 4.

2. Materials and Methods
2.1. Theoretical Model

Hooke’s law states that when a material is loaded within the elastic limit, stress T is
proportional to strain g:
T=—xq. (1)

The proportionality constant « is the so-called elastic constant and can be calculated as
the stress/strain ratio associated to a given deformation within the elastic limit.

From a computational point of view, it is easier to adopt a different approach and
calculate this constant from the expression for the deformation energy (taking the solid in
the absence of any external load as the energy origin) as follows:

L »

U= -xq 2)
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Using this energy approach yields values closer to the experimental results than the
stress—strain approach since the latter requires an additional process, the differentiation of

the energy, which introduces some inaccuracies [47].
Let us consider the elastic homogeneous and isotropic rectangular parallelepiped solid

with length I, width w and height / depicted in Figure 1.

/

Figure 1. An elastic homogeneous and isotropic rectangular parallelepiped solid with length I,
width w and height /.

We can load the solid in three different ways in order to obtain three small deforma-
tions: stretching, shear and torsion. In the case of uniaxial normal stress (either tensile or
compressive), the ratio of the stress (force per unit area) applied to the solid, as depicted
in Figure 2 (0 = %), and the resulting axial strain (¢ = ) is called the (tensile) elastic
modulus or Young’s modulus and can be calculated as follows:

o FI 3)

E=—=—.
€ whx

X

Figure 2. The solid in Figure 1 subjected to a tensile stress caused by fixing the rear face (colored in
green) and pulling with a normal force F uniformly distributed over the front face.
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It is easy to prove that the elastic energy of the stretched system is given by using a
particular case of Equation (2),

1
u= EEVs2, (4)

where V = whl is the volume of the solid.

In the case of uniaxial tangential stress, the ratio of the shear stress (force per unit
area) applied to the solid, as depicted in Figure 3 (7 = %), and the resulting shear strain
(v = ¢ ~ tan¢ = 7) is called the rigidity modulus or shear modulus and can be calculated
as follows:

TNLh
oy T wlx

©)

Figure 3. The solid in Figure 1 subjected to a shear stress caused by fixing the lower face (colored in
green) and tearing with a tangential force F uniformly distributed over the upper face.

It is straightforward to prove that the elastic energy of the deformed system is given
by using another particular case of Equation (2):

u= %Gnyz ~ %Gchz ) (6)

Finally, in the case of torsion, shown in Figure 4, the ratio of the applied torque M to
the twist angle 6 is known as torsional stiffness, calculated as follows:

Once again, it is easy to prove that the elastic energy of the twisted system is given by
using a third particular case of Equation (2):

u= %k@z . 8)
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Torsion can be seen as a special case of shear, and there exists a relationship between
their elastic constants. Taking into account this [48,49],

Ml

where ] is the so-called torsion constant, torsional constant or polar second moment of area
(also known as polar moment of inertia). Using this expression and Equation (7),

k= (10)

kI
J=c- (11)

Figure 4. The solid in Figure 1 subjected to a torsional stress caused by fixing the rear face (colored in
green) and twisting with torque M on the front face.

Graphene is considered as a 2D system. It is, in fact, extremely thin, but it has a
small thickness due to the electron cloud surrounding the honeycomb structure of carbon
nuclei. The accepted value for this thickness is 3.4 A [50] (though other values are used
by different studies, especially in the case of graphene sheets rolled up to build carbon
nanotubes [43,51-54]). Therefore, in principle, rectangular graphene nanoflakes could
be considered as elastic solids of the type shown in Figure 1 with & = 3.4 A. When the
thickness of a homogeneous isotropic solid is much smaller that its other two dimensions,
there is a formula for calculating the torsion constant [46] that, in our notation, reads:

1 1 nTw

J=:hw|l-—=— Y —tanh——]|, (12)
3 oW, {5, " 2h

where, in practice, going up to n = 7 in the series is enough.

Another consideration to take into account is that the situation depicted in Figure 2
is only a first approximation. When a solid is stretched, its perpendicular cross section
w X h usually changes. In most cases, it decreases. This phenomenon can be measured

104



Crystals 2024, 14, 314

by using the so-called Poisson’s ratio (denoted by v), which is the opposite of the ratio
of transverse strain to axial strain. For small deformations, v can be calculated as the
transversal compression divided by the axial elongation. In our case, for small deformations,
the height of the system (i.e., the thickness of the nanoflake) does not change since the
breadth of the electron cloud with an appreciable density practically remains constant
around the central carbon plane. Therefore,

transverse strain _ transverse compression Aw
vV=— - - = - . ="
axial strain axial elongation x

(13)

For homogeneous systems, the following expression links Poisson’s ratio to Young’s

and shear moduli: £

2.2. Systems Studied

In order to test whether all the equations valid for homogeneous isotropic systems
hold for graphene, which is clearly an anisotropic system, we have selected six small
quasi-square hydrogen-passivated carbon nanoflakes. The selection criteria were that the
aspect ratio 7 must lie between 0.9 and 1.1 and that the electronic ground state has to be a
spin singlet. The reason for these rules was the need to be able to analyze the effect of the
kind of border (zigzag or armchair) without contamination from changes in aspect ratio or
spin state. In order to label the nanoflakes, we have used n x m, where n (1) is the number
of hexagons along the zigzag (armchair) edge. Figure 5 presents as an example the 6 x 7
case, while Figure 6 shows all the nanoflakes studied.

The six stresses considered in this study are shown in Figure 7 for the 3 x 3 nanoflake.

Figure 5. A 6 x 7 nanoflake with the hexagons along zigzag and armchair edges numbered.
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zigzag
tensile

armchair
tensile

zigzag
shear

armchair
shear

zigzag
torsion

armchair
torsion

Figure 7. The six different stresses considered applied on a 3 x 3 nanoflake: tensile (top row), shear
(middle row), torsion (bottom row); zigzag (left column), armchair (right column).

2.3. Computational Method

As we pointed out in the Introduction, quantum calculations are needed in order to fit
the interatomic potentials used in MM /MSM/NCM and MD methods. Taking into account
that these methods only deal with mechanical properties and do not try to explain electronic
properties, in order to provide data useful for potential fitting, it is not necessary to use
full ab initio quantum mechanics calculations (which would be unavoidable when, for
instance, establishing the minimum size for antiferromagnetic ordering to appear in finite
graphene nanostructures), and semiempirical approaches (much faster than first-principles
calculations) are enough for our purpose.

We have selected the semiempirical PM7 method [55], as implemented in Gaus-
sian16 [56] (i.e., PM7R8 [57]), because it is a fast quantum model that explicitly includes
dispersion as well as hydrogen bonding corrections and has been successfully used to
analyze interactions in graphene nanostructures [58-65].

We have fully relaxed all atomic positions to obtain the different initial geometries.
We have calculated all vibrational frequencies to check for the absence of imaginary values
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and thus are sure that our initial geometries correspond to minima in the potential energy
surface. We have then moved and fixed some boundary atoms in order to deform the
nanoflakes and relaxed the positions of the rest of the atoms using the same algorithm to
obtain deformation energies. As an example, we present in Figure 8 the final optimized
geometries for the six stresses applied to the 3 x 3 nanoflake. The carbon atoms fixed in
each case to achieve the desired deformation are highlighted in blue.

9 9 9

zigzag tensile armchair tensile
x =054 x=05A

zigzag shear armchair shear
x =054 x=05A

J30-3 0399y 89390299

zigzag torsion armchair torsion
g=5° e =5

Figure 8. The six different optimized geometries corresponding to the maximum deformations
applied to the 3 x 3 nanoflake: tensile (top row), shear (middle row), torsion (bottom row); zigzag
(left column), armchair (right column). The carbon atoms fixed to achieve the desired deformation
are highlighted in blue.

3. Results
3.1. Young’s Modulus

We have displaced the carbon atoms on one of the edges along the stretching direction
between 0.1 A and 0.5 A in 0.1 A steps, as shown in the upper row of Figure 7, relaxed the
rest of the atoms until the new equilibrium geometry depicted in the upper row of Figure 8
is reached and calculated the corresponding strain energies. We have fitted the results to a
second-order polynomial and used the quadratic coefficient to calculate E.
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As an example of this procedure, we show in Figure 9 the stretching energies corre-
sponding to both armchair and zigzag edges for the 10 x 11 nanoflake. The graphs for
other nanoflakes are similar.

10x11 nanocrystal stretching energy
UlaJ

0.5

04+

03l —— armchair edge
zigzag edge

0.2+

0.1

0.005 0.010 0.015 0.020
Figure 9. Stretching energies U as a function of strain ¢ for the 10 x 11 nanoflake. Points correspond

to calculated energies, while lines show a second-order polynomial fit.

We present in Table 1 the geometrical characteristics of the fully relaxed nanoflakes
(the lengths of the two carbon atoms’ edges and the aspect ratio) as well as our results for
their Young’s moduli, obtained using Equation (4).

Table 1. Young’s modulus of square carbon nanoflakes.

Nanoflake Aspect Ratio Edge Edge Length/A E/TPa
3x3 1.03 afrﬁ:zﬁagir ;ggz (1)251
55 107 o 12191 1229
67 094 o 11467 1200
8x9 0.98 afri;?:}?agir ggg(g) 152(5)

10 1 101 o 24484 i34
12 x 13 1.04 A 20,409 1205

For small nanoflakes, the zigzag results are smaller than the armchair ones, but they
increase (while armchair Young’s moduli remain practically constant), and both edges
show similar E values, for large nanoflakes. Results from other calculations (in ascending
order) are presented in Table 2. It can be seen that our results are in the upper part of the
interval defined by all of them, excluding Shi et al.’s value, which is very far from the rest.
The table also includes the thicknesses (assumed or calculated) when available.
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Table 2. Young’s moduli (E) and thicknesses (1) of graphene found in the literature.

Source E/TPa Method hiA
Reddy et al. [30] 0.671 interatomic potential 34
0.7058-1.343
Lebedeva et al. [66] (depending on the interatomic potential 3.34
potential used)
. 0.745208 for zigzag spring-based
Giannopoulos [67] graphene nanoribons structural mechanics N/A
. 0.745204 for armchair spring-based
Giannopoulos [67] graphene nanoribbons structural mechanics N/A
0.762-1.000 cellular material
Scarpa et al. [68] (depending on the . 0.74-0.84
. mechanics theory
potential used)
Polyakova et al. [69] 0.820 molecular dynamics N/A
Tsai and Tu [38] 0.912 molecular dynamics 34
Tzeng and Tsai [70] 0.912 molecular dynamics 34
Zhang et al. [71] 0.985 spring finite element N/A
model
Sakhaee-Pour [37] 1.040 for zigzag interatomic potential 34
graphene
Sakhaee-Pour [37] 1.042 for armchair interatomic potential 34
graphene
Sha’bani and .
Rash-Ahmadi [72] 1.05 molecular dynamics N/A
molecular structural
Zaeri et al. [73] 1.040 mechanics finite 34
element method
. atomistic finite
Tapia et al. [74] 1.042 clement method 34
Anastasi et al. [34] 1.061 for zigzag molecular dynamics 3.35
graphene
Anastasi et al. [34] 1035 for armchair molecular dynamics 3.35
graphene
Chandra et al. [40] 1.082 atomistic finite 146
andraetat ’ element method ’
Tahani and homogenization
Safarian [75] 113 composite shell model N/A
Cho et al. [35] 1.153 for graphite molecular mechanics 3.35
atomic interaction
Shi et al. [51] 2.81 based continuum 1.27

model

The experimental value for the (infinite) graphene Young’s modulus is 1.0 TPa [76],
very similar to the in-plane Young’s modulus in graphite (1.020 TPa [77]). Our results for
small nanoflakes are, globally, slightly bigger. This is not surprising since Young’s modulus
tends to decrease when the size of the system grows from a few tens to a few hundreds
of angstroms [78]. The reason is the edge effect on C—C distances. In infinite graphene,
all distances are equal. This is not the case for graphene nanoflakes. To show this, we
present in Table 3 a comparison between average C-C distances in the central ring (we have
selected the nanoflakes with a central hexagon) and on the edge. C-C distances in the center
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ring are very close to the experimental infinite graphene value (1.42 A), but they slightly
decrease on the edges. This means C—C bonds are a little bit stronger on the edges of carbon
nanoflakes than in graphene, and this translates into an increase in Young’s modulus. As
can be seen in the table, the percentage of edge carbon atoms, logically, decreases with the
size of the system, but, for our nanoflakes, it is high. For our biggest nanoflake (12 x 13,
not shown in the table because it has no central C ring), it is 28%. This explains our values
for E being bigger than that for infinite graphene.

Table 3. Average C—C distance in square carbon nanoflakes and percentage of edge C atoms.

Average C-C Distance

Nanoflake Percentage of Edge C Atoms

Central Ring Edge
5x5 1.420 1.399 58 %
6 X7 1.418 1.402 48 %
10 x 11 1.418 1.403 33 %

As we have pointed out, graphene is clearly an anisotropic system because the prop-
erties in the direction perpendicular to the honeycomb plane are completely different to
those in plane. Nevertheless, infinite graphene is transversely isotropic, i.e., its properties
are symmetric about an axis normal to the honeycomb plane [79]. This means zigzag and
armchair Young’s moduli should be equal. In order to test how far our nanoflakes are
from this transverse isotropy, we define their transverse isotropicity T as the ratio of their
zigzag and armchair Young’s moduli as follows:

T — E(zigzag)
E(armchair)

With this definition, transverse isotropy corresponds to TI = 1, and anisotropy can
be measured as the absolute deviation from this value || = |1 — TI|. Using the data in
Table 1, we have calculated these two quantities for the six nanoflakes studied. The results
are presented in Figure 10. For very small flakes (3 x 3 and 5 x 5), aspect ratio is more
important than nanoflake size, and the anisotropy increases with size, but, for the rest of
the flakes, as expected, the bigger the flake, the smaller the anisotropy.

Transverse isotropicity
3x3 5x5 6x7 8x9 10x11 12x13

6]
0.4
0.2
0.0 ‘ ‘ ‘ ‘ LIA
5 10 15 20 25 30

Figure 10. Transverse isotropicities of the Young’s moduli T of the six nanoflakes studied and their
anisotropies (absolute deviations from unity) || as a function of the zigzag edge length L.
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3.2. Shear Modulus

We have displaced the carbon atoms on one of the edges along the shear direction
between 0.1 A and 0.5 A in 0.1 A steps, as shown in the middle row of Figure 7, relaxed
the rest of the atoms until the new equilibrium geometry depicted in the middle row of
Figure 8 is reached and calculated the corresponding strain energies. We have fitted the
results to a second-order polynomial and used the quadratic coefficient to calculate G.

As an example of this procedure, we show in Figure 11 the shear energies correspond-
ing to both armchair and zigzag edges for the 8 x 9 nanoflake. The graphs for other
nanoflakes are similar.

8x9 nanocrystal shear energy
Ulal
0.12+
0.10 -
0.081 — armchair edge
0.06 - zigzag edge

0.04 -

0.02 -

0.005 0.010 0.015 0.020 0.025 ¢

Figure 11. Shear energies U as a function of the shear angle ¢ (in radians) for the 8 x 9 nanoflake.
Points correspond to calculated energies, while lines show a second-order polynomial fit.

Table 4 presents our results for the shear modulus of the nanoflakes calculated using
Equation (6).

Table 4. Shear modulus of square carbon nanoflakes.

Nanoflake Edge G/GPa
33 srmchen =
35 srmheh =
07 srmcheh 2
B0 armehar 79

0 n armehar 210
e armeha 250

Armchair values for G are bigger than zizgzag ones, in agreement with Sakhaee-
Pour [37] and Min and Aluru [36].

Results from other calculations (in ascending order) are presented in Table 5. Our
results agree very well with most of them and are similar to the experimental value for
graphene, which is 280 GPa [80]. It is worth noting that the shear modulus for graphite is
440 GPa [77]. This is proof of the fact that using in-plane graphite properties for isolated
graphene is not always valid.
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Table 5. Shear moduli (G) and thicknesses (/) of graphene found in the literature.

Source G/GPa Method hA
Mukhopadhyay et al. [81] 125.4 molecular mechanics 3.4
202-270 (depending on cellular material
Scarpa et al. [68] the potential used) mechanics theory 0.74-0.84
Tahani and Safarian [75] 212 homggenlzatlon N/A
composite shell model
Sakhaee-Pour [37] 213 for zigzag graphene interatomic potential 3.4
Sakhaee-Pour [37] 228 for armchair graphene interatomic potential 34
. atomistic finite element
Tapia et al. [74] 213 method 34
spring-based finite
Zhang et al. [71] 242 element model N/A
Georgantzinos et al. [82] 280 spring-based finite 3.4
element model
Polyakova et al. [69] 302 molecular dynamics N/A
Reddy et al. [30] 384 interatomic potential 3.4
Tsai and Tu [38] 358 molecular dynamics 34
beam finite element
Zheng et al. [83] 434 method 34
atomistic Monte Carlo
Zakharchenko et al. [39] 445 based on empirical bond N/A
order potential
Min and Aluru [36] ~460 for zigzag graphene molecular dynamics 3.335
Min and Aluru [36] ~360 for armchair molecular dynamics 3.335
graphene
Cho et al. [35] 482 for graphite molecular mechanics 3.35
molecular structural
Zaeri et al. [73] 490 mechanics finite element 34
method
Chandra et al. [40] 606 atomistic finite element 146

method

3.3. Torsion Constant

We present in Table 6 our results for the torsion constant of the nanoflakes calculated
using Equations (11) and (12). In the first case, we have twisted one of the edges between
1° and 5° in 1° steps, as shown in the lower row of Figure 7, relaxed the rest of the atoms
until the new equilibrium geometry depicted in the lower row of Figure 8 is reached and
calculated the corresponding strain energies. We have fitted the results to a second-order
polynomial and used the quadratic coefficient to calculate the torsional stiffness according
to Equation (8). We have then used our values for G and | and employed Equation (11) to

determine J.

As an example of this procedure, we show in Figure 12 the torsion energies corre-
sponding to both armchair and zigzag edges for the 6 x 7 nanoflake. The graphs for other

nanoflakes are similar.
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6x7 nanocrystal torsion energy
Uizl

0.8+

06+

—— armchair edge
0.4+ zigzag edge
0.2}

6/ rad

0.02 0.04 0.06 0.08

Figure 12. Torsion energies U as a function of the torsion angle 6 for the 6 x 7 nanoflake. Points
correspond to calculated energies, while lines show a second-order polynomial fit.

Table 6. Torsion constant and effective torsional thickness of square carbon nanoflakes.

J/(10~40 m*)

Nanoflake Edge Equation (11) Equation (12) hiA
3%3 zigzag 3.89 64.9 0.71
armchair 7.02 62.6 0.98

555 zigzag 10.0 126 0.88
armchair 6.76 116 0.75

6% 7 zigzag 10.1 157 0.80
armchair 12.2 169 0.85

8% 9 zigzag 7.08 219 0.58
armchair 12.6 223 0.76

zigzag 16.6 280 0.79

10> 11 armchair 22 276 0.92
zigzag 28.7 342 0.94

1213 armchair 30.1 329 0.99

The first thing to notice is that the direct use of Equation (12) with the standard value
for graphene thickness & is not valid. This expression for homogeneous isotropic systems
overestimates the value of | by an order of magnitude. The situation is similar to what
happens for graphene bending rigidity B. Using continuous mechanics expressions for
thin plates leads to a value for B one order of magnitude larger than B values obtained
based on atomic-level calculations [84-87]. In fact, as we have already pointed out, there
are several proposals for graphene thickness, and some of them arise precisely from trying
to apply equations valid for homogeneous isotropic solids to 2D systems. Values of h
determined from calculations on bent graphene sheets and carbon nanotubes (which
can be seen as a particular case of bent carbon nanoribbons) are very different from the
standard value /' = 3.4 A used in stretched (or compressed) planar graphene (the so-called
“Yakobson’s paradox”). Using molecular mechanics calculations, Duan et al. reported
0.52 A [88], Scarpa et al. 0.84-1 A [68] and Shi et al. 1.27 A [51], while Yakobson et al.
obtained 0.66 A using molecular dynamics simulations [29]. From ab initio calculations,
Kudin et al. [89] obtained 0.894 A, Wang et al. 0.665 A [90] and Shenderova et al. 0.9 A [91].
Following this idea of an effective bending thickness, we report in the last column of the
table the effective torsional thickness /i defined as the value of & that has to be used in
Equation (12) in order to obtain the same value for | as the one obtained directly from
torsion data and Equation (11). Our values for the effective torsional thicknesses are similar

114



Crystals 2024, 14, 314

to these effective bending thicknesses and compatible with the upper limit for the effective
single-walled carbon nanotube thickness determined by Pine et al., h <1 A [92].

Focusing on the results obtained using Equation 11, with the exception of in the
5 x 5 case, the torsion constant is greater when the nanoflake is twisted around the armchair
edge, and, globally, ] increases with the size of the system. Both behaviors are in agreement
with results obtained in previous studies [93-95]. In this case, we cannot compare our
numerical results to those in the literature because we have found neither calculations
nor experiments dealing with any of our nanoflakes, and neither torsional stiffness nor
torsion constant are intrinsic material properties but depend on the exact geometry of the
system. Results for twisting are by far less abundant than those for other deformations,
and our results could be useful for fitting interatomic potentials (especially for torsion
and out-of-plane sp? hybridization terms in MM /MSM/NCM and MD models) for finite
carbon nanostructures.

3.4. Poisson’s Ratio

Table 7 includes our results for the Poison’s ratio of the nanoflakes calculated using
Equations (13) and (14). In the first case, we have used the optimized stretched geometries
obtained for determining Young’s moduli, measured the transverse compression at the
center of the nanoflake and computed v.

Table 7. Poisson’s ratio of square carbon nanoflakes.

Nanoflake Edge Equation (13) ' Equation (14)
s o 40
s 0% a8
6x7 afrir%:l?agir 832 }Sé
8x9 afrir%:}?agir 8;11 }}8

10 x 11 afrir%é?;gir 832 }?61
2% 13 g o 14

It is clear that Equation (14) overestimates the value of v and cannot be used for these
systems. This fact has been previously found for boron nitride nanoflakes [96,97], which
also have a honeycomb structure. Results obtained by applying the definition of Poisson’s
ratio given by Equation (13) indicate that v is bigger for stretching and pulling on the
armchair edges (in agreement with Sakhaee-Pour [37]) but that the difference decreases as
the size of the nanoflakes increases.

Results from other calculations are presented (in ascending order) in Table 8. We
do not include thicknesses in this case because h is not needed in order to calculate v.
Poisson’s ratio is strongly dependent on the strain applied (it can even become negative
for large strains) [98,99]. In the table, we have selected the values corresponding to the
smallest strain possible, but not all cases correspond to the so-called zero-strain limit. That
is the reason for the variety of results reported, except for in the last case; Sakhaee-Pour’s
results [37] are much higher that those from other calculations because he uses Equation (14)
to determine v.
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Table 8. Poisson’s ratios (v) of graphene found in the literature.

Source v Method

. atomistic finite element
Tapia et al. [74] 0.072 method

atomistic Monte Carlo based

Zakharchenko et al. [39] 0.16 £0.03 on empirical bond order

potential
Shodja et al. [47] 0.19-0.20 Density Functional Theory
Cho et al. [35] 0.195 for graphite molecular mechanics

Scarpa et al. [68]

0.211-0.848 (depending on the
potential used)

cellular material mechanics
theory

Lebedeva et al. [66]

0.221-0.987 (depending on the
potential used)

interatomic potential

Tsai and Tu [38] 0.26 molecular dynamics
Caillerie et al. [100] 0.26 interatomic potential
Huang et al. [33] 0.28-0.30 bond-orbital tight-binding
Jiang et al. [98] 0.3 molecular mechanics
Cadelano et al. [101] 0.31 tight-binding
Tahani and Safarian [75] 0.333 homogenization composite
shell model
Wang et al. [99] 0.35 molecular dynamics
Polyakova et al. [69] 0.36 molecular dynamics
Zhang et al. [71] 0.366 spring-based finite element
model
Huang and Hwang [54] 0.397 interatomic potential
Lu and Huang [102] 0.398 molecular mechanics
Reddy et al. [30] 0.428 interatomic potential
Zheng et al. [83] 0.46 beam finite element method
. density-functional
Koberidze [103] 0.51 tight-binding
Georgantzinos et al. [82] 0.603 spring-based finite element
model
Chandra et al. [40] 0.62 atomistic finite element

method

Sakhaee-Pour [37]

1.285 for zigzag graphene *

interatomic potential

Sakhaee-Pour [37]

1.441 for armchair graphene *

interatomic potential

* taking into account that his naming convention is the opposite to ours.

Our results should be compared to those from Jiang et al. [98] and Wang et al. [99],
which correspond to the zero-strain limit. The agreement with those results is complete.
Regarding experiments, the experimental value of v for graphite is 0.160 [77] and, for
graphene, 0.19 [104], but those papers do not indicate the strain, and it is not possible to
know how far they are from the zero-strain limit.

4. Conclusions

We have studied the mechanical properties of six small nearly square graphene
nanoflakes using the semiempirical PM7 model. We have considered stretching, shear
and torsion deformations along zigzag and armchair edges, calculating Young’s and shear
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moduli as well as the torsion constant and Poisson’s ratio. Results obtained could be useful
for fitting interatomic potentials (especially for torsion and out-of-plane sp? hybridization
terms and for near-the-edge bonds in MM/MSM/NCM and MD models) for finite carbon
nanostructures. Our results are close to other calculations and to experimental values
corresponding to infinite graphene, when these are available. Additionally, by making
use of these results, we have tested two formulas valid for macroscopic homogeneous
isotropic systems that are sometimes used for 2D nanostructures. We have shown that they
do not hold for graphene and explained some strange results reported in the literature.
In an attempt to recover one of these formulas, we have introduced an effective torsional
thickness for 2D crystals analogous to the effective bending thickness found in the literature.
The fast methodology developed in this work can be extended to two other dimensional
nanostructures—fully planar and buckled—providing valuable results in order to fit inter-
atomic potentials for faster and more reliable molecular mechanics and molecular dynamics
calculations in these systems.
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Abstract: In this study, epitaxial graphene layers of cm? sizes were grown on silicon carbide (SiC)
substrates by high-temperature sublimation. The behavior of the two crystallographic SiC-polar faces
and its effect on the growth mechanism of graphene layers and their properties were investigated.
Crystallographic structural differences observed in AFM studies were shown to cause disparities in
the electrical conductivity of the grown layers. On the silicon-polar (Si-polar) face of SiC, the graphene
formation occurred in spike-like structures that originated orthogonally from atomic steps of the
substrate and grew outwards in the form of 2D nucleation with a fairly good surface coverage over
time. On the carbon-polar (C-polar) face, a hexagonal structure already formed at the beginning of the
growth process. On both polar faces, the known process of step-bunching promoted the formation of
nm-scale structural obstacles. Such a step-bunching effect was found to be more pronounced on the
C-polar face. These 2D-obstacles account for a low probability of a complete nano-sheet formation,
but favor 2D-structures, comparable to graphene nanoribbons. The resulting direction-dependent
anisotropic behavior in electrical conductivity measured by four-point probe method mainly depends
on the height and spacing between these structural-obstacles. The anisotropy becomes less prudent
as and when more graphene layers are synthesized.

Keywords: 2D materials; graphene; silicon carbide; sublimation growth; surface morphologies;
step-bunching; electrical conductivity

1. Introduction

Graphene has attracted much attention for its outstanding material properties such as
strength, chemical durability, electrical conductivity and many more and is therefore exten-
sively studied. Since its discovery in 2004, an exponential increase in the graphene material
research could be observed. The reason is the material’s high potential for multiple areas of
application. Prominent examples are highly durable and strong mechanical components
for the aviation and automobile industries, a new generation of solar cells, batteries and
transistors, conductive inks, sensors [1], material for bio-medical applications [2], etc.

Graphene, ideally, is a single-layer material, solely composed of carbon atoms and
arranged in a planar, hexagonal honeycomb lattice that accounts for many of its outstanding
properties. Each carbon atom is bonded via sp? hybridized bonds to three other carbon
atoms with a C-C distance of 1.42 A [3]. Although graphene’s properties largely depend on
it being a single layer and free standing, i.e., chemically un-bound to other substrates, the
term graphene is often used for bi-, tri-, and multilayers as well. As many as 10 layers have
been reported to be graphene or to show graphene-like behavior [4].

The special bonding situation in graphene and its high lattice symmetry make it re-
sistant to covalent modification and therefore chemically durable [4], highly efficient in
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electron and heat transport and result in graphene to be the first zero bandgap semiconduc-
tor material that is known [5]. The electrical conductivity of intrinsic graphene is quite low
in the order of the conductance quantum o~e? /h because at the Dirac points, the density of
states is zero. Via doping, either through an electric field or adsorption, the conductivity
changes are to be quite high, even outperforming copper at room temperature [5]. Even
strain in a graphene sheet, which has been shown never to be a completely flat surface [4],
acts as a bandgap modifying parameter [5,6] and must be considered when measuring
graphene’s electrical properties.

Multiple ways of fabrication are known, with each individual one suffering from
setbacks. Chemical vapor deposition is mostly stated when large-areas of graphene are
grown with both high quality and uniformity, mostly on Cu/Ni and Si/SiO; substrates.
Another formation mechanism is the formation out of SiC substrates. Extensive work
has been carried out to fabricate good quality, large-area graphene [7-10] resulting in
many different growth techniques that are being improved continuously. However, a
well-controlled process which yields a defined (low) number of layers, even better, single
crystals, remains a challenge [11,12]. Goals are a better control of surface morphologies,
individual crystal sizes and homogeneity.

The epitaxial growth of graphene on silicon carbide (SiC), a process which is also
known as the sublimation technique, relies on SiC as a substrate. Due to SiC’s crystal
structure, with a distance of the carbon plane to the neighboring Si plane having a ratio
of 1:3 in relation to the C-C interplanar distance, two polar faces can be subclassified: The
Si-polar face and the C-polar face [13]. For the case of the resulting Si-polar face ([0001]),
Si atoms occupy the top positions, while in the case of the C-face ([000-1]), C atoms form
the top respectively. Although there is a relatively high lattice mismatch of about 0.62 A
(3.073 A for SiC versus 2.46 A for graphene) between graphene and the used substrate, it
has been shown that 6H-SiC (a specific polymorph of SiC) acts as a very good surface for
the sublimation synthesis of graphene [1]. The growth process is driven by the preferred
Si sublimation compared to its stoichiometric counterpart composing the substrate. For
the growth of one layer of graphene at least 3 layers of SiC bilayers are necessary [14].
Decomposition of SiC starts preferentially where the binding energy within the substrate is
lowest, which is mainly at defect sites and atomic terrace edges of the SiC substrate [15]. A
detailed review of the growth process can be found in G. R. Yazdi [3].

Surface reconstructions and growth kinetics differ for each polar surface. This results in
different graphene growth rates, morphologies, and electronic properties for the graphene
on the two polar faces [3]. The Si-face of SiC has the advantage that growth of graphene
occurs much more slowly than on its counterpart and is therefore a lot easier to control by
the growth parameters such as temperature and time alone. However, the Si-face also has
worse electrical properties in comparison with the C-face due to a buffer layer that is formed
before graphene formation occurs [16]. Generally, graphene on the Si-face is produced
as a multilayer stack. The layers within interact with each other as they do in graphite,
accounting for more and more graphite-like behavior the thicker the stacks become [17].
The Si-face produces domains that are only about a third of the size of graphene domains
that were grown on the C-face. Under an argon atmosphere, domains could typically reach
sizes of about 50 pm [1].

The growth of graphene on the C-face is faster, a lot harder to control and does
not produce a buffer layer. From the first produced graphene layer onwards, no strong
interaction with the substrate occurs any longer which results from a relatively large
distance to the substrate (3.2 A) and the absence of covalent bonds to it. Multilayers, in
contrast to the Si-face, show a large amount of rotational disorder. Every single graphene
layer in a stack of many thus behaves like a monolayer of its own because of the very weak
interaction between the layers [3]. Therefore, graphene that is grown on the C-face generally
shows better electrical properties and is able to retain those for quite thick stacks [17]. The
intrinsic mobility of Si-face graphene is about two orders of magnitude lower than optimally
grown graphene on the C-face due to its graphite-like behavior [14]. C-face graphene
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was measured to reach 10,000 to 30,000 cm2.V~! s~1 under room temperature while Si-
face graphene yielded 500 cm?.V~!s~! to 2000 cm?. V~!s~! at the same conditions [1].
Resistivity on SiC-grown graphene (grown on the [0001]-face) has been reported to be in
the range of 1.2 x 1074 Q-cm to 7.4 x 107° Q-cm [18].

Although the sublimation epitaxy, over time, received less attention than, for example,
the predominant CVD growth method, sublimation growth of graphene is still a potential
candidate for future use for its comparative ease in handling and investigating after the
growth, compared with other techniques that require a transfer process off a substrate
before consecutive processing. Special applications, among them the work on confined
2D materials, benefit from the sublimation method and an improvement of the thereby
formed graphene (e.g., [19,20]). The problem in this technique, however, is the lack of
control over the resulting physical attributes that result out of the formed graphene’s size,
quality and thickness and can be influenced by growth temperature, duration, substrate
treatment and its crystallographic orientation, carbon supply, pressure in the growth
chamber, heating rate, etc. [3,20]. An improvement on the control of these factors has been
reported on 4H-SiC by face-to-face growth in ultra-high vacuum [21] and by polymer-
assisted growth [20]. The crucial factor of the degree of substrate miscut in obtaining good
and reproducible results was outlined in [22].

The main aim of this work is to contribute to the understanding of the growth mech-
anism on different polar faces of SiC substrates. One relevant process on the substrate’s
surface during the growth process is that due to different decomposition kinetics of struc-
tural units, atomic steps tend to combine in higher ones, which is called step bunching.
This growth process does not yet allow for complete control in terms of both the number
of layers that are produced and the morphology of the graphene sheet. In contrast to
other methods that do allow for a control on those attributes such as CVD, this method’s
advantage lies in no need to further treat the produced graphene once it is prepared on
semi-insulating SiC, which can remain pristine on the SiC substrate and will therefore
not be damaged in necessary consecutive preparation procedures. Also, we report here
for the first time, to the best of our knowledge, the interrelation in the characteristics of
growth-related structural and electrical properties resulting from two different growth
mechanisms on the two polar faces of SiC. It has already been reported, that the structure of
graphene has big impacts on its properties [23] and that graphene which is formed on one of
SiC’s two polar faces varies greatly depending on the face it was grown on [3,24]. However,
a difference in the growth morphology on the two polar faces has not been reported so
far. The resulting growth-direction-dependent anisotropy of the electrical resistivity is
investigated and discussed.

2. Materials and Methods

The graphene layers were grown on the 6H polytype of SiC (on-axis) which had
semi-insulating behavior and thus allowed resistivity measurements of the graphitized
surface on top without major influence of the substrate. SiC wafers were cut into small
squares of 1 to 2 cm? and cleaned by immersing them subsequently in boiling isopropanol
and acetone. The samples were put onto a graphite sample holder with the polar face
of the substrate that was later to be investigated facing downwards. An excavation was
adjustable there both in height and diameter to account for a local increase of Si vapor
pressure to interact with the surface. The sublimation rate at the surface of the sample
could thus be controlled. The samples were put into a furnace, which was heated under
an argon atmosphere of 800 mbar, accounting for a retardation of the sublimation process
which starts at approximately 1500 °C under an argon pressure in comparison to about
1150 °C under ultra-high vacuum [1]. To reach growth temperatures as high as 2070 °C,
a certain routine (program) was kept throughout the experiments to account for constant
conditions: After reaching 1000 °C under a high vacuum, argon flow was enabled, and
the temperature was increased to 1400 °C. By reaching these starting conditions, a fast
up-ramping of 40 °C/min was performed to the intended growth temperature, where it
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was kept constant for the set duration of the experiment. The down-ramping of temperature
mimicked the up-ramping process down to 1400 °C, where in theory, no Si sublimation
from the substrate was taking place any longer [1]. The two principal parameters to be
varied in these experiments were temperature and duration of growth. Argon-pressure in
the sample chamber was kept constant. The growth temperatures were chosen between the
high end of the spectrum of most cited studies (1900 °C) and 2070 °C both to extend the
available spectrum of data and because models and personal observations have indicated
that higher temperatures are favorable to grow larger, single-crystal graphene areas [25].

After the growth, the samples were analyzed by means of (1) Raman spectroscopy and
(2) Atomic Force Microscopy (AFM) to be able to allow for an estimation of the numbers of
graphene layers that were produced on the substrate and to observe the surface morphology
of the samples. The (3) four-point probe measurement was conducted to be able to relate
the observations to the electrical properties of formed material.

(1) Raman spectroscopy was used to qualitatively determine whether the growth of
graphene on the SiC surface was successful. Graphene and graphite in Raman spectroscopy
showed 3 major peaks that could be used to differentiate between both materials, namely
the D, G and 2D peaks. In this study, the ratios of the 2D (2700 cm~!) and the G peak
(1582 cm 1) were used for the differentiation. This ratio,

IR =hp/Ig, 1)

where IR is the aforementioned intensity ratio, I_G is the intensity of the G peak, and I_2D
is the intensity of the 2D peak, was used to identify single, free-standing graphene layers,
which are indicated by an IR value of ~2. Ratios between 1 and 2 have been reported
to show monolayer graphene, however, still attached to the substrate [26]. This ratio
decreases with an increasing number of layers, eventually resulting in a ratio of about
0.25 for graphite. To evaluate the thickness of the graphene layers further, an additional
intensity ratio (IS) is used, taking into account the Raman signal of the underlying SiC
substrate (1518 cm ™). This ratio is calculated as the following:

IS= Isubstrate/ Ig ()

As in Raman spectroscopy, only the topmost atomic layers contribute to most of the
signal intensity, this ratio can be used to qualitatively quantify the thickness of the graphene
stack on top of the substrate. If IS is high, the underlying substrate has a high influence in
the measurement which points towards a thin layer of graphene coverage on the surface
and vice versa.

The full width at half maximum (FWHM) of the 2D peak allows a distinction of
mono- and multi-layered graphene, which is 24 cm~! for a free-standing single layer of
graphene. Double, triple and multi layers show significantly higher FWHMSs [27] and non-
free-standing monolayers have been reported to show a FWHM of around 40 cm ™! [26].
The 2D peak allows for additional information about strain on the graphene lattice, which
derives from both a slight mismatch between the crystal lattices of graphene and SiC
about 0.62 A [1] and from having inversely behaving thermal expansion coefficients [28,29].
It has been shown that during cooling, compressive strain of up to 0.8% accumulates
in the graphene sheets, which is measurable by a corresponding blue-shift in G and 2D
bands of about 22 cm ™! [29]. Additional stress would result in even higher shifts of the
peak positions.

The selected wavelength for the laser was 532 nm with 100% intensity reaching the
sample. The error of the measured Raman shift that derives from the instrument is given as
a maximum shift of 1.5 cm ! into both directions. To evaluate the samples, both mappings
with an area of 180 x 360 pm? (with 100 single, equally spaced measurement points) as
well as the arbitrarily chosen single-point measurements were conducted. To allow a direct
comparison of overall quality between the samples, an arbitrary space was mapped in
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the middle of all the samples. The single-point measurements were used to search for the
biggest area of the desired single layer-free-standing graphene.

(2) AFM was used to produce surface images of the samples and to determine to-
pographic differences between graphene grown on the two polar faces of SiC. AFM was
conducted in constant force mode. The typical step height of a single graphene layer was re-
ported to be 0.275 £ 0.001 nm, but the friction and the effect of impurities and physisorbed
water could affect the measured topography considerably [30]. The linear correction mode
was used for the images, which is the reason why profile lines in the figures show terraces
that make the impression that they are inclined.

(3) The four-point probe technique, which is a system of 2 separate current- and
voltage-sensing electrodes, used to measure extremely low resistance values, was used to
measure the electrical resistivity p of the samples. The spacing between the probes is 1 mm.
For thin films, the equation

p=II/In2 x t x V/I 3)

was used, with I being the applied electrical current, V the measured voltage and t the
thickness of a conducting layer. From this formula, it is evident, that one has to know the
thickness and thus the number of graphene layers that have been grown on the substrate.
This was assumed to range between 2 and 10 layers for the samples of this study and
was individually set to a value in this range from the observations from the other two
measurement techniques. For all samples, 4 directions (two diagonal and 2 orthogonal)
were conducted. Each directional value represents the mean of 10 individual measurements
of the same orientation on the sample within £0.5 mm at the same spot. Following this
procedure, for all samples at least 6 individual values in all 4 directions were produced. The
minimum value of each direction is reported as an average of all individual measurement
cycles of different spots on the sample, evaluated at the same orientation. The highest
values, which correspond to a measurement direction perpendicular to the lowest values
are also reported.

3. Results
3.1. Raman Spectroscopy

As described in previous sections, the shape, position, and height of peaks can be used
to determine few and single-layer graphene from Raman spectra [31]. A typical spectrum
of a mapping (one hundred equally spaced point measurements) on a C-polar face of SiC
from our experiments is depicted in Figure 1 with the theoretical isolated spectrum of a
monolayer graphene. Table 1 summarizes most important information about the samples
relevant for this study as well as the results obtained from Raman and AFM measurements.
Differences in observed characteristics at similar growth conditions (S5tGr-3 and 7) may be
explained by slight technical deviations from the on-axis cutting angle of the industrially
produced SiC substrate, which has been shown to have large effects on the resulting growth
kinetics and developing structure [22].

3.1.1. Si-Face

Generally, the Si-face produces graphene with an IS ratio of 2.5 or above, which
indicates a strong influence of the SiC substrate and therefore points to a reasonably thin
graphitized surface. It can thus be said that for all samples, graphene-like material was
formed, not graphite. The coverage of the graphitized surface ranges from an estimated
complete (100%) down to 53%. It can be noted that a complete coverage of the graphitized
surface is not necessarily a positive thing as these samples often showed very thick stacks
of graphene or even spots of graphite in some places, in extreme cases. The maximum
area of monolayer graphene which was detected is approximately 30 x 40 um?. It must be
noted, however, that these areas do not correspond to single-crystal graphene. Single-layer
graphene, here, corresponds to an area, which was found to be formed predominantly by
single layer graphene, with multi-layers or holes as possible smaller textural aberrations
within the monolayer. The determined blue shift of the 2D peak of about 20 cm~! indicates
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that the graphene is strained in a compressive manner [29]. Generally, for all Si-faced
samples it was assumed that few-layer graphene was grown over the largest part of the
surface area. When comparing the characteristic shapes of the 2D peak, all shapes that
were described in the literature [1] are present in all samples. However, 5 to 7-layer stacks
(estimated from IR ratio and shape) seem to be most abundant. The repeating FWHM of
the 2D peak of 50 to 60 cm~! corresponds to multilayers and substrate-attached stacks
as well [29].

‘Intensity [cnts] 200(1
|

i

0 1
1000 1300 1600

2000 2400 2700 3000
Ramanshift [1/cm]
Figure 1. Measured Raman spectra of a characteristic sample with the signature of a 6H-SiC substrate
(marked as SiC) with characteristic graphene peaks (marked as D, G and 2D). The green curves
represent mapping spectra of 100 equally spaced points within the area of a typical Raman mapping
(100 x 100 um?). Each individual spectrum corresponds to graphene grown on the C-polar face of
SiC. For comparison, the typical spectrum of a monolayer graphene without a signature of a SiC
substrate beneath the layer is plotted in blue as a reference. These reference data were replotted
from [1].

3.1.2. C-Face

The C-face showed IS ratios between 2.5 and 3 for all samples, which indicates a
thinner graphitization coverage compared with the Si-faced samples. The highest estimated
percentage of monolayer coverage was found to be about 10% and the maximum detected
area of monolayer graphene measured about 300 x 30 um?. Again, like Si-face, it must
be noted here that these areas do not correspond to single-crystal graphene and single-
layer graphene, but corresponds to an area, which might contain multi-layers or holes as
possible smaller textural aberrations within the monolayer. Apart from sample StGr-3,
all these samples showed a characteristic bulk FWHM of the 2D peak of around 45 cm ™!
which is both characteristic of attached monolayers as well as few-layer graphene [26].
All the samples showed a small blue shift in the 2D peak, indicating compressive strain
in the material probably resulting from reverse thermal expansion behavior of substrate
and graphene.

3.1.3. Reproducibility

In order to determine the reproducibility of graphene grown on the same SiC-polar
faces, more samples would have been needed to make detailed observations about the
growth conditions and the effect of their change on formed graphene. The main objective
of this work however, was finding the difference of the growth characteristics between
different SiC-polar faces that can be seen and reproduced to a high degree. These are
(1) Generally lower 2D peak widths on the C-polar face compared with the Si-polar face,
(2) constant negative 2D peak shifts on the C-polar face, while the Si-polar face shows both
negative and positive shifts, (3) larger, yet more irregular and elongated (eccentric) forms of
single-layer areas grown on the C-polar face at the same growth conditions (time, duration),
while Si-polar face grown graphene areas are less eccentric in nature, (4) Higher graphene
surface coverages on the Si-face at the same growth conditions, (5) Higher observed step-
heights on the C-polar face with larger ones forming at lower growth temperatures.
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Table 1. List of all the samples, showing the information about the basic growth parameters as well
as the most important results. The abbreviation ND means that there are no data available. For the
samples where numbers are replaced by lines, there was either no signal detected or the condition
2D > G was untrue.

Samples (Numbered w.r.t. Growth Experiments)

Parameters StGr-1 StGr-2 StGr-3 StGr-4 StGr-5 StGr-6 StGr-7 StGr-8 AGr-12 AGr-13
T of growth (°C) 2000 2000 2000 1900 1900 1900 2000 1900 2050 2070
duration of 300 150 150 150 150 150 150 150 300 300
growth (s)
Heating rate after
1400 °C (°C /min) 40 40 40 40 40 40 40 40 40 40
Polar face
graphene was Si Si C C C Si C C Si Si
grown on
2D average peak
width (cm 1) 50 60 65 45 40 70 40 - 60 60
average shift of -~ -~ _ -~ -~ B _
2D (em1) 20 10 15 10 10 20 10 10 0
2D average peak
width where 37 57 63 45 44 60 42 - - ND
2D/G>1(ecm™1)
shift of 2D where
DG 1 (em) -10 -5 -5 -7 -8 -10 0 - - ND
maximum area of
monolayer 30 x 40 30 x 30 30 x 40 90 x 60 80 x 60 20 x 40 300 x 30 0 0 0
graphene found
(um?)
coverage of
graphene-like 93 69 90 75 61 53 81 0 100 ND
surface (%)
IR ratio (average
2D/G) without 033 025 0.33 0.41 0.23 0.18 042 0.16 033 ND
substrate only
points
IS ratio (average 236 261 252 3.70 2.93 3.29 2.40 2.81 250 ND
substrate/G)
Maximum step 13 12 25 30 29 13 26 35 10 10
eight (nm)
Hexagonal Yes Yes Yes Yes Yes No Yes No No Yes
network
Interpretation .
(formation Thick Started, yet Almost
raphene Y no
features) MM MM grap MM MM incom-plete MM MM MM
- . and graphene
MM = Multi and . growth
graphite present
monolayers

3.2. Atomic Force Microscopy
3.2.1. Si-Face

Generally, all Si-face grown samples that went through the sublimation process dis-
played similar surface features, only varying in how severe these features were developed
depending on the temperature and the time of growth. The former smooth, polished surface
of the substrate became much rougher. Bigger steps of up to 9.5 nm vertical displacement
dominate the surface with large terraces in between them. Using lower magnifications,
it could be seen that these steps form a superstructure with a certain repetitive order
(Figure 2a). In-between higher steps (in the following described as bunched steps), smaller
ones can be found in a sub-parallel order with vertical step heights of about 0.2 to 1.5 nm.
The smaller steps often display spike-shaped fronts that are orthogonal to the step structure.
The spikes were measured to have typical step heights of around 2.5 to 3.5 A(Figure 2b,c).
These spikes are interpreted as the growth front of a new graphene layer/film on the
surface. The height of around 3 Arepresents the typical height of one monolayer graphene.
Further, these spike shapes could optimally be related to a starting growth front of one new
layer of graphene.

Often, the surface showed a sub-hexagonal network of bright lines that are slightly
elevated relative to all other features (Figure 3a). These lines span the whole surface and
run over both small steps and bunched steps alike. Typical heights of the lines relative
to the structure beneath them were measured to range between 0.5 and 1.3 nm. In some
instances, the hexagons are replaced by pentagons or heptagons, displaying the presence
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of defects. Usually, networks of very pronounced hexagonal shapes showed a second, very
faint network beneath them (Figure 3b). The bottom network is oriented like the more
pronounced one, however is an independent structure. The maximum step-heights of the
underlying network were determined to be typically between 1.5 and 3 A(small peaks in
Figure 3c) and are thus difficult to measure and may represent one layer of graphene.
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Figure 2. (a) 30 x 30 um? of the graphitized surface of sample StGr-6. Bigger, parallel steps of about
4.5 nm in height are visible, running approximately from left to right in the picture. On the terraces
between the steps, slightly brighter, slim fingers grow in the direction of the next step that is oriented
higher than the point they originate from; (b) 9 x 9 um? close-up of these bright fingers. The dashed
black arrow indicates the trace of the height-profile depicted at the bottom (c); (c) 6 um long profile
across the surface of a terrace where a characteristic growth front of a sample grown on the Si-polar
face of SiC. Dashed blue lines indicate the minimal height detected of the growth front; and the
approximate mean of the valleys in between them respectively.

The elevated lines are seen as borderlines or overlapping regions of two adjacent
hexagonal flakes of graphene—hence the elevation. Here it is interpreted that the elevated
borderline of the lower graphene network deforms the topmost thin flakes growing above
them. This causes the border zone to be traceable through the topmost layer. The stiff,
yet bendable graphene on top smooths the surface expression. This is the reason why
overlapping areas of individual flakes of the top layer (about 0.3 nm step height) are
easily distinguished from the same structures one layer beneath (about half that height)
that are not as pronounced and are cut by the bigger flake boundaries. The presence
of an underlying structure directly confirms the Raman measurements, which predicted
that predominantly multilayers were grown. Often, the surface displays small elevations
that follow a random shape without interrupting it in a significant way. It is not trivial
to differentiate between those and the crystal boundaries of the graphene, which are
clearly hexagonally shaped and of smaller dimensions on the Si-faced substrate. The other
elevations, however, often die out, branch out or show a zig-zag appearance. Even those
can follow a pseudo hexagonal structure in some areas but have higher characteristic
elevations. They can be interpreted as wrinkles, deformations of the surface that are usually
formed during the cooling down process and are a direct effect of the different thermal

129



Crystals 2023, 13,189

expansion coefficients between SiC and graphene. One example of these wrinkles can be
seen in Figure 3a.
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Figure 3. (a) 30 x 30 um? of the graphitized surface of sample StGr-1. Visible are bigger steps of
about 12 nm height where they coalesce, running diagonally from bottom left to top-right of the
picture. On top of the surface, bright lines that create a pseudo hexagonal network. They are taken
as wrinkles on the surface; (b) 2.1 x 2.1 um? close-up of these bright lines. The dashed black arrow
indicates the trace of the height-profile depicted on the right, (c); (c) 2 um long profile across the
surface. The trace of the profile-line can be viewed on the left (b).

3.2.2. C-Face

As in the case of the Si-polar face, the C-face displays a superstructure consisting of
bunched steps. These bunched steps occur in a periodic arrangement, usually parallel to
each other. Distances between them range from about 20 to 30 um. This superstructure
shows a medium-range structure on top of it, which is composed of steps as well. Medium-
range steps (in the following m-steps) do not necessarily have to be parallel to each other
and seem more randomly oriented compared to the bunched steps and may split up and
reconnect again. The resulting are medium-range terrace islands that have shapes of lenses
or stripes depending on the random orientation of the m-steps. Typically, one bunched
step has five to seven m-steps in between. This accounts for step heights of roughly 3 to
4 nm and medium-range terrace widths of up to 9 um. It is important to note that there is a
variation in the distances of these m-steps to each other that does not seem random. The
closer they are located to the lowest point of a terrace next to a bunched step, the closer
the m-steps are situated to each other (Figure 4a—c). On smaller scale, a set of lines, like
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those found on the Si-face can be found and are again considered as the representation of
overlapping grain boundaries of graphene on the surface, as well as wrinkles of graphene
on the 2D structure. Some very distinctive small-range features that were found to a varying
degree on every sample were hexagonal fronts at small-range steps. Typically, they are
composed of a mixture of halves of hexagons arranged together to produce an armchair-
shaped growth front of individual graphene layers. The difference in height across such an
armchair-shaped front was characteristically in the range of 3 A (Figure 5a—c). The growth
fronts are typically found where many small-range steps are concentrating in the vicinity of
an m-step, from which the growth front originates. They exclusively start growing from the
bottom of such an m-step which clearly shows the formation of a new layer of graphene.

4 5pm

Figure 4. (a) Overview of the superstructure in the sample StGr-5. Bunched steps occur in periodic
distances of about 15-20 pm to each other with step heights up to 20 nm. Smaller steps (medium
range steps) do have approximately one fifth of both the step height and the distance compared
to the superstructure. For yet smaller features, a higher magnification is necessary; (b) The same
superstructure is visible in the other sample, StGr-7, but the medium range structure follows a more
random order here. On top of the medium-range steps, small-range structures are faintly visible;
(¢) 5 x 5 um? image showing a section of the graphitized surface of the sample StGr-5. Several steps
can be seen with several growth fronts that all face towards the bottom-left of the picture. This
structure is the fine-structure that can be found in between the bunched steps and m-steps which
are displayed in (a,b). Over the visible terraces, two kinds of separations may be visible. The first is
a distinctive set of lines, standing out about 1 nm from the mean height of the terrace. These lines
often form 120° angles and cross small-range and medium-range steps in an undisturbed manner
while being typically oriented at high angles to them. The second set of lines is less pronounced
and never shows more than 0.6 nm difference in height to the surroundings. Typically, they are at
very high angles close to 90° to small-range steps, where they often stop. These lines never cross
medium-range steps.
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Figure 5. (a) Image of 4 x 4 um? surface of the sample StGr-5 showing hexagonal structures. Both
sets of lines that were described above, in Figure 4, are forming a hexagonal network over the surface
of a terrace. Hexagons are replaced by pentagons or heptagons in some places as structural defects;
(b) image of a 3 x 3 um? area, both showing a hexagonal network as well as a growth front with
a newly forming sub-hexagonal structure. The arrow indicates the trace of the profile-line that is
shown below; (c) profile line taken over the boarder-zone of a newly forming hexagonal growth front
of a sample grown on the C-polar face of SiC. The red and blue dashed lines indicate the average
height of the terrace and the overgrowing growth-front.

4. Discussion

Because of different growth temperatures and growth durations, all observed features
occurred to a varying degree in all samples. Exceptions to this observation (5tGr 3 and 7)
can be explained by a technical (slight) offset of the on-axis substrate which have a strong
effect on the experimental result [22]. No two batches of wafers are completely identical. In
consequence, a substrate that has slightly more atomic steps on its cut surface may produce
a different result. As noted before, a general distinguishable trend between samples
grown on Si and C-polar faces of SiC can be observed even though exact results cannot be
reproduced between individual experiments that are grown on similar polar faces under
the same growth conditions.

It was evident that samples which experienced the highest growth-temperature and
duration also showed the highest amount of change in appearance as compared with the
reference substrate. The spike morphologies on the Si-faced samples, with their terrace
heights in the range of 3 Acan be seen as the direct expression of a new graphene layer
starting to form, as can be the half-hexagons on the C-face, respectively. Resulting from the
described slower growth rate on the Si-polar face in the literature [3,16], one would expect
the complete opposite growth geometry of a newly forming graphene surface. However,
spike-shaped structures, as observed on the Si-polar face samples, are similar to skeletal
or cellular growths in 3D crystal growth and thus have fast growth kinetics. An almost
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idiomorphic growth of the graphene, indicated by the hexagonal growth front on the
samples that were grown on the C-polar faces, is indeed more characteristic for higher
equilibrium conditions and slower growth kinetics.

Both the polar faces of the substrate produce graphene surfaces, where the small-range
hexagonal network (seen as the fingerprint of individual graphene flakes) does not grow
over the bunched steps which are therefore seen as separation lines for the graphene growth.
A sketch can be found in Figure 6. A uniform and unlimited 2D growth over the whole
surface remains, therefore, a challenge. The result from this interpretation would be that
bands of graphene form between separating bunched steps, forming a structure that can be
close to graphene nanoribbons. The width between these bunched steps seems to pin down
the area, where graphene growth can occur in an unhindered way. The m-steps and small
range steps are therefore considered as individual growth fronts. Monolayers would thus
be limited to the higher end of a bunched step and be a function of the distance between
the bunched steps. How temperature and duration affect the distance of the bunched
steps and their height is difficult to state from this data set, as the experiments did not
cover a big range of temperatures and growth times because the goal was to improve the
general quality of the graphene and to study the interrelation of surface structures and
electrical conductivity. However, it is suggested that a higher growth temperature and a
lower growth duration led to a lower degree of medium and small range structures and
less order on the surface of the sample with a higher probability of interconnection between
ribbons of graphene between bunched steps. The resulting surface would be best described
as weakly interconnected nanoribbons. The fact that these ribbons are connected in places,
however, can be seen when studying the wrinkle structures in the AFM images. They do
not always end at a bunched step but may run over it, indicating that there has to be a
connection surpassing a bunched step and thus a closed surface of graphene.

Overlapping layers, stlep

conducting

M SiC

a
b 7 c e
7, e e
i P == —1715‘6‘5; %
e O e
| SiC - Si-face / SIC - C-face

Figure 6. Schematic representation of the stock work of graphene layers on a SiC substrate. (a): An
over-representation of atomic steps on the depicted substrate to be able to demonstrate the structure
better. The substrate was an on-axis, industrially cut SiC wafer. Thus, some atomic steps could
not be avoided, even though technically the substrate was cut in crystallographic plane orientation.
Overlapping graphene layers allow for step-normal conductivity, while steps that are not completely
overgrown account for a limited conductivity; (b,c): schematic figure, showing the difference in
growth geometry of graphene on the two polar faces of SiC.
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4.1. Four-Point Probe Measurements

The first important feature to notice for all the samples was that the electrical properties
depend strongly on the direction of the measurement. Macroscopically, the layers look
very uniform on the SiC surface, and hence their global electrical resistivity was measured
using the four-point-probe technique. In each measurement, nearly a 3 mm area was
measured, and the resistivity was calculated using Equation (3). Some samples showed
directional differences in their electrical resistivity that could reach up to one order of
magnitude. The reason for this will be subject to discussion in the section below. The
resistivity values for graphene sheets of two, five and ten layers (these thickness values
were being assumed based on various measurements) were calculated for each individual
sample. Based on the observations depicted in Table 1 (IR, IS, width of 2D), the most likely
average layer-thickness was chosen (indicated in green in Table 2).

Table 2. Results of the resistivity measurements for all samples. The values indicate the average of
several measurements at different spots at the same orientation, using Equation (3) for an assumed
graphene sheet of 2 layers (6.7 A), 5 layers (16.75 A) and 10 layers (33.5 A). The samples StGr-1, StGr-2,
StGr-6, Agr-12, Agr-13 were grown on Si-face. The other samples were grown on the C-face of SiC.
Sample StGr-8 did not show a complete cover of graphene on the substrate and thus did not produce
any reliable results. Numbers colored in green were the ones that were found to represent the whole
samples’ graphene thickness best, resulting from all collected data.

p [Q.cm] as an

Average of All
p [Q.cm] as an Average of All Values in the Direction of the \./alue.zs in the .
Lowest Values Direction of the SiC-polar Face
Samples Highest Values
(Perpendicular to
the Lowest Values)
Assumed 2 Layers Assumed 5 Layers  Assumed 10 Layers
StGr-1 4.60 x 1077 1.15 x 10°° 2.30 x 10°° 1.01 x 107° Si
StGr-2 1.30 x 1077 3.24 x 1077 6.49 x 1077 2.82 x 1077 Si
StGr-3 837 x 1077 2.09 x 10~ 419 x 107 298 x 107° C
StGr-4 2.56 x 1078 5.20 x 10~7 1.04 x 10~° 6.29 x 10~7 C
StGr-5 3.43 x 108 3.89 x 1077 7.79 x 1077 3.26 x 1077 C
StGr-6 3.56 x 1077 490 x 1077 1.78 x 10~° 1.58 x 10~° Si
StGr-7 1.54 x 107° 3.84 x 10° 7.68 x 1070 3.09 x 10~° C
StGr-8 - - - - C
AGr-12 6.61 x 10~7 1.65 x 107° 3.31 x 107° 1.47 x 107> Si
AGr-13 449 x 107 225 x 107 449 x 10~ 1.79 x 1075 Si

The resistivity values are ranged around 10~ to 10~8 Q).cm independent of the polarity
of the substrate. This range occurs in the vicinity of the theoretical value of pristine
graphene, which was computed to be around 1.04 x 10~® Q.cm [6]. Graphene that is bent,
strained or has other structural modifications, which is assumed for graphene grown by
the sublimation method, should show even higher resistivity values [32], but this was not
the case for all the samples in this study. The strain in the graphene which was already
observed in Raman measurements and by wrinkles in the AFM is related to thermal
expansion differences between the substrate and the graphene layer on top as well as
to the adaptation of the graphene to roughness of the substrate which can either be a
relict or derived from the growth itself. The lowest values of strain were achieved for
samples (5tGr-2, 4, 5, 7 and AGr 12 and 13), indicated by the lowest measured 2D peak
shift. StGr 2, 4 and 5, where this observation coincides with a relatively well established
continuous few-layer graphene coverage, showed the lowest measured electrical resistivity
values by far with the addition of StGr 1. Samples StGr 7 and AGr 12 and 13 showed quite
thick graphene stacks in a few places (StGr 7) or developed thick graphitized surfaces
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that could almost be described as graphite, which is the reason why these samples have
a higher resistivity (ca. 1 order of magnitude) compared with samples StGr 1,2, 4 and 5.
Samples such as StGr-8 and 3 showed the highest resistivity values by far, which is easily
explained because these samples had relatively low graphitization coverages compared
with the others. Generally, there is no obvious difference between the values for the Si-
and the C-face grown graphene. Samples that were regarded as best from the Raman and
AFM investigation methods (e.g., sample StGr-1, 2, 4, 5) also displayed the lowest electrical
resistivity values compared with the others.

The values that are calculated are subject to the interpretation of how many layers of
actual graphene were grown. Additionally, structural differences such as homogeneity and
graphene coverage in percent play a huge role. Most of the samples showed characteristic
monolayer Raman peaks in some places, and yet non-graphitized spaces in others. There-
fore, the thickness of these graphene sheets comes close to the ideal monolayer. However,
as an average coverage of layers, it is assumed to lie most probably between 2 and 5 layers.
For few samples (5tGr-1, 2, 4, 5 and 7), a thickness of 2 layers is assumed, because all these
samples comparatively often showed a strong substrate fingerprint in Raman and in the
AFM measurements. The other samples are interpreted to have a graphene cover of at least
5 or 10 layers. This is assumed because of the high occurrence of graphite-typical peaks in
the Raman measurements, as well as the thick and scaly appearance they showed in the
AFM images.

Interpreted Results of Layer Thickness and Directional Dependence

By a closer examination, it becomes striking that most of the samples had a directional
dependence (growth/step direction) on the determined electrical resistivity values. It
ranged between a factor of 2 and about one order of magnitude between the samples.
This observation is examined in detail by marking the orientation of the striations on the
samples and noting the directional difference to the aforementioned parallel and diagonal
four-point probe measurements. It was found that the highest resistivity always coincides
to a direction being as close to perpendicular to the striations as possible. A sketch of this
directional dependence can be seen in Figure 7. The striations were found to coincide with
the direction and spacing of the bunched steps that were described in the AFM section.
It is safe to assume that bunched steps act as obstacle for the electrical current to flow in
the cases of all samples prepared in this study. This may be due to a high strain in the
graphene lattice that produces a high scattering potential for electrons along the bunched
steps, consequentially lowering conductivity (i.e., increased resistivity). Additionally, as
was observed in the AFM images (Figure 3a), graphene films do usually not overgrow
these bunched steps immediately so that the current may be limited to some specific spots
at a bunched step where the step height is either low enough for graphene to grow over
it or the stacking has become thick enough so that two graphene sheets on terraces can
combine, as indicated by the wrinkles in the AFM images in some places.

Following this interpretation, the difference in growth of graphene on C versus Si
polar face is considered important: As the C-face produced generally thicker stacks of
graphene, the likelihood of a combination of two sheets over a bunched step seems higher
on that polar face. Additionally, bunched steps on the C-face were approximately two or
three times as high as on the Si-face. However, bunched steps had a higher tendency to
split into two individual ones too. These split bunched steps rejoined to form a big step
in other places again, which, created interspersed islands of possible connectivity. This
favors the connection of graphene stacks over a bunched step on the C face too and might
indicate that C-face sublimated graphene would be better in its electrical properties than
the Si-face-grown graphene.

AFM images also showed that graphene crystals were generally smaller when the
graphene was grown on the Si-face, which was also found by B. K. Daas [33]. This cor-
responds to a higher scattering of electrons on grain boundaries and a therefore lower
net-conductivity which is the reason why the Si-face is not superior to the C-face as both
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effects affect each other in a reciprocal manner. For the case of the high-temperature-grown
samples (AGr-12 and 13), it is assumed that the graphene stack became thick enough so that
bunched steps no longer posed an obstacle. They were simply overgrown. Both samples
were produced with a much higher growth temperature and a higher growth-duration
accounting for the formation of thick graphene stacks that were confirmed by Raman
measurements. This may rule out the effect of bunched steps acting as obstacles for current
flow on these two samples completely. However, AGr-12 and 13 are still subject to the effect
of scattering on grain boundaries. As stated, growth of graphene on the Si-face happens
with the formation of small spikes that start growing from the vicinity of a bunched step
(perpendicular to it) while the C-face produces crystals that are less anisotropic in shape.
The long axis of the spikes of the Si face thus creates more crystal boundaries in a direction
parallel to the bunched steps compared with perpendicular to it and thus produce more
scattering in that direction compared with the C-face, where hexagonal, isotropic growth
was observed. According to literature [1], C-face graphene should demonstrate better
electrical properties. Observed resistivity values are expected to be significantly lower
than those measured on the Si-face grown graphene. This was observed in our study as
well. However, it also needs to be said that by taking the results of other measurement
techniques into account, i.e., AFM, it was found that especially the C-face of the graphene
showed big spots, where no growth had occurred.

Figure 7. Schematic illustration of the directional dependence of the electrical resistivity on the
structure of the layer. The box indicates a sample with steps and bunched steps that are indicated
by the black lines. The green arrow indicates the direction that was found to yield lowest electrical
resistivity (i.e., higher conductivity) values for thin graphene films. The red arrow indicates the
direction of the highest resistivity values found on those samples. For thick graphene and graphite
films, the directions are completely opposite.

5. Conclusions

The sublimation growth of epitaxial graphene on SiC was found to yield a few-layer
graphene in most parts of the substrate up to 90% coverage. The substrate surfaces are
covered by large-area flakes. The samples have at least one form of anisotropy in their
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morphology, which could be connected to direction-dependent behavior in the conductivity
measurements. Differences in electrical resistivity range from 2-times up to one order of
magnitude. The lowest resistivity values were found for those samples that showed the
highest degree of monolayer coverage combined with the highest amount of graphene
coverage on its surface. These resistivity values were in the range of 2 x 1078 Q.cm.
Directly measured sheet resistance values using the described 4-point probe technique
ranged around 5 to 10 Q0.

Contradictory to the literature, which usually describes the preparation of epitaxial
graphene on the C-face being hard to control, we obtained the best results on this face.
This may be due to the difference in growth mechanism of the forming graphene layers, as
depicted in Figure 6b,c, under the investigated and optimized growth conditions. However,
occurrence of bunched steps of more than 10 nm height as a form of structural defect was
observed from the growth process. The combined observations of AFM, optical microscopy
and resistivity measurements indicate that these bunched steps also act as a barrier for the
charge flow. In extreme cases, this may even result in a cluster of sub-parallel nanoribbons-
like structures that are separated from each other. This is valid for the both polar faces, but
the Si-face characteristically produces lower step heights. Bunched steps that form on the
SiC substrate during the sublimation phase can indirectly be influenced, in terms of height
and of distance to each other, via the main growth parameters such as temperature and time.
The samples that had bunched steps in the periodicity of about 30 um were found to display
the best combination of properties for a later application. Still, the growth temperatures
and growth durations that ranged between 1900 and 2000 °C would have to be optimized
further to produce the highest surface coverage while maintaining thin graphene sheets and
a good bunched step periodicity. The ramping time to achieve this high growth temperature
may act as a limiting factor, since a relatively fast ramping would be needed to prevent
extreme graphene formation already happening during the ramp-up period.

Any structural defects such as step bunches or clusters will deteriorate the device
performance, and anisotropy in any properties such as conductivity is also not beneficial
from device perspective. Further detailed investigation on the reduction of defects and
anisotropy removal is currently underway, including simulation studies and the results will
be reported. Even though the formation of anisotropic bunched terraces in combination
with the growth mechanism of graphene on SiC substrate is not particularly ideal for closed
isotropic sheet formation, it may offer a novel possibility to obtain separated nanoribbon-
like structures on SiC substrates. With more controllability and a clear separation between
the steps, this observation may lead to new possible application of that method for devices
that rely more on nanoribbons than on isotropic sheets of graphene.
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Abstract: In this study, ultrasound treatment was used to exfoliate commercially available graphite
flakes into reduced graphene oxide (rGO) dispersed in ethanol. After centrifugation, solid copper
chloride trihydrate was added, resulting in a green liquor containing Cu(II), Cu(I), and rGO. These
liquors exhibited good and rapid photocatalytic activity in the degradation of eosin and bromophenol
blue dyes (elimination in a few seconds) under visible-light irradiation. UV-visible spectroscopy
confirmed the presence of rGO and Cu species. The size and morphology of the rGO sheets were
investigated by several methods (SAXS, wide-angle XRD, SEM, and TEM). Negative UV peaks
indicated light emission, which was independently verified by fluorescence. Intense plasmon peaks,
with absorbances greater than 10, were observed after adding copper chloride salt. These plasmons
were eliminated by a high dilution before the described catalytic tests were performed.

Keywords: photocatalysis; Cu?* and Cu*; graphite; ultrasound; plasmons; dye decomposition

1. Introduction

A single or a few layers of 2D graphene sheets have excellent mechanical and optical
properties. They comprise carbon atoms arranged to form a honeycomb structure, defined
by carbon atoms in a sp? hybridization, as described in a general public magazine in
2008 [1]. The word graphene begins with graph—to recall the carbon species. Its ene end is
associated with its polycyclic aromatic hydrocarbon nature [2]. The electrons inside the
sigma bonds and between the carbon atoms are stable. Its extraordinary optical properties
are a result of the electrons inside the atomic 2p, orbitals of the carbon atoms. These
atomic orbitals overlap and extended valence bonding 7t and conducting anti-bounding
m* molecular orbitals are formed. Intraband and interband electronic transitions in the
spectral ranges of UV, visible, and far infrared are observed.

The introduction of graphene in photocatalysis was reviewed in 2016 [3]. Several
methods have been developed, used, and discussed in the literature to achieve the exfolia-
tion of graphite. Current exfoliation methods and techniques used to produce single-layer
materials from graphite precursors were described by Minzhen et al. [4]. The UV-visible
NIR absorption spectra of reduced graphene particles are complex, mainly because of
electron interactions. The first detailed general description of electron interactions was
published recently by Maier [5]. Transition metal ions can be coordinated on a reduced
graphene surface [6-8]. With added copper chloride, reduced graphene oxide (rGO) parti-
cles, called plasmons, exhibit strong absorption [9]. If graphene particles are suspended in a
solvent, they will have indirect semi-conducting properties, and a band-gap can be detected
between their valence and conduction bands [10,11]. These bands’ positions in energy are
influenced by the graphene nanoparticles’ sizes, shapes, and defects (O-containing and
structural). This study addresses four questions:
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Is the added copper chloride hydrated salt necessary to observe plasmons?

Can plasmon positions and intensities be adjusted by dilution?

Can plasmon coupling with C-C vibrations be evidenced?

Can plasmons be eliminated to study photocatalytic properties attributed to copper
species and reduced graphene particles?

Ll

These questions are addressed using UV-visible-NIR spectra. Small negative peaks in
the UV range suggest fluorescence, and this was independently verified for the graphene
sheets before the addition of copper. Diluted and special cells (0.2 cm instead of 1 cm optical
path) were compared to suppress plasmons. When suppressed, band-gap measurements of
the C species were conducted using classical and new methods [10-15]. Optical characteri-
zations and band-gap values were compared with published data [16,17]. Catalytic tests
for eosin and bromophenol blue dye decomposition, under visible-light irradiation over
copper/graphene, are also introduced.

Several authors have described nanoscrolls and their potential uses [18-21]. We have
reported that ultrasound techniques can be used to exfoliate them, and 3D graphite GR
particles can be used to obtain flat particles for use as supports for Zn—ferrite nanoparti-
cles to eliminate antibiotic traces of the antibiotic amoxycillin [15]. In the most common
preparation method using ultrasound in water, graphene oxide (GO) sheets are obtained
using the Hummers method. GO is then reduced to give rGO, and three distinct reducers
are used: hydrazine, ascorbic acid, and natural extracts of Amaranthus hybrids [18]. Here,
ethanol was used as solvent and also as a reducer [15]. Some of the reported data concern
samples prepared using ultrasound indirectly in thermostatic beakers, samples introduced
in a water bath, or a horn introduced inside the solution that can be water [19], ethanol [20],
or water with strong mineral acids. Solid catalysts containing doped oxide nanoparticles
dispersed on porous nanocrystals of zeolite FAU or rGO, for instance, are interesting in oxi-
dation reactions of oxygen and also in the degradation of pollutants [22-32]. They have also
been used for biomedical applications [29]. The catalysts Cu/Zn on graphene have been
formed by CVD [33]. To avoid graphene agglomeration, neutral surfactants and negatively
charged species can be added. But a simple addition of organics affects the physical and
chemical properties of graphene sheets. Here, similar solids are obtained by using a simple
contact of suspended graphene nanoparticles with the mineral species CuCl,-3H,0O after an
ultrasound treatment aimed at eliminating the nanoscrolls of graphene and a centrifugation
to remove graphite 3D particles. Solids characterizations are performed by XRD, SEM, and
TEM micrographs, associated with selected area electron diffraction. We will focus on the
description of the plasmon intensities and positions as a function of the Cu/rGO dilution
in ethanol.

2. Materials and Methods
2.1. Materials

Commercial, natural graphite flakes, GR, 99% carbon, 100 mesh, were sourced from
Sigma Aldrich n° 808091, CAS 7782-42-5, Paris, France; they were polluted in carbon
nanoscrolls similar to the ones described by several authors [18-21]. We used absolute
alcohol, CAS 64-17-5, and CuCl,-3H,0, CAS 10125-13-0, from the same company. All these
reagents lacked intrinsic toxicity. Here, we focused on working with the catalysts in a
liquid state and on their dilution in ethanol. The graphene suspensions contained reduced
graphene rGO, and they were easily recognized because of their black color. Ultrasound
treatment was applied directly inside the centrifugation vials to warrant the absence of
unwanted contamination by metallic species and to ascertain that the containers always
had the same shape and volume. The vials had a basic conical shape and a height of 115 cm.
They contained between 40 and 45 mL of ethanol. The effect of dispersion by organic
solvents such as N-methyl-pyrrolidone was described by Politano and Chiarello [34]. The
aromatic molecules were replaced by ethanol and an inorganic copper salt because they
can alter the electronic properties of rGO.
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2.2. Methods

Scanning electron microscopy (SEM) imaging was performed with a Hitachi SU-70
FESEM (Hitachi, Paris, France). Transmission electron micrographs were registered on a
JEOL JEM 2011 UHR (Jeol, Croissy-sur-Seine, France) microscope, operating at 200 kV, and
equipped with an ORIUS Gatan Camera (Paris, France). For the observations, the liquids
were deposited on 3 mm copper grids coated with an amorphous carbon film and let dry.

Ultrasonic irradiations were generated by a Vibracell VCX 500 apparatus (Bioblock,
Paris, France) (500 W power, used at 40%, with a frequency of 20 kHz). The horn of
this apparatus, 13 mm in diameter, was made with an alloy of Ti-6Al-4V and warranted
for an overall volume of solution of 50 mL. The probe penetrated 6 cm inside the used
liquid inside the vial. We used constant irradiations for 5, 6, or 7 min or for 2 h with
and without pulses of 15 s and stops of 15 s. Experimental conditions, the influence of
the ultrasound power, several sonication times, and the initial graphite concentration
were detailed by Navik et al. [23]. The used initial concentration of graphite was equal
to 5 mg/mL. The sonication was realized in a sonication bath with a power of 1.08 kW.
In a previous study [23], Navik et al. were interested in graphene stabilization by an
organic molecule, curcumin, stable for a graphene concentration of 1.44 mg/mL; their
study also contained complementary data concerning the detection of graphene sheets in
ethanol with several initial GR concentrations. There is one main difference between these
published results and ours: the used ultrasound horn penetrates deeply into the solution.
In our liquors, to avoid solids precipitation, we used 6 min or 2 h of ultrasound treatment,
and the initial graphite was introduced in concentrations lower than 0.5 mg/mL. After
the ultrasonic treatment, a centrifugation was applied at 3000 and/or 5000 rotations by
min, rpm, and 12 min. Bulk 3D graphite was recovered at the bottom of the flask. Its 3D
character was demonstrated by SAXS measurements (Figure S1), and it was eliminated.
The transparent black liquor was then used directly to dissolve the salt, copper chloride
trihydrate. The solution was changing color spontaneously and became green in less than
2 min. We were surprised to observe that the green color of the solution was extremely
stable, remaining constant even after several months of storage in air, whereas the species
that we have detected that can be green are Cu(l) cations, and are known to be instable;
therefore, only the redox potential of the couple Cu(ll) Cu (metal) is given in the literature.
To explain their stability, a positive role of ethanol to protect them is proposed.

The presence of the graphene sheets in suspension in ethanol was studied first by
WAXS wide-angle Scattering on a Bruker-type D8 Advance (Paris, France) within the range
of 26 from 0.3° to 90° with copper 1.54186 A, a mixture of Ka; and Kay, and a ratio of
1 for 2. A Bragg-Brentano set-up was used to obtain graphics in intensities versus 26.
Simulations were created using the Fullprof program. With this program, precise values of
peak positions and intensities (integrated units) were obtained. Within the range of 23-31°,
three observed peaks were labelled (1), (2), and (3). Peak (1) is a small peak on the left
part. Peaks (2) and (3) are more than 5 times more intense and are on the right part. Two
additional peaks attributed to X-ray diffusion are presented in Figure 1 to take into account
the shape of the diffraction. Peaks (2) and (3) were calculated based on the following
parameters: H = FWHM, the Full-Width at Half Maximum, ETA, #, a linear combination of
a Lorentzian L, and a Gaussian G line shape with the same FWHM. Expression 1 can be
written for XRD:

1(260) = Iy [ L(20 —260) + (1 —17)G(26 — 260)] )
The Gaussian peak is given by Equation (2):
G(26) = Ciexp[—m(26 — 260)*/ ] )

where C; is the peak intensity, 20y is the 26 position of the peak maximum, and the integral
breadth, §3, is related to the FWHM peak width.
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Figure 1. Commercial sample, GR. Possible decomposition of an XRD peak into five components: @,
@, and ® peaks. Both intense @ and ® peaks are Gaussian in shape. I (observed) in black with red
spots, I (calculated) for three peaks labelled (1) in red, (2) in green, and (3) in brown, and in blue is
the difference between I (observed) and I (calculated).

A value of 7 close to zero indicates a Gaussian line shape. Intermediate values between
0 and 1 indicated a pseudo-Voigt shape with given % of G and L. Two very small diffraction
peaks associated with X-ray diffusion are located at the same positions as peaks (2) and (3)
and are labelled peaks (4) and (5).

UV-visible-NIR spectra were measured on a Varian 4000 spectrometer (Bimedics, Paris,
France) within the range of 200-1400 nm. They were measured in the UV (200 to 400 nm), the
visible (400 to 800 nm), and the NIR ranges inside two kinds of quartz cells, one with an optical
path of 1 cm and a second with an optical path (internal) of 2 mm. Fluorescence measurements
were carried out with a Horiba Jobin Yvon spectrometer Fluorolog®FL3—22 (Horiba, Paris,
France). We tried two kinds of florescence measurements, the first one with diluted solutions in
ethanol and the second one directly with the concentrated initial solutions obtained by applying
ultrasound treatment for 6 min and without centrifugation.

Better results in fluorescence were obtained on the non-diluted solutions and for an
angle between the excitation light and detector set at 90° to avoid detector saturation.

3. Results
3.1. Solid Graphite XRD to Study Mixture of Nanoscrolls and 3D Graphite

In XRD, enlargements between 23 and 31° were performed and analyzed with the
program Fullprof. The positions of peaks (2) and (3), labels indicated in the experimental
section, are equal to 26.208 and 26.427°, with respective FWHM values of 0.495 and 0.179°;
their ETA values are both equal to zero. The two peaks are therefore Gaussian in shape.
Peak (3) is the narrowest and can be assigned to 3D graphite (Figure 1).

Particles sizes can be estimated using the Scherer equation in the following form:

09 A

b1 = FWHMyq cos 0 )
where FWHM = § is expressed in radians. Average particles sizes of 700 and 300 A are
obtained on peaks (2) and (3). These dimensions are too large for nanoparticles (Figure 1).

Peak (2) is attributed to graphene sheets, their varied sizes being associated with a large
FWHM of this peak, significantly larger than the one of peak (3), attributed to graphite 3D
particles. It is interesting to know that this decomposition of the X-ray diffraction peak is no
longer detected when the GR commercial sample is submitted to an ultrasound treatment
after its suspension in ethanol for 2 h. In that case, a single XRD peak at 26.54° with a
Gaussian shape, which corresponds to the 002 diffraction of reconstructed 3D graphite
domains, is observed.
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The integrated intensities of peaks (1), (2), and (3) indicate that the percentage of 3D
graphite is 60.52% and that of graphene stabilized in nanoscrolls is 36.33%.

3.2. Observations Correlated to Graphene Particle Sizes
3.2.1. Measurements Performed on SEM and TEM Images

The SEM image in Figure 2 is relative to graphene nanoscrolls. These nanoscrolls are
decomposed after a simple manual grinding. Their diameter, as measured on adjacent
nanoscrolls, is 235 nm. A correct evaluation of the two solids is difficult on SEM images
only because only a given part of the sample is visible. But relative percentages of the two
phases can be obtained using the XRD measurements.

L ®

5.0kV 11.3mm ><25 Ok SE(U

Figure 2. SEM images of the nanoscrolls: other images already published [8]. Upper detector used
for secondary electron detection. Magnification: x25,000; scale bar: 2 pm.

After an ultrasound treatment of 6 min with pulses of 15 s and stops of 15 s, the nano-
scrolls are no longer detected neither by microscopy nor by XRD. The fact that nanoscrolls
can be transformed in flat domains was already known, with bubbles of cavitation being
inserted within the main part of the scrolls and destroying them [6]. The present work
complements previous studies by showing that the size of the flat nanoparticles is directly
affected by the time of the applied ultrasound. Micrometer-sized particles observed after
6 min of ultrasound and drying are replaced by smaller particles of size lower than 100 nm
after an ultrasound treatment of 2 h. An additional selected electron diffraction is presented
in Figure 3 and was carried out on a graphene particle. This image is important, as it
establishes that the studied specific sheet contains five distinct layers. The white spots are
indeed grouped in thirds on the Bragg rings, but the medium spot is larger than the two
other ones.
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Figure 3. Selected area electron diffraction (SAED) on a graphene particle.

On the enlargement presented in Figure 4, several nanoparticles of copper oxide
are seen aggregated and above the carbon surface, probably of a 3D particle of graphite
of important size (more than 25 layers). A distance between fringes of 1.195 A can be
measured. This distance is confirmed by a Fourier mathematical transformation, and it is
difficult to identify an inorganic species with one value only.

Figure 4. Details about copper oxide nanoparticles, external and covered by carbon layers. FFT on
external oxide particles (x500,000; scale bar 10 nm).
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The SEM and TEM images are important, as they evidence thin 2D graphene sheets
(five layers in Figure 3) mixed with more thick ones and also with 3D graphite (Figure 4).
The information about the copper species was difficult to analyze since dehydration was
used. The dried powder was deposited on a carbon grid covered by a carbon film. The
sample was then left to dry for a long time before being introduced inside the TEM
apparatus.

3.2.2. UV-Visible-NIR Spectroscopy
Before Copper Introduction

The measured absorbance was used to estimate the concentration of graphene sheets
in suspension. We used the Beer-Lambert relation, A = ¢ ¢ [, and a cell with an optical path
of I =1 cm. The absorbance, A, has no units. C is the graphene concentration and ¢ the
absorption coefficient in L-mol~!-ecm~1.

Measurements were performed on two solutions, recovered after ultrasound treat-
ments of 6 min. One solution is realized with pulses of 15 s for progressive dilutions in
absolute ethanol and the other solution without. Four points corresponding to dilution
by a factor of 0.10 to 0.35 were used, and the initial concentration of commercial graphite
was 500 mg in 45 mL of absolute ethanol. Navik and Gai [23] have proposed for curcumin
stabilized in water solutions of graphene that a preliminary value of (e ¢) is 1650 mL/mg.

We present in Figure 5 the absorbance that can be measured after mixing several vol-
umes, 1000, 750, and 500 uL, of the activated isolated solution immediately after ultrasound
and centrifugation at 5000 rpm for 12 min with and without pulses. Dilution by absolute
ethanol was carried out to obtain 4 mL of solution in each case (with 3 mL, 3.25 mL, and
3.5 mL, necessary to obtain an overall volume of 4 mL), and absorbance was measured on
a quasi-flat straight line observed between 700 and 800 nm.

1.2 1 —4e—Without pulses
== With pulses
1 4
0.8 - y = 0.001x — 0.0605 e
@ R*> = 0.6888 -
(%]
c
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2 0.6 -
o
(7]
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Figure 5. UV-visible results. Absorbance collected on dispersed graphene diluted in absolute ethanol:
1000, 750, and 500 pL diluted in 3.00, 3.25, and 3.50 mL of ethanol to obtain a total volume of 4 mL,
studied in a 1 cm cell (in quartz) after ultrasound of 6 min, with and without pulses of 15 s and stops
of 15 s, and centrifugation at 5000 rpm for 12 min.

Graphene was formed with pulses two more times. The corresponding overall weight
of the C species in the solution was determined in an open Eppendorf tube and left to
evaporate. No difference was measured with the two solutions made with 1000 and 750 pL
with pulses: masses of 0.062 mg and 0.0605 mg of carbon were found. With the solution at
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500 pL, the weight of carbon was equal to 0.0417 mg. Converted in ug by mL (with 4 mL
total volume), this gives 15.5, 15.1, and 10.4 pug by ml of the diluted solution.

In practice, as detailed previously, dilution was necessary before collecting the UV—
visible spectra. The necessary dilutions were performed taking an Eppendorf tube of
5 mL containing 250 uL of the selected “green” liquor, taken with a high-precision manual
Eppendorf pipette BIOHT Proline 100-1000 pL, calibrated at 1% precision for 500 pL at
room temperature (with a balance of precision of 0.001 g). The samples were dried in an
autoclave at 60 °C for 2 h. The weight of the sample before and after drying was measured
with a Mettler-Toledo scale (XPR204S maximum capacity 210 g, with a readability of 0.1 mg)
after ethanol evaporation, and the final measured weight of the solid is due to the carbon
contribution in the solution.

In Figure 6, a straight line is observed for the absorbance as a function of the detected
C species in the flask containing the solution after ethanol evaporation. The linearity is
better when the observed absorbance is plotted as a function of the concentration of carbon
expressed in pg by ml. This line was used after to estimate the C amount in our ethanol
solutions (without dilution). If we consider the point corresponding to 1000 uL of the
solution prepared with 6 min of ultrasound and pulses of 15 s, it corresponds to 12.4 pg of
C species by mL, and therefore there was 0.060 mg of suspended C species in the 5 mL of
ethanol initially. Given the initial 500 mg of GR, this corresponds to a low percentage, less
than 0.1% of the introduced C species. Compared with results published by Navik [22] that
concern ultrasounds applied with a horn, a weight of C species in ethanol of 1.36 mg by
ml, more than two times larger than ours, was obtained. The better obtained result was
assigned to the use of large curcumin organic molecules that stabilize the graphene sheets.
The power of the ultrasound treatment used was equal to 0.18, 0.54, 1.08, and 1.8 W in that
publication, and we used about 40% of 500 W, which is more than 20 times more power but
at 40% only. Despite the higher power that we used, our graphene suspension in ethanol
was lower. More than the ultrasound power, this difference can be then assigned, according
to Wallace and Shao [22], to the following parameters:

(1) The curcumin;
(2) The initial 3D graphite used;
(3) The duration of the ultrasound treatment applied (equal to 4 h).

1200 - Absorbance due to graphenin solutions
Determined by UV —visible spectrocopy
1000 + ~~o
Tt y = —250x + 1250
Teal R?* =1.000

800 + Seae
o P
S =
- -
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2 600 o Sseo
c ..
m .
- N
-
a
8 400 -
<

200 +

0 T T
11.5 11.1 4.5
Concentration (ug/mL)

Figure 6. Absorbance measured as a function of the composition of the studied solution expressed in
ug by mL.
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A weight of 50 mg by mL was obtained by Wallace and Shao [22], and this concentra-
tion is equal to 500 mg in 45 mL for a duration time equal to 6 min in our work.

Our calculations showed an average absorption coefficient equal to 2500 L-g~!-m~1,
which is very close to that obtained by Hernandez et al. [26], with an absorption coefficient
equal to 2240 L-g~!-m~!. The difference between the two results does not exceed 10%.

After Copper Chloride Addition

After centrifugation at 3000 rpm for 12 min, the solution was recovered and the solid
CuCl,-2H,0 salt was added; then, the salt was fully dissolved in less than 2 min, and
the liquor exhibited a “green” homogeneous color. This treatment was reproduced with
centrifugation at 5000 rpm 12 min. Possible ligands around the Cu(ll) cations, in our
conditions, are chloride anions, water, and ethanol molecules. The possible exchange of
water molecules by ethanol from the solvent has been studied by Larin et al. [35]. In this
study, it was also indicated that links with chloride anions were implying strongly acidic
HCl solutions. We = then neglected chloride ligands, and concluded that we are dealing
with [Cu(HpO)¢_p, (Ethanol), with n < 3 complexes.

Figure 6 regroups the UV-visible spectra recorded with several graphene dispersions
after the addition of CuCl,-2H,O. Three distinct kinds of vibrations are observed: (1) in
the UV range, vibrations of the C-C, C=C bonds of graphene and graphite; (2) still in the
UV range between 300 and 400 nm, very intense vibrations due to collective excitation, in
addition to plasmons of intensities greater than 10; (3) above 800 nm, broad vibrations of
octahedral Cu(Il) complexes (octahedral and tetrahedral).

On the right part of the visible spectrum, recorded with our more concentrated solution
(Figure 6), are two broad peaks, one at 866 nm and a second one at 930 nm. It was observed
that there was an exchange of ligands from water to ethanol, as detailed in Figure S2. Two
distorted octahedral Cu(II) complexes are observed and assigned to trans and cis complexes
of Cu(ll), containing two ethanol and four water molecules. These species correspond to an
axially distorted octahedral field in the visible spectrum that gives an averaged maximum
at 866 nm. There is also a broad absorption observed at 930 nm on the spectrum of the most
concentrated solution (Figures 7 and 8). Because of its position, this signal is attributed to
Cu(l) species, possibly grafted on the graphene surface. They are stable in oxidation by
oxygen molecules. Some protection by the solvent is necessary to explain their stability.
Similar kinds of Cu species, grafted on C vacancies of carbon species on solid carbon
diamonds, have been evidenced very recently [18]. They were investigated by demanding
and expensive methods, EXAFS-XANES XANES [19], but also by less expensive operando
IR measurements [18]. Here, we selected to use UV-visible-NIR spectroscopy.

Furthermore, on the left side of the spectrum, still with a concentrated solution,
multiple and very intense peaks were detected between 309 and 371 nm (4.01 to 3.81 eV)
with a second non-resolved broad peak between 262 and 371 nm. With progressive dilution,
the narrow and intense peaks were eliminated, and the first peak was decomposed into
at least three peaks, one at 230 nm and two above 250 nm. Further dilution shifted the
broad peak to 265 nm, a position indicative of thin reduced graphene and attributed to the
m-7* electronic transition, confirming the absence of graphene oxide (GO) in our diluted
samples. For oxidized samples, a peak near 230 nm was reported. The intense additional
peaks were attributed to plasmons associated with light reflection by graphene suspended
nanoparticles. We observed that a simple dilution can eliminate their very intense peaks.
A very similar result was obtained by changing the thickness of the used cell, going from
1 cm to an overall path of 2 mm internal (and 4 mm external). As illustrated in Figure 7, the
intense reflections of plasmons are eliminated.
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Figure 7. Influence of dilution by ethanol on UV-visible spectra of “green” liquors of
Cu/graphene/ethanol. In black, preparation with 0.269 g commercial graphite: 45 mL absolute
ethanol; ultrasound 7 min, and pulses of 15 s (in blue). Dilution “1”: inside the UV cell, few drops
inside 4 mL of absolute ethanol (in pink). Dilution “2”: 1 mL of dilution “1” diluted with 3 mL

ethanol (inside the visible cell).
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Figure 8. Influence of the optical path of UV-visible cells on plasmons coupling with the other
vibrations: C-C vibrations on the left (from above to below 400 nm) and [Cu Ethanol,(H,0)4]%*
complex (864 nm instead of 800 nm for the hexa—aqua complex); orange in a cell of 1 cm and blue in a
cell of 0.2 cm (internal).

It is incorrect to claim that graphene has a non-zero band-gap when it is dispersed
inside a solvent dispersion. A band-gap, a difference in energy between its valence and its
conduction band, is observed just after the plasmons in the UV spectral range, and its value
is calculated here at the intersection between the most vertical line observed when going
from 365 to 400 nm and the Ox axis. The spectra indicated a shift from 3.09 to 3.39 eV in its
conversion of energy (eV) if the plasmons’ contribution is removed. In the orange spectrum,
coupling between them and the vibrations of graphene, its natural C-C, C=C bond is
evidenced (Figure 8). Coupling between the added copper species and the plasmons is
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also demonstrated by the position of the broad peak due to the [Cu (H,0)61** complex,
which is shifting from above 850 nm down to its usual value circa 800 nm for the hexa—aqua
complex in water.

Reduced graphene is a semi-conductor, and its band-gap can be estimated after
conversion of the Ox axis of the visible spectrum in energy (E = (h c)/A, where & is the
Planck constant, c is the celerity of light in vacuum, and A is the light wavelength expressed
in eV; the value is then converted into Joule and into eV, which gives 1238 /), with graphene
highly dilutable in ethanol solutions. To obtain a Tauc plot, &, the absorption coefficient,
is calculated, knowing it is equal to (1/d) In(T), with d, the thickness of the sample, being
1 cm with our cell, and T, transmission, equal to 10-power, which is the absorbance. Alpha
multiplied by the photons’ energy (E ) power 0.5 is plotted versus the energy in eV, and
straight lines are obtained. The corresponding band-gap for an indirect semi-conductor is
obtained by calculation of the intercept of the lines with the vertical axis divided by the
slope. An indirect value of 3.67 eV is obtained for the sample fabricated with 6 min of
ultrasound. A value of 4.02 eV is obtained with the sample submitted to 2 h of ultrasound.
The indirect value can be compared with published values: 4.7 eV (for a free-standing sheet
of graphene) and 7.0 eV (graphite 3D) for a band attributed to a 7-7r* interband transition,
as proposed and calculated by Politano and Chiarello in 2014 [9].

For a given concentration, there is a small peak at 230 nm on Figure 7, observed
only with the smallest thickness path cell. This peak is due to contamination by oxidized
C species that can be OH, peroxide, or COOH groups. At the highest concentration, a
superposition with a negative absorption is observed, and the negative peak is masking
traces of oxidized species. When the negative peak is present, no information about the
oxidized species is available. After the elimination of the strong plasmons, a maximum
of absorption is only observed at 270 nm in Figure 7, and this can be attributed to the
reduced graphene sheets, without coupling with the other vibrations. They are composed
of C atoms hybridized with sp?, forming closed domains, the sizes of which are clearly
evidenced by the presented UV spectra.

Care is necessary before using this value. Indeed, in old publications, the graphene
sheets were in general considered to have a zero band-gap. It is obviously not the case here
since we are studying graphene sheets dispersed on a solvent. In ethanol and if plasmons
are suppressed, we observe a very strong absorption in the UV spectrum, and the existence
of a band-gap in energy will be then confirmed by fluorescence spectra, as investigated
next. We emphasize the fact that the band-gap energy can be measured using the Tauc
expression recommended for indirect semi-conductors. A value of 3.67 eV is obtained with
the larger graphene particles obtained after 6 min of ultrasound (Figure 9). Small sheets
obtained after 2 h of ultrasound give a larger energy value of 4.02 eV because of a smaller
number of involved C atoms and a less efficient 7t delocalization.

Comparisons with published values for the band-gap of reduced graphene sheets are
possible: values at 3.90, 3.60, and 3.20 eV have been published for nanoparticles obtained
by the reduction of GO [16], with the decreasing value associated with differences in
thicknesses. We assume that our two values of 4.02 and 3.67 eV are significantly different
and rather associated with the dimension of graphene, from micron-size to smaller than
100 nm in the MEB and TEM images.
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Figure 9. Associated TAUC plot for an indirect semi-conductor, obtained after 6 min of ultrasound
treatment with pulses. The value of the band-gap is calculated by the extrapolation of the straight
line in orange by dividing its origin (its common point with the Ox axis) by its slope. Here, a value of
3.67 eV is obtained.

3.2.3. Influence of Graphene Sizes Studied by Fluorescence (Emission) Spectra

The fluorescence of reduced graphene sheets was studied [30,31]. We tried two kinds of
florescence measurements on our non-centrifugated liquors of graphene before the copper
salt addition, the first one with ethanol and the second one directly with the concentrated
initial black solutions, after a suspension of commercial graphite (GR) and ultrasound
applied for 6 min and for 2 h. Better results were obtained without dilution and for an
angle excitation light detector set at 90° to avoid detector saturation. The observed signals
correspond to the superposition of signals attributed to graphite 3D and graphene 2D
particles. The maximum shifts from 425 to 455 nm as the particle size increases from micron
sizes to less than 100 nm in SEM and TEM images, involving fewer C atoms and lower
energy 7t delocalization.

The fluorescence spectrum of reduced rGO dissolved in water, acetone, ethyl acetate,
toluene, and benzene with an excitation pulse of 300 nm is already published [30,31]. It
was demonstrated that the fluorescence indeed exists and that the fluorescence properties
were strongly affected by the solvent polarity.

Ethanol’s polarity is larger than acetone’s, and a free OH group also offers the possi-
bility of H-bonds; therefore, we were expecting to observe a fluorescence signal in ethanol,
as suggested by negative peaks seen in the UV spectra.

The detected fluorescence signals are presented in Figure 10 (Figure 10a ethanol only
and Figure 10b with 2 h of the ultrasound treatment without applied centrifugation), with
two spectra recorded on the small particles of graphite 3D and graphene 2D obtained
by a 2 h ultrasound treatment and with an ultrasound treatment of 6 min. The two
measurements were performed with the same energy of excitation (358 nm), the same rate
(I nm/s), and the same slit widths (external 5 nm, internal 2 nm).

The signal keeps a detectible intensity between 400 and 625 nm. The fluorescence
spectra of rGO dissolved in water, benzene, toluene, ethyl acetate, and acetone at the
excitation pulse of 300 nm have already been reported. The signal detected here in ethanol
is stronger with the larger graphene nanoparticles obtained with 6 min of ultrasound
treatment than after 2 h of ultrasound treatment. Its maximum shifts from 425 to 455 nm if
the graphene particle size increases from micron sizes to lower than 100 nm in SEM and
TEM images with fewer involved C atoms and a lower energy 7t delocalization. The two
measurements were performed with the same excitation of 358 nm, the same rate of 1 nm
by s, and the same slit widths, external of 5 nm and internal of 2 nm.
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Figure 10. Fluorescence spectra of ethanol of two solutions of graphite 3D and graphene 2D sus-
pended in ethanol prepared with 6 min (a) and with 2 h of the ultrasound treatment, respectively
(excitation at 358 nm), without applied centrifugation (b). The existence of the 2D particles is demon-
strated by SAXS measurements presented in the Supplementary Information—comparison of the
SAXS results obtained on the powder after centrifugation and of the powder recovered by filtration
on the solution on paper and drying in air.

3.2.4. Reactivity Test

UV-visible spectra were necessary to follow the oxidation of two organic dyes (eosin
and bromophenol blue). With eosin, the initial concentration of the dye was equal to 44 mg
in 100 mL of distilled water, while the blue bromophenol dye was in water. Dilutions were
then prepared and were necessary to collect UV-visible-NIR spectra:

(1)  An amount of 250 pL of the initial solution was diluted in 4 mL of distilled water,
directly inside a 1 cm cell in quartz;

(2) Dilution 2 was prepared by the dilution of 250 pL of dilution 1 into 4 mL of distilled
water;

(3) Dilution 3 was prepared with 250 pL of dilution 2 into 4 mL of water. To these
dilutions, 250 pL of liquid was removed and replaced with 250 pL of the active liquor.
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With the three solutions, the characteristic peaks of the eosin dye were located at
503 and 534 nm, with relative absorbances of 0.503 and 1.15 for dilution 3. The three peaks
were eliminated in seconds with a few drops of the active green liquors that we tested both
with small and with large rGO particles. A similar treatment was undertaken with a blue
bromophenol dye in water. The treatments were also reproduced in ethanol.

It is important to know that no plasmons of rGO were present in the used dilutions.
This was on purpose to study the material’s photocatalytic activity in their absence.

4. Conclusions and Perspectives

Ultrasound treatments of ethanol dispersions of a commercial graphite (GR) were very
efficient to obtain reduced and “flat” graphene sheets that we characterized by XRD, SEM,
and TEM. UV-visible-NIR results were complemented by fluorescence spectroscopy. For
ultrasound treatments at a power of 500 W (used at 40% and with a frequency of 20 MHz),
a horn was directly introduced inside the solution, and the treatments were performed
either with a constant method or using pulses of 15 s and stops of 15 s for overall times of
5-7 min and of 2 h.

Thanks to the systematic use of centrifugation vials having the same volume (45 mL)
of solvent, the same amount of commercial C-based GR species, and similar centrifugation
conditions, we can conclude that the graphene sheet dimension was directly affected by
the time of the ultrasound treatment used. The main dimension of the graphene particles
decreased from larger than a micron (ultrasound of 6 min) to smaller than 100 nm (after
ultrasound of 2 h). Even after 2 h of ultrasound treatment, the C particles remained stacked,
and more than 5 to 25 sheets were detected.

Interesting plasmons (collective excitation of electrons, considered as a gaseous plasma)
were observed after centrifugation and the addition of CuCl,-3H,0O, and both their intensi-
ties (absorption that can be larger than 10) and their positions were affected by dilutions.
The existence of a coupling between the plasmons and the vibrations of the C lattice was
demonstrated. At a high dilution to remove the plasmons, the prepared Cl/Cu/graphene
solutions were very strong oxidants, as demonstrated by catalytic tests performed with a
dye (eosin and bromophenol blue in water and in ethanol). In our experimental conditions,
the visible signal of the dye was indeed eliminated in a few seconds with both small and
large rGO particles.

In the future, more concentrated solutions will be used to preserve plasmons. A
more complete study including several solvents of varied polarity and using atomic force
microscopy will be in progress. In addition, we will study the molecular interactions
between copper, rGO, and added organic molecules, and we will propose a dynamic
process.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ cryst14070654 /51, Figure S1: Used apparatus. SAXS measurements
were carried out with a XENOCS apparatus in the q range between 0.001 and 1.200 A~!, Figure S2:
Evidence of intense plasmons in the visible and the NIR spectral range.
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Abstract: This study reveals a significant improvement in surface-enhanced Raman scattering (SERS)
activity of Ag/ZrO; substrates covered with a few-layer graphene preliminary exposed to ultraviolet
(UV) light. The SERS-active substrates are formed by the “silver mirror” deposition of Ag nanopar-
ticles on annealed zirconia blocks. The film composed of ~3 graphene layers is grown on copper
foil by a chemical vapor deposition and then wet-transferred to the SERS-active substrates. The
graphene-free Ag/ZrO, samples are found to provide an enhancement of the Raman scattering from
rhodamine 6G (R6G) at a micromolar concentration, which is associated with combined effects from
the surface plasmon resonance in the Ag nanoparticles and a charge transfer facilitated by zirconium
dioxide. It is revealed that the SERS signal from the analyte molecules can be suppressed by a UV
exposure of the Ag/ZrO, samples due to photocatalytic activity of the wide band gap semiconductor.
However, if the samples are covered with a few-layer graphene (Gr/Ag/Zr0O,) it prevents the dye
molecule decomposition upon the UV treatment and improves SERS activity of the substrates. The
365 nm treatment leads to a 40% increase in the 10°® M R6G SERS spectrum intensity, while the
254 nm irradiation causes it to rise by 47%, which is explained by different responses from the surface
and bulk zirconia crystals to the short and long UV wavelengths. This enhancement is attributed
to the distinct responses of surface and in-depth zirconia crystals to varied UV wavelengths and
underscores the pivotal role of graphene as a protective and enhancing layer.

Keywords: a few-layer graphene; wide bandgap semiconductor; zirconia dioxide; silver nanoparti-
cles; surface-enhanced Raman scattering; photocatalytic activity; charge transfer

1. Introduction

In recent years, a trend towards the use of graphene-containing nanomaterials as
tools for the surface enhancement of Raman scattering (SERS) has become strongly pro-
nounced [1,2]. In general, a graphene story in SERS spectroscopy began a little over
a decade ago from a formation of gold nanoparticles and dendrites on graphene ox-
ide nanosheets [3,4]. Graphene has been found to quench fluorescence from analyte
molecules [5] and to enhance Raman scattering via chemical mechanism [6]. In [7] the
SERS-active substrate based on the paper strip modified with graphene and Ag nanoparti-
cles was shown to facilitate detection of rhodamine 6G at 1071 M concentration. A bit later,
the few-layer graphene was found to be an efficient protective layer to prevent burning
analyte molecules during SERS analysis, which provided the detection of lactoferrin protein
adsorbed on the SERS-active surface from the 10718 M solution [8]. Therefore, graphene
has been proved to possess multifunctional properties that are extremely fruitful for SERS
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spectroscopy in terms of decreasing electromagnetic field influence on analyte molecules
leading to the side effects in the SERS spectra [9,10].

Wide band gap (WBG) semiconductors are other rather “fresh” materials that can
potentially lead to engineering the SERS-active substrates possessing athermal and self-
cleaning properties [11-14]. The first feature allows SERS measurements to be free of the
thermal-induced destruction of analyte molecules, thus improving analysis reliability [11].
At the same time, the UV-facilitated cleaning of the SERS-active substrates which have
passed through the analysis cycle is of high demand in affordability terms [14]. Considering
that SERS-active substrates are consumable tools of SERS spectroscopy, they should be
cost-effective or reusable for wide implementation of such analytical techniques in clinical
practice, forensic science, and pharmaceutics, to name a few.

Taking the above into account, the question arises: what kind of breakthroughs could
the combination of graphene, plasmonic nanostructures, and WBG semiconductors bring
to ultrasensitive molecular analysis by SERS spectroscopy? Very recently, gold-coated TiO,
microparticles wrapped with reduced graphene oxide piqued the interest of researchers
owing to their capability of amplifying SERS activity and providing photocatalytic degrada-
tion of organic pollutants [15]. In such cases, the Raman signal enhancement is attributed
to a plethora of mechanisms inherent in these heterostructures. The presence of noble
metal nanostructure in the substrate bolsters the electromagnetic field at the surface—a
phenomenon attributed to its surface plasmonic resonance [16]. This enhancement in the
electromagnetic field is instrumental in amplifying the Raman signal of molecules adsorbed
on the surface. Graphene, characterized by its extraordinary electrical conductivity, aug-
ments the SERS effect. In conjunction with noble metal, graphene facilitates an increase
in the charge transfer, contributing further to the electromagnetic field at the surface [17].
This synergy between graphene and metal emerges as a pivotal factor in the SERS activity
improvement [18]. Moreover, graphene’s pronounced absorption of UV light enriches the
light-matter interaction at the hosting WBG semiconductor surface, offering the avenue
for its prominent photocatalytic activity for the destruction of organic molecules after
their detection [15]. The multifaceted role of graphene is not just limited to the charge
transfer and UV absorption; it also acts as a heatsink and, thus, slows changing the analyte
molecules structure during SERS analysis on the substrate surface [8]. In addition to the
synergistic actions of graphene and plasmonic nanostructure, the WBG semiconductor
plays a principal role. It avails additional sites for the adsorption of molecules and, in
unison with Ag and graphene, is expected to augment Raman signals via charge transfer.
However, it is imperative to note that the SERS and photocatalytic effects are contingent
upon specific preparations and structure composition of the noble metal/WBG semicon-
ductor and graphene coatings. Variations in these parameters can significantly influence
the extent and efficiency of SERS activity upon visible light and photocatalytic features
while the UV is irradiating.

Summarizing the above, the combination of graphene, plasmonic structures, and the
WBG semiconductor opens new prospects in bringing SERS spectroscopy closer to real
practical application. The goal of this work was to reveal the applicability of the sandwich
structure based on a few-layer graphene, silver particles, and zirconia substrates for design
and engineering the nanomaterial combining expressed SERS activity and photocatalytic
properties. The silver was selected since it bears the most powerful surface plasmon
efficiency among other metals [19]. Zirconia was used as a host semiconductor for the
plasmonic nanomaterial because it is often characterized by band gap over 5 eV [20]. This
is good for the photocatalytic activity at the far-UV light, which, in turn, can provide the
most effectual destructive effect on the molecules to clean the SERS-active substrate from
them after analysis. Furthermore, modification of ZrO,-based structures with silver have
already been reported elsewhere as a powerful approach to improve the zirconia surface
reactivity for electrochemical determination of tinidazole antibiotic [21], photo electro chem
ical degradation of methylene blue [22,23], and quantitative SERS detection of hexavalent
chromium in the wastewater [24].
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2. Materials and Methods
2.1. Materials

The Cercon ht 98&-mm disk, manufactured by Dentsply International Inc., York, PA, USA, was
used to prepare ZrO,-based substrates. Rhodamine 6G (R6G), AgNO3 (ACS reagent, >99.0%),
NaOH (reagent grade, 97%), NHj3 (anhydrous, >99.98%), and C4H4KNaOg-4H,O (ACS reagent,
>99.0%) were supplied by Sigma-Aldrich and used without additional purification. For
the transfer of silver films from the ZrO, substrates, a poly mer support constructed from
SU-8 2015 was used, sourced from MicroChem, Newton, MA, USA. Water was purified
with Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Fabrication of SERS-Active Substrates

The Cercon disk was meticulously cut into blocks measuring 8 x 6 x 14 mm, serving
as the ZrO,-based substrates. The blocks were annealed in air following the temperature
regimes displayed in Table 1, which led to their approx. 20% shrinking. Then we formed
a plasmonic coating composed of silver nanoparticles on the ZrO; blocks. Prior to this,
each block was treated with a piranha solution, consisting of HySO4:HO, at a 3:1 volume
ratio, and maintained at a temperature between 70-80 °C for 5 min to slightly roughen
its surface for further improvement of metal coating adhesive strength. Ag nanoparticles
were grown by the “silver mirror” method in a mixture of basic solution (4 mL), reducing
solution (1 mL), and ethanol (1 mL) [11,25]. Basic and reducing solutions were water
solutions of 0.07 M AgNO3, 0.2 M NaOH, 0.6 M NHj3, and 0.4 M C4H4KNaOg4-4H,0,
respectively. The ZrO, blocks were immersed in the “silver mirroring” solution for 6 min.
After the silver deposition, the samples were rinsed with deionized water and air-dried at
21 °C temperature.

Table 1. Regimes of the ZrO, block annealing.

Step Starting Final Time, Rate,

Temperature, °C Temperature, °C min °C/min

1 50 -2 0 -

2 50 300 40 7.5

3 300 800 100 5.0

4 800 1300 200 2.5

5 1300 1530 46 5.0

6 1500 1530 120 Keeping 1530 °C

7 1530 20 - Cooling

2.3. Few-Layer Graphene Formation and Transfer

The synthesis of few-layer graphene (Gr) was performed by chemical vapor deposition
(CVD) from methane, a method thoroughly detailed in reference [8]. In this process,
copper foil samples, electrochemically polished to perfection, were initially annealed at
a temperature of 1050 °C for 1 h. This was conducted under the constant purge flows of
argon and hydrogen, delivered at flow rates of 100 and 150 cm?/min, respectively. Then,
the H, flow rate was reduced to 15 cm®/min and methane was bled in at the flow rate
of 1.3 cm3/min for 30 min. After the synthesis, the surface of the Cu foil facing the walls
of the quartz reactor was worked up in an oxygen plasma to remove so-called unwanted
graphene. The grown few-layer graphene was transferred to the ZrO,-based blocks using
a wet chemical technique. Firstly, the samples were immersed an aqueous solution of
FeCl3 until complete copper dissolution while the graphene film remained floating on
the solution’s surface. Before the graphene transfer, this solution was three times totally
replaced with deionized water by pipette suction and filling. This step was introduced
to minimize undesirable adsorption of the side reaction products on the surface of the
SERS-active substrates. The transferring procedure was conducted by the ZrO,-based
blocks” immersion in the solution under the graphene film and its lifting up. As a result,
the graphene film remained on the surface of the substrate.
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2.4. Characterization of the Experimental Samples

The ZrO, and Ag/ZrO, substrates underwent a thorough structural characteriza-
tion, facilitated by the advanced Hitachi S-4800 (Hitachi Limited, Tokyo, Japan) scanning
electron microscope (SEM) stationed in Tokyo, Japan. Elemental composition of the same
samples was defined with a Bruker QUANTAX 200 (Bruker Nano GmbH, Adlershof, Berlin,
Germany) energy dispersive X-ray (EDX) spectrometer embedded onto the scanning elec-
tron microscope. This equipment provided the elemental distribution and composition,
ensuring an exhaustive characterization.

Raman and SERS analysis was performed with a 3D confocal Raman microscope—
spectrometer Confotec NR500 (SOL Instruments, Minsk, Belarus). The measurements were
taken using 473 or 633 nm laser and a 100 x objective (NA = 0.95). The power of both laser
beams passed through the objective was 4.66 & 0.005 mW.

The spectra of the few-layer graphene were collected using the 633 nm laser. The
few-layer graphene was transferred to the cover glass and Ag/ZrO, sample for the Raman
and SERS measurements to find out if the SERS activity affects the graphene structure.

The reproducibility of the SERS signal provided by the Ag/ZrO, and Gr/Ag/ZrO,
substrates was studied with a testing analyte presented by rhodamine 6G (R6G) molecules
dissolved in deionized water. Prior to the SERS measurements, the substrates were kept
in the 10° M analyte solution for 2 h, rinsed with deionized water for 30 s to remove an
excess of unabsorbed molecules, and air-dried. The arrays of spectra (100 in total) were
collected by scanning the 100 x 100 um spot on the SERS-active surface with a focused
473 nm laser beam.

2.5. Study of Photocatalytic Activity

Photocatalytic activity of the zirconia-based samples was assessed by comparing
specific band intensity in the R6G SERS spectra before and after the UV exposure. Firstly,
the dye molecules were deposited on the Ag/ZrO, and Gr/Ag/ZrO, samples from 107
M R6G solutions followed by collecting their SERS spectra. Then, each substrate was
immersed in a Petri dish of 3 cm diameter filled with 3 mL of deionized water and subjected
to the UV irradiation for different times. Parallel with this process, control samples, utilizing
commercial SERS-active substrates referenced in [26], underwent identical UV treatment
procedures to offer a comparative analysis of the photocatalytic activity. Testing the
photocatalytic activity in a Petri dish filled with water was based on the rationale that it
facilitates the desorption of decomposed dye molecules from the substrate surface into
the liquid medium, resulting in an improved cleaning compared to cleaning solely in
water under UV-free conditions. The UV exposure was provided by a VL-6. LC Vilber
appliance (Vilber, Collegein, France) equipped with 254 and 365 nm wavelength lamps.
This equipment ensured uniform and precise UV irradiation, which is essential for an
accurate assessment of photocatalytic activity. After that, all the samples were rinsed with
deionized water for 30 s, air-dried, and the SERS measurements were repeated.

3. Results and Discussion
3.1. Structure of the Experimental Samples
3.1.1. ZrO, and Ag/ZrO, Substrates

The ZrO, block surface is characterized by grainy morphology, as seen in Figure 1a.
The grains, displaying a size variation from 225 nm to approximately 1.5 pm, predominantly
fall within the 400-600 nm range. The black curve in the Raman spectrum of Figure 1b
reveals the polycrystalline nature of the zirconia block (ZrO,—T1), evidenced by the distinct
bands representative of tetragonal (~243, ~298, ~458, and ~631 em™!) and monoclinic (~200
and ~374 cm™!) lattices [27,28]. The band at 458 cm™ can be attributed to tetragonal zirconia
stabilized with yttrium oxide [29], of which a small amount is present in the Cercon disk.
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Figure 1. Structural characterization of the samples: (a) SEM top view images of the ZrO, substrate
and the ZrO; grain size distribution histogram; (b) Raman spectra of the ZrO,—1, Ag/ZrO,, and
ZrO,—2 substrates; (c) SEM top view images of the Ag/ZrO, substrate and the Ag particle size
distribution histogram; (d) EDX spectrum and EDX scan of the Ag/ZrO; substrate.

To infuse SERS activity into the zirconia substrate, it was submerged in the “silver
mirror” solution, resulting in a uniform deposition of silver. This process is detailed through
the following chemical reactions:

2AgNO3 + 2NaOH — Agy0O + 2NaNO; 1)
Agy0 + 4NH;3-H,0 = 2[Ag(NH;3),]OH + 3H,0 2)
6Ag" + C4H 04> + 8OH™ — 6Ag + 2C,04% + 6H,0 (3)

The “silver mirror” chemical method was selected due to the WBG nature of zirco-
nia [30,31]; other wet techniques, like corrosive and electrochemical deposition, are hardly
applicable to growing silver particles on the ZrO, surface. Figure 1c depicts the SEM top
view images of the zirconia block subjected to the silver deposition. The silver coating is
constituted by nanoparticles, the majority of which have sizes of nanoscale range between
a few nanometers and 90 nm. However, a small fraction, approximately 10%, of the Ag
nanostructures, is characterized by larger sizes up to 270 nm as seen from the histogram
in Figure 1c. The post-“silver mirroring” Raman spectrum of the zirconia block, depicted
by the red curve in Figure 1b, is characterized by the suppressed Raman bands of ZrO,
as a direct consequence of the silver coating. The silver deposition led to suppressing the
374 cm™! band (responsible for the m-lattice) down to negligible intensity. This allows
for the suggestion of the partial phase transformation of zirconia upon the Ag deposition.
At the same time, the band at approx. 200 cm™ appears more prominent after the silver
deposition, which gives rise to controversial opinion. That is why we additionally studied
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Raman spectrum of the zirconia sample subjected to removal of Ag coating with hydrochlo-
ric acid. This sample is marked as ZrO,—2 in Figure 1b. Indeed, the new spectrum proves
the Ag deposition can lead to the phase transformation since no band at approx. 375 cm™
is observed and, also, the band at approx. 200 cm™! looks more hidden by the t-ZrO, band
at 250 cm™'. This effect is explained by the surface zirconia lattice aligning to the Ag cubic
lattice. Slight restructuring the zirconia surface is expected to improve an adhesion of the
silver coating and provide faster charge transfer from the WBG substrate via the silver
nanoparticles to the analyte molecules during the SERS measurements.

We also should note that no bands of Ag,S typical for the Raman spectra of nanos-
tructured silver [32,33] are observed. This means there is a rather good chemical stability
of the Ag nanoparticles when taking electrons by (or oxidation with) sulfur ions from
the environment, which is typical for silver surfaces [34]. The EDX spectrum and EDX
scan in Figure 1d prove the Ag nanoparticles presence and uniform distribution on the
sample surface.

3.1.2. Few-Layer Graphene

To study the Gr structure in more detail, it was characterized by Raman spectroscopy.
As a rule, the graphene Raman spectrum contains G, 2D, and D prominent bands [35,36].
The first one (~1582 cm™!) is attributed to a doubly degenerated phonon mode of Epg
symmetry from the center of the Brillouin zone. The 2D band (~2710 cm™) appears as a
result of the resonant light scattering in which two equal-energy phonons are involved.
However, the light is scattered in the opposite direction of the pulse, thus providing data
on the graphene layers order. The last band (~1352 cm 1) helps to reveal defects in the
graphene layers. Therefore, the Raman mapping of graphene on copper was performed.
A laser with excitation energy 2.62 eV (A = 473 nm) was utilized. The size of the mapped
area was 48 x 48 um?. The number of points on the map was 20 x 20. The intensities,
positions, and half-widths of the Raman spectral bands were determined using the Lorentz
approximation. The correlation between the position of the 2D band and the position of
the G band was plotted based on data from Raman mapping (Figure 2). The correlation
analysis of the G and 2D bands positions was based on that developed in the [37,38]
approach, indicating a few-layer structure of graphene (~3 layers), which was confirmed
using transmission optical spectroscopy (Figure 3).

2740

—1

2730

2D frequency, cm

2720 b, , s
1582 1584 1586 1588

G frequency, cm

Figure 2. Experimental dependences of 2D band position on position of G band for graphene on
copper. The bold solid line (with a slope of ~2.2) passing through the blue star marks are responsible
for the biaxial strain in the ideal graphene. Dashed red lines (with a slope of ~0.7) are responsible
for the charge carrier concentration with fixed biaxial strain. The blue star markers correspond
to unstressed and undoped multilayer graphene [38] defined taking into account the excitation
wavelength used in current work [39] Inset: histogram of the ratio of the intensities of the G band to
the D band.
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Figure 3. Transmission spectrum of graphene transferred onto the quartz glass.

The intensities, position of the G and 2D bands, and their full width at half-maximum
were indicative of a few-layer structure of graphene (~3 layers), which was confirmed using
transmission optical spectroscopy (Figure 3).

The transmittance at 550 nm is ~92.7%, which perfectly agrees with transmittance for
3 layered graphene (92.66%) calculated using the following formula [40]:

T = (1+1.137aN/2) 2, 4)

where N is the number of layers and « is the fine-structure constant [41].

The D ~1352 cm™! band, which is responsible for deformation, disorder, and defects
in the crystalline structure of graphene, has low intensity compared to the G band (inset
Figure 2), so this proves the good quality of the graphene [35].

Subsequently, the few-layer graphene films formed by the CVD method were trans-
ferred from the copper foil onto the Ag/ZrO, substrates before further studying their
structural properties. Figure 4 shows the SEM image of the silver-coated zirconium oxide
surface after the Gr film transfer. It can be clearly seen that the surface of the Ag/ZrO,
substrate has a coating with a small number of folds and holes, which should be a film con-
taining graphene. This was also confirmed by the Raman spectroscopy analysis (Figure 5).

Zr

Intensity, counts/(s-eV)

0.0 05 1.0 15 20 25 30 35 4.0

Energy, keV

Figure 4. SEM top view image and EDX spectrum of the Gr/Ag/ZrO, sample.
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Figure 5. Typical Raman spectrum of graphene on copper and transferred onto an Ag/ZrO,.

3.2. SERS Activity of the Experimental Samples

Before commencing the SERS measurements, the Ag/ZrO, and Gr/Ag/ZrO, sub-
strates were immersed in 10 M R6G solution for 2 h for the analyte molecules adsorption.
Then, the substrates were rinsed thoroughly with deionized water for 30 s for the removal
of the unabsorbed molecules, before being dried. Such procedure was used to provide
coating to the substrates with a monomolecular layer of the analyte molecules.

Both the substrates demonstrated SERS activity as seen in Figure 6a since all charac-
teristic R6G Raman bands can be clearly distinguished in the SERS spectra [42,43]. Inter-
estingly, the few-layer graphene provided a triple increase in the SERS spectrum intensity
compared to that collected on the Gr-free substrates.
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Figure 6. Mean SERS spectra of R6G molecules adsorbed from 107 M solution on the surface of
the different substrates: (a) Ag/ZrO, and Gr/Ag/ZrO,; and (b) Ag particles on epoxy resin and
Gr/glass.

To further investigate the SERS activity intrinsic to the few-layer graphene, R6G
molecules were adsorbed onto the Gr/glass sample. As seen in Figure 6b, the Gr film
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facilitates the weak enhancement of the analyte Raman spectrum, which is over two orders
of magnitude lower compared with the SERS spectrum collected with the Gr/Ag/ZrO,
substrate. Also, we tried to evaluate the contribution of the Ag nanoparticles to the
Raman spectrum enhancement. The Ag layer was detached from the ZrO; block with
the epoxy resin film, which was then coated with R6G molecules and studied using the
Raman spectrometer. The black spectrum in Figure 6b proves the SERS activity of the Ag
nanoparticles. However, even in combination with the few-layer graphene, it can hardly
provide the multiplication of the Raman signal from the analyte molecules up to the SERS
spectrum intensity achieved with the Gr/Ag/ZrO, substrate.

It should be noted that the ZrO, block was not found to enhance Raman signal from
the analyte molecules at micromolar concentration. The collection of the Raman signal
resulted in background free of characteristic analyte bands. Therefore, we suggest that the
prominent SERS activity of the Gr-coated substrate is exclusively caused by the combination
of the WBG semiconductor, plasmonic particles, and carbon nanostructure. The grainy
ZrO, surface acts as a source of a charge transferred to the Gr film. Here, we would like
to refer to a few papers that have already proved increasing the charge transfer effect
in the defected WBG semiconductors [12]. Considering the submicron sizes of the ZrO,
grains enriched with developed boundary network between them gives a rise to such an
explanation. The defects enhance the charge transfer effect and significantly contribute to
the electromagnetic enhancement provided by the silver coating.

3.3. Photocatalytic Activity of the Ag/ZrO; Substrates

Zirconia is known as a WBG semiconductor, which possesses photocatalytic activ-
ity [44]. In our study, we aimed to ascertain whether the granular ZrO, block imparts the
self-cleaning property to the SERS-active substrate facilitated by the UV exposure and if
the graphene coating enables an improvement of this property. Our findings revealed a
discernible decline in the intensity of the SERS spectra of 10°® M R6G post-exposure to
both 365 and 254 nm lamp irradiation. The longer UV wavelength led to over 2-2.5 times
(~40-50%) fewer intensive spectra (Figure 7a).

Noticeable was an increase in the 365 nm exposure time from 30 to 120 min which did
not result in better analyte molecules decomposition. In contrast, the 254-nm UV exposure
exhibited superior photocatalytic activity on the Ag/ZrO, sample, inducing approximately
72% spectral intensity reduction at 30 min and around 86% at 120 min of exposure, as
illustrated in Figure 7b. The enhanced efficacy of the shorter wavelength UV light is
attributable to its deeper penetration and interaction with the internal zirconia grains, while
the near-UV primarily engages the surface layer [27]. The short-wavelength UV is hardly
absorbed by zirconia [27] thus interacting just with the surface zirconia structures, while
longer UV waves are well-absorbed thanks to the rather wide bandgap [44]. Therefore,
254 nm irradiation would interact with in-depth volume of the zirconia sample, which
provides more zirconia crystals compared to the surface layer.

We considered that the UV exposure can cause organic dye decomposition, which
can be expressed by the presence of d-metal like silver. To exclude such an effect, we
made the SERS measurements with the control commercially available substrates based
on the silvered silicon nanostructures [25]. Figure 7c shows the SERS spectra of 10 M
R6G collected with such substrates before and after the UV exposure at 365 and 254 nm.
Indeed, one can see a negligible decrease in the spectra intensity, which is below 30%. Thus,
the R6G decomposition enabled by the ZrO,-based substrates must be provided by the
photocatalytic activity of the WBG semiconductor.
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Figure 7. Mean SERS spectra of R6G molecules adsorbed from 10° M solution on the surface of (a,b)
the Ag/ZrO; substrates, (c) the control SERS-active substrates, and exposed to 365 nm or 254 nm

irradiation.

3.4. Effect of UV Exposure on SERS Activity of the Gr/Ag/ZrO, Substrates

The final step of the research was devoted to revealing the UV exposure effect on
the Gr/Ag/ZrO, substrate properties. The expected improvement of the photocatalytic
activity was not found. To the contrary, we observed an undoubted increase in SERS
activity because the spectra intensity rose twice (~40%) after the 365 nm exposure and
2.3 time (~47%) in the case of 254 nm irradiation for 2 h (Figure 8), which is explained
by the different response of surface and bulk zirconia crystals to the short and long UV
wavelengths.
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Figure 8. Mean SERS spectra of 10® M R6G on the Gr/Ag/ZrO, substrates before and after the
UV exposure.
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4. Conclusions

In this study, we investigated the synergistic effects of integrating few-layer graphene,
silver particles, and zirconia substrates, unveiling a sophisticated platform for augmented
SERS activity and photocatalytic properties.

The SERS-active substrates were formed by the chemical “silver mirror” technique
to grow the Ag nanoparticles on the zirconia blocks cured in the furnace. The ZrO,
surface was found to be composed of the polycrystalline grains with sizes varied from
225 nm to ~1.5 pm. In more detail, the zirconia blocks were shown to have tetragonal
and monoclinic lattices as followed from the Raman spectra. The silver nanoparticles
were characterized to have sizes of nanoscale range between a few nanometers and 90
nm. The film composed of the ~3 graphene layers was grown on copper foil by the CVD
method and then wet-transferred to the SERS-active substrates. Graphene-free Ag/ZrO,
samples provided the enhancement of the Raman scattering from 10 M R6G, which must
be caused by the combined effects from the surface plasmon resonance in the Ag particles
and a charge transfer facilitated by zirconium dioxide. However, the SERS signal from the
R6G molecules was found to be suppressed by the UV exposure (365 and 254 nm) of the
Ag/ZrO, samples due to their photocatalytic activity. At the same time, if the Ag/ZrO,
samples were graphene coated, this prevented R6G decomposition upon the UV treatment
and improved SERS activity of the substrates. The 365 nm exposure caused the 40% increase
in the 10°® M R6G SERS spectrum, while the 254 nm irradiation led to it rising by 47%.
Such an effect is under discussion and can be associated with the different responses of
surface and bulk zirconia crystals to the short and long UV wavelengths.

In closing, we argue the following key findings:

e  Few-layer graphene on Ag-coated zirconia substrates boosts SERS-activity, attributed
to enhanced charge transfer from zirconia and silver to analyte molecules via graphene;

e UV exposure, generally, suppresses SERS signals due to zirconia’s photocatalytic
activity, but graphene’s integration counters this suppression, emphasizing its role in
increasing the SERS signal;

e  Our results highlight graphene’s ability to enhance Raman scattering through its ver-
satility in amplifying charge transfer and strengthening electromagnetic interactions.

From the above findings, future directions could involve refining photocatalytic ap-
plications by adjusting UV exposure intensity and duration to optimize both self-cleaning
capabilities and the analytical performance of SERS-active substrates. Additionally, the
synergy between graphene, silver nanoparticles, and zirconia should be further explored to
enhance scalability, stability, and adaptability in real-world applications.

In essence, this research underscores a significant stride towards harnessing the combined
potential of graphene, silver nanoparticles, and zirconia for advanced SERS applications.
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Abstract: An innovative 2D-material, graphocrown, was designed and studied. Our graphocrown
computations revealed a higher stability compared to previous materials studied with the same
generalized C,O formula. The energetic benefit of the graphocrown formation from benzenehexol was
also evaluated. The structure and properties of graphocrowns with various layer arrangements were
analysed and compared. In addition, the formation of potassium complexes with the new material
was studied. It was found that graphocrown binds potassium better than 18-crown-6, and the
intercalation of graphocrown with potassium is more favourable, compared to graphite. Finally, the
band structure, as well as the mobility of the charge carriers in the graphocrown, were investigated.

Keywords: 2D-materials; COF; oxocarbon; crowns; intercalation; DFT

1. Introduction

The design of promising materials is key to the development of applied science and
technology [1]. One such material is graphene, whose theoretical research was initiated
by P.R. Wallace in 1947, long before any real samples of the material were available [2].
The unique properties of graphene, predicted and then derived from experiments such as
unusual thermal conductivity [3], high electron mobility [4,5], and optical transparency [6]
gave a big jump-start to the development of electronics [7]. The graphene family can now
be implemented in a wide range of applications in photovoltaics [8] and photodetection [9],
painting [10] and sensing [11], drug delivery [12] and medicine [13]. However, unmodified
graphene is a semi-metal with a zero gap, and has an extremely low on/off current ratio,
which prevents it from being used in semiconductor devices such as field-effect transistors
and logic circuits [14]. One of the approaches for tuning the electronic properties would be
the introducing of heteroatoms—the formation of heterographenes [15]. For the first period
(where the atoms match well the size of carbon and each other), there are several observed
or predicted regular 2D materials—g-C3Ny, [16] CB [17] and h-BN [18]. At the same time,
carbon oxygenates are of much less interest, except for graphene oxide [19]—a mysterious
irregular material with a not-fully understood structure. However, strong oxidising agents
lead to the destruction of the p-p conjugation of the sp? carbon network, and to a loss
of conductivity in graphene oxides [20]. In addition, the inevitable heterogeneities and
defects arising from the chemical modification of graphene can lead to the inevitable loss of
the expected properties of the final materials [21]. The irregular distribution of functional
groups and coordination centres can also have a negative impact on the properties of
graphene oxide/metal composites [22].
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Another approach to developing materials is to use relatively simple oxocarbon
molecules as a starting structure [23]. The enormous variability in structures/properties of
the oxocarbon molecules opens up excellent prospects for the development of materials
for electronics engineering that will surpass their existing analogues [24-26]. One of the
first such materials was graphether, a new two-dimensional oxocarbon that could be
synthesised by assembling dimethyl ether molecules [27]. The graphether had superior
thermodynamic stability, a direct bandgap of 2.39 eV and strong light absorption in the
UV region [28]. Further investigating the graphether-based nanoribbon, it was found
that symmetry plays a key role in the band structure, which can cause an indirect-direct
bandgap transition, following parity-oddness in nanoribbons [29]. However, more complex
symmetric oxocarbons are not known yet, nor are the coordination properties directly
related to their structure.

Inspired by graphether, as well as the coordination properties of crown ethers [30,31],
in particular integrated into the graphene flaxes [32,33], we decided to combine these con-
cepts and developed a covalent organic framework (COF) that would consist of graphene-
planar crown ethers—the graphocrown. One of the key features of the new material is its
preorganisation and fixed pore size. This is particularly important in the fields of selective
membrane engineering [34], extraction [35], and catalysis [36]. Graphocrown could theoret-
ically be used more successfully in environmental and medical problems, replacing its pure
graphene analogues [37].

Unlike the pristine graphene/graphite, hexagonal boron nitride or graphether, but like
the carbon nitride (g-C3Ny4) [16], PSN [38] and CTF [38], graphocrown is a porous material.
Interest in such materials has been growing in recent years [39]. The main difference in
relation to the experimentally most well-known 2D porous material of a graphene-like
structure—g-C3Ny—is the planarity of graphocrown (discussed further), while g-C3Ny4 has
a wave-distorted structure [40].

In this paper we have developed a 2D-material based on the new concept of the
graphocrown, and investigated its properties. We believe that this research will create a
stimulus for the development of materials science, creating a platform for the interaction of
coordination chemistry, supramolecular chemistry, electrochemistry and physics.

2. Materials and Methods
Computational Details

Periodic DFT calculations were performed with PBE functional [41] in the VASP
simulation package [42,43]. There was an energy cut-off of 600 eV and quite a dense k-point
grid (Nkpoints X lyector &~ 40 A) Dispersion correction of Grimme with zero dumping was
applied [44]. More details can be found in Supplementary Materials. Gas phase molecules
(benzenehexol, water) were calculated in large cubic cells (30 x 30 x 30 A).

Cluster-model DFT calculations were performed with ORCA 5.0.4 [45,46] with PBE/def2-
TZVP for the smaller systems and r2SCAN-3c [47] for the larger stripes (mentioned in the text).

The semi-empirical MD calculation was performed with the EMPIRE program [48,49]
via PM3 Hamiltonian [50], for a better comparison with the discussed literature data.

All the following calculations, with the exception of charge carrier mobilities were
performed based on the VASP outputs (wavefunctions, charge densities, etc.) [51-53]. Bader
charges were evaluated using the script of the Henkelman group. Bader critical points and
noncovalent interactions were generated by the Critic2 code [54,55]. Band structure and
DOS were visualised with the help of p4vasp software. VBM and CBM wavefunctions
were produced with the LOBSTER software [56,57] and visualised by the VMD [58] and
wxDragon programs (wxDragon is copyright, 1994-2012, by Bernhard Eck). See details in
Supplementary Materials (SM). The general procedure was previously described in [59]
and further technical details are given in Supplementary Materials. The visualisation of the
structures was performed with ChemCraft [60].

For calculations of charge carrier mobilities, the local molecular properties (Local
Ionization Energy (IEL) [61] and Local Electron Affinity (EAL) [62,63]) were calculated
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from the molecular orbital densities and their respective energies. These calculations were
performed with the EMPIRE program [48,49] and eh5cube code [64] via the semi empirical
Hartree-Fock molecular orbital theory, using an AM1 [65] and PM6 [66] Hamiltonians.
These local properties allow for the description of the interaction of a charge carrier of
complicated quantum mechanical systems into simple scalar potentials embedded in 3-
dimensional space. The effective potential for a hole is then given by the local ionization
energy Viole(X) = IEL(x) and the effective potential for an electron is given by minus the
local electron affinity Vjectron(X) = —EAL(X). It is possible to perform the propagation of
an excess charge carrier using these energy landscapes, which then can reveal information
about the conduction characteristics of quantum systems [67,68]. The interpretation of the
effective potentials alone can already help to estimate some conductivity characteristics.
Although the proposed graphocrown material belongs to the hexagonal lattice system
(the primitive cell shown on the left in Figure 1), for clarity, in this paper we focused on the
simulation of the orthorhombic supercell with 2 layers and 72 atoms (Figure 1 on the right).

Figure 1. The hexagonal unit cell (left) and the orthorhombic supercell (right) of bilayer graphocrown.
The bottom layer coloured to white for clarity.

3. Results
3.1. Single Layer

Although the single-layer graphocrown (free-hanging graphocrown) is not the main
focus of this work, we would like to start discussion from there. While phonon calculations
demonstrate the stability of this material, according to work [69] it is not a sufficient
criterion. Criticising artificial stabilisation with periodic boundary conditions, the authors
of [69] rely on terminated flakes (where edge effects can, and quite often actually do, cause
the distortion, as is discussed below). While for chemists the planarity of these fragments
should be obvious, we followed the approaches of that work and the requirements of the
“topology conservation theorem”, to demonstrate that periodic boundary conditions do
not introduce any artificial stabilization of the unstable structure.

First of all, according to TCT, “the free-standing constituting fragments (unit cells)
must perfectly fit planar low-dimensional space”. The dibenzodioxin unit is well known
for being perfectly planar, and the minimal crown cycle (Figure 2a) that can be compiled
from such dioxins keeps the perfect Dg}, point group (PBE/def2-TZVP, ORCA). Thus, there
is no internal stress perpendicular to the plane to be compensated for.

As the next step, we cut two different stripes from the single-layer graphocrown
(in perpendicular directions), terminated them with hydrogens, and tried to bend them
(Figure 2b,c). The relaxed scan in respect to the bending/torsional angle was performed
in ORCA 5.0.4 with the r?’SCAN-3c approach, which we consider as more reliable than
the PM3 Hamiltonian intensively used in some work [69]. For consistency, we also cut
graphene stripes of same shape. Figure 3 demonstrates the fact that graphocrown stripes
can be bent (actually much more easily than graphene stripes), but still have minimal
energy, being planar. In fact, due to hydrogen repulsion on the armchair edge, the graphene
flakes actually have a destabilizing distortion. This also brings us to the controversy of the
approach suggested in work [69]—while we agree that the improper usage of PBC might
artificially stabilize nonoptimal conformations, the edge effects of an improperly terminated
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cluster approach might artificially destabilise planar structures, and the principal role here
(for the single layers) is the lability or robustness of the “inner part” of the flake.

Figure 2. Investigation of the stability of bent and wave clusters. (a) primitive unit — “single ring”
(b) acene-like cluster (c) teropyrene-like cluster.

172



Crystals 2023, 13, 909

18
16 ® Graphocrown BendA
14 ® Graphocrown BendB
O Graphene Bend A
12
o
£
<= 10
Q
L
& 8
[}
S
6
a |
®... | °..
‘‘‘‘‘‘‘‘‘ Curvature, degree
v TN L e
e teiiennn. ] ®........ ;
S e R
o L— 11 0000Of "reeeeeede ®-....0" 9-..... Qg ipig .
110 120 130 140 150 160 170 180

Figure 3. Bending energy of graphocrown and graphene. BendA corresponds to the bending shown
in Figure 2b, and BendB corresponds to the bending shown in Figure 2c. For the case of graphene we
built a cluster based on structure 2b, all coordinates can be found in Supplementary Materials.

We also generated a number of differently distorted flakes, and performed their opti-
mization. It is important to mention that for some “wave-style” geometries the optimization
(smoothing of waves) goes through a very narrow PES, and very tight optimization criteria
should be applied to reach the true minima (planar).

Next, following work [69] we performed a PM3 optimization of a large graphocrown
flake (CspgHspO038), which kept the flake planar as well as a 5 ns molecular dynamics sim-
ulation with a step of 0.5 fs with the NVT ensemble (details can be found in Supplementary
Materials). Quite expectedly, the flake left the planarity (also increasing the total energy),
and random concaves and convexities wandered over it (several snapshots can be found in
Supplementary Materials). Under no condition should such behaviour be interpreted as
material instability. The disruption of the pristine order is a natural feature of MD, and on
“free-hanging” epitaxial graphene or boron nitride [70] similar waves or other fluctuating
distortions were observed or simulated—the corresponding crystals are perfectly stable, as
are the layers within them—and were perfectly planar.

Although the transformation between planar and nonplanar form could not be ob-
served in PBC MD (as is specified in [69]), we built a waved single layer in PBC and
performed its optimization in the cell that was able to change shape but keep the volume
(ISYF = 4 in VASP). Once again, increase of numerical accuracy results in smoothening
the waves.

3.2. Structure and Stability

Each layer of the pristine graphocrown is completely planar, almost independently of
the stacking.

The investigated cell contains two layers of graphocrown, and thus several possible
laying patterns were tested: “pore-to-pore”, “pore-to-ring” and “displaced” (Table 1). As
one can see, “displaced” stacking is the most preferable, with quite a difference when
compared to the alternatives. This means that layer shift is not a low-barrier process. The
exfoliation energy of this material was found to be 2.78 eV per simulation cell (72 atoms)
or 116 meV per C,0 unit or 11.9 meV per A? (for a single layer). For comparison, the

exfoliation energy calculated for the graphene supercell with two layers and the same
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number of atoms was 3.49 eV per cell, 48 meV per C atom or 18.4 meV per A2 (for a
single layer).

Table 1. Comparison of the different stacking possibilities of graphocrown.

Structure
“Pore-to-Pore” “Pore-to-Ring” “Displaced”

2a 2b 2c

a(A) 14.25 14.24 14.24

b (A) 8.22 8.22 8.22

c(A) 7.10 6.71 6.50

Relative energy

per supercell (eV) 0.65 0.3 0.0
per C20 unit (meV) 26.9 124 0.0

The reason for the unfavourable nature of the “pore-to-pore” stacking is the repulsive
interaction of the oxygen lone pairs which face each other as the structure remains planar.
This can be nicely demonstrated by non-covalent interaction (NCI) plots (Figure 4). While
the “displaced” stacking on the interlayer distance of 6.5A shows just the “unshaped” vdW
interactions, the “pore-to-pore” demonstrates the very “well-defined” interaction regions,
in particular for the interaction between the oxygens.

Figure 4. NCI in “displaced” and “pore-to-pore” stackings of graphocrown. The red spindles in the
centres of the 6-member rings correspond to known intramolecular repulsive interactions.

Next, we decided to evaluate the stability of our material. Therefore, we compared
our graphocrown with the graphether of Liu [27] (which has the same generalized formula,
C,0). It was found that graphocrown is significantly (over 1 eV per C,O unit) more stable
than graphether. Keeping in mind the demonstrated stability of graphether and the lack
of obvious pathways for the decomposition of graphocrown, we rely on the reasonable
stability of the suggested system.

Furthermore, we compared the stability of graphocrown with respect to the simplest
educt—hexahydroxybenzene (benzenehexol)—from which graphocrown could be obtained
by straightforward polycondensation:

8 x C6(OH)6 = C48024 + 24 x HzO

where C430y4 corresponds to the bulk graphocrown, while benzenehexol and water were
calculated in the gas phase. The enthalpy of this reaction is 183 meV per C,O unit, and thus
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the reaction is endothermic. To the best of our knowledge, there are no detailed studies of
products of the polycondensation of benzenehexol. On the other hand, a conductive two-
dimensional MOF was experimentally obtained from hexahydroxybenzene and copper [71].

3.3. Electronic Structure

The band structure and DOS of graphocrown are presented in Figure 5. Please note
that there are no discontinuities, but that the last three blocks correspond to edges that
could not be included in the main sequence.
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Figure 5. The band structure and DOS of graphocrown calculated on a PBE level.
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The PBE-predicted bandgap of graphocrown (1.79 eV) is larger than that of grapheter
(0.81 eV), GaSe (1.63 eV) or MoS; (1.75 eV), at the same level of theory [72].

For a more detailed insight into the near-band-edge states, the isosurfaces of the
electron density of the valence band maximum (VBM) and conduction band minimum
(CBM) are shown in Figure 6.

Figure 6. CBM (left) and VBM (right) at the I" point of graphocrown. The calculations were performed
for the “displaced” bulk, but only one layer is shown, for clarity. Different colours correspond to
different phases of the wavefunction; more details can be found in the Supplementary Materials.
CBM and VBM calculated at point R are provided in the Supplementary Materials.

One can recognize continuous “channels” in the lowest conduction band, while the
isosurface of the highest valence band is “well-isolated”. Obtained data indicate a higher
electron than hole conductivity.

3.4. Carrier Mobility

The isosurfaces of the local ionisation potential (IEL) and local electron affinity (EAL)
are shown in Figure 7.

Figure 7. EAL (blue) and IEL (orange) isosurfaces for bulk graphocrown. The strong cueing was
applied to differentiate flakes in the front line. Isosurface cutoffs—20 and 390 kcal /mol, respectively.
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In the case of the EAL of graphocrown, one can observe a kind of Moire pattern: the
benzene rings that have no direct neighbours in layers above or below form “single rings”,
while those with such neighbours form a more prominent “double ring, which provides a
more efficient (and less coherent) conductive channel. For holes, on the other hand, we have
an interesting feature: the most attractive sites seem to be not on atoms, but in between the
oxygen rings.

No significant difference was observed between the results of the PM6 and AM1 calcu-
lations. The performed propagation simulations indicate that, perpendicular to the planes,
the hole mobility is lower (by a factor of approximately 0.95) than the electron mobility.

3.5. Intercalation Complexes

“Normal” crowns, such as 18-Crown-6, coordinate the metal cation by rotating the
carbon linkers so that the single oxygen pairs are directed toward it, making the complex
planar. As was mentioned before, the oxygen’s lone pairs in the graphocrown are not
pointing to the middle of the pore. Indeed, by placing the potassium cations at different
positions along the pore of the pore-pore graphocrown stack, we found that in the 2D-layer
plane there was not a minimum, but a transition, state, with one of the possible minima
(such coordinated diffusion through the pore would have a barrier just above 1 eV). In fact,
the deepest energy minimum for the potassium cations was unexpectedly found in the
“pore-to-ring” structure.

While the binding energy of the potassium cation in 18-Crown-6 was found to be about
2.5 eV (dipole correction has to be applied, and the check-up calculations with nonperiodic
software (ORCA [45,46], PBE/def2-TZVP) resulted in 2.41 eV), the binding in graphocrown
is much stronger (about 4.65 eV per potassium cation in the “pore-to-ring” geometry with
monopole correction), see Figure 8. These results are in a good agreement with the stronger
binding 1.4 eV in the 18-crown-6 incorporated into the graphene, in comparison to the
binding into the “normal” 18-Crown-6 [33].

+K*=

+4K=

Figure 8. Complexes of 18-Crown-6 and graphocrown with potassium cation.

One can expect that the coordination preference would depend on the size and charge
of the cations. Thus, large metal atoms (which can also transform into polycations) are
preferred for “pore-to-pore” coordination. Indeed, we observed that, for example, cerium
cations strongly contract the layers of the graphocrown, forming almost covalent bonds. It
is also possible to speculate about the prospects of using this material for the extraction
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of heavy-atom cations, and to screen the periodic table for patterns and the most notable
cases, but we would like to omit this task and concentrate on another class of material.

Since graphocrown does not form complexes similar to “normal” crowns, and there is
no place in a bulk structure for the counterions (and calculation of the polycationic bulk is
complicated from a physical, and questionable from a chemical, point of view), we directed
our focus to the intercalation compounds similar to KCg, where (initially neutral) metal
atoms are located between the layers of the 2D-material.

We found out that in the neutral cell of C43024K4, potassium occupies the space
between the centers of the pores in the “pore-to-pore” configuration (Figure 9).

3

]
&
A4

» | » o

Figure 9. Top and side view of the K-graphocrown intercalation complex.

The Bader charge [53] analysis shows that in this system potassium atoms lose over
90% of their valence electron to the oxocarbon layers (similar to KCg). While Bader charges
(as well as many other charges) are often controversial, we also performed a cluster simula-
tion with a sandwich of a potassium atom between two “single rings” (shown in Figure 2a).
We would like to mention the fact that ionisation calculated in this way should likely
be overestimated, in comparison to the PBC bulk. For this system on PBE/def2-TZVP
we obtained a Mulliken charge on K—+0.71, and a Lowdin charge of +0.18. (See charge
distribution in Supplementary Materials). Such a difference should not be confusing, as
pure agreement between different charge models is well known [73]. One can also try to
make some evaluation relative to other materials, i.e., comparing the results with LiF (con-
troversial, yet sometimes used as example, as Li is definitely a worse electron donor than K,
and there are also stronger acceptors than F). From such a comparison, one can see that the
K in the K-graphocrown is 10 to 20% (Bader and Mulliken, respectively), less ionic than the
Liin LiE. As thousands of different references can be suggested here, and as the results still
remain speculative and controversial, no further comparisons were performed here.

A critical point search (QTAIM analysis) showed for each potassium atom twelve
bond points between it and the surrounding oxygens (a positive Laplacian and “field
value” of 0.006, which should correspond to an extremely weak hydrogen bond), and two
bond points towards the surrounding potassium atoms (a “field value” of 0.003), Figure 10.
Typical “field values” for C-C bonds in the system are about 0.2-0.3.

u v - w OQ
Figure 10. Critical bond points (QTAIM) in potassium intercalated graphocrown.
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Finally, we performed a comparison of K-graphite (KCg) and our K-graphocrown-
intercalate in terms of their relative stability. For this purpose, we have constructed the
following equation:

K-graphite + graphocrown <+ graphite + K-graphocrown

All cell energies were scaled by one potassium atom (i.e., a K-graphite cell includes
eight potassium atoms). Surprisingly, this migration (from KCg to K-graphocrown) ap-
pears to be energetically favorable (0.6 eV per each K-atom). While KCg is quite stable
under certain conditions (being, however, a very active reducing agent), we assume that
K-graphocrown (and other metal-intercalates) could be the observable compounds.

An interesting point is the question of the existence of a charge-carrier transfer channel
through the metal atoms of the structure—an electrical wire 1 atom thick.

Contrary to the consistent results for pristine graphocrown, in the case of the potassium
intercalate, the PM6 and AM1 Hamiltonians showed different results for EAL (Figure 11).

o

Figure 11. EAL with PM6 and AM1 Hamiltonians. Visualisation cutoffs: for PM6—45 kcal/mol, for
AM1—30 kcal /mol.

While AM1 shows no energy minima on the potassium atoms, and thus no electron
conduction channel through them, PM6 demonstrates a “coherent channel” going through
this metal rod.

To the best of our knowledge, this is the first example where a change in the Hamilto-
nian has had a qualitative effect on EAL or IEL.

As a final remark regarding intercalation systems, we would like to mention the
fact that such systems typically have a high number of low frequencies (especially for
intercalated atoms), and to speculate on a significant role for anharmonicity. Since there is
no convenient black-box method for accurate evaluation of anharmonicity, we prefer to
refrain from making any ill-defined speculation on the entropy-related part.

3.6. Related Materials

Before coming to the end of this manuscript on the graphocrown crystal, we would
like to spend a few more paragraphs on a discussion of other materials with similar or
related structures.

The possibility of bending the graphocrown similarly to graphene opens the way
to graphocrown nanotubes (Figure 12a). The formal polycondensation reaction of 1,3,5-
triformylbenzene should end with a graphocrown analogue with oxygen atoms shifted to
the methylene (CHj) groups—a framework hydrocarbon with a primitive unit (>C-CHj;-)n
(Figure 12b). Further oxidation (dehydrogenation) of this structure could result in a
graphocrown analogue with CH groups at the graphocrown site (Figure 12c). This struc-
ture could also be classified as a hydrogen-terminated extremely porous graphene. An
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interesting feature of this structure is that, although the structure can be nicely split into
independent 18-membered aromatic rings that go around the pores, a similar attempt to
split into Clar’s sextets (of benzene rings) would end up in a polyradical system. Apart
from graphether and graphene epoxide, one more C,0O polymorph is possible, at least
theoretically: polyether of polyene-polyol (Figure 12d). Although this material has an
extremely simple primitive cell and fully replicates graphocrown in types of bonds (each
oxygen connected with two sp? carbons, each carbon connected with one oxygen and two
of the same carbons), we have significant doubts about the stability of such a material.
One can also try to build some other 2D carbon oxide structures with pores of a similar or
larger size, for example using “carbon-rich” per-hydroxy-naphthalene and “oxygen-rich”
“tetrahydroxy-ethylene” units (Figure 12e-h). We would like to underline the fact that we
are not stating the planarity of any of the structures (12b-h), neither in terms of their stabil-
ity or of any other property. In Supplementary Materials we provide the PBE-optimised
(VASP) geometry of the 12 x 12 nanotube and polyene-polyol, as it might take some time
for the engaged reader to build these structures. The remaining structures can be easily
constructed from the graphene layer.
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Figure 12. C,0O polymorphs and derivatives. (a) 12 x 12 nanotube, (b) 1,3,5-triformylbenzene
polycondensate, (c) porous graphene, (d) polyether of polyene-polyol, (e-h) different polycondensates
of “tetrahydroxy-ethylene” with benzenehexol and perhydroxy-naphtalene.

4. Conclusions

In this work we designed a new 2D-material—graphocrown—and studied its proper-
ties in comparison to known or previously proposed materials. Graphocrown was found
to be more stable than graphether, despite the fact that its formation from benzenehexol
was assumed to be an endothermic process. We found that the most favourable (displaced)
stacking of monolayers was in the bulk material, and explained it through the non-covalent
interactions. It was demonstrated that graphocrown binds potassium cations much more
strongly than 18-crown-6 itself, and even more strongly than “crown-in-graphene”. Fur-
thermore, we showed that, similarly to graphene, graphocrown can form intercalation
compounds with potassium (and potentially many other alkaline and non-alkaline metals),
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forming one-dimensional metal rods in the pores. In this process (according to the QTAIM
approach), potassium atoms predominantly lose their electrons. The band structure as well
as the charge-carrier mobility of graphocrown were studied. We hope that the results of
this study will stimulate the development of a next generation of promising materials.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cryst13060909/s1. Additional details of performed calculations and
postprocessing as well as coordinates of discussed systems can be found in Supplementary Materials.
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Abstract: Chemically modifying graphene (such as chemical doping) is a commonly used method to
improve its formaldehyde sensing properties, but the microscopic mechanisms of heteroatoms in the
adsorption and sensing process are still unclear. In this paper, the adsorption and sensing properties
of formaldehyde on graphene surfaces modified by X doping (X =B, N, O, P, S, Mg and Al) were
systematically investigated by first-principles calculations. The adsorption geometries, adsorption
energies, charge transfers, and electronic structures were obtained and analyzed. The adsorption
strengths of HCHO molecule on the Mg- and Al-doped graphene surfaces were stronger than those of
non-metal (B, N, O, P and S)-doped cases. These results showed that the Mg- or Al-doped graphene
was better for HCHO detecting than the non-metal-doped graphene systems. The sensing properties
were simulated by theNEGF method for the two-probe nano-sensors constructed from Al- and
Mg-doped graphene. The maximum sensing responses of nano-sensors based on Al- and Mg-doped
graphene were obtained to be 107% and 60%, respectively. The present study supplies a theoretical
basis for designing superior graphene-based HCHO gas sensors.

Keywords: formaldehyde; graphene; first-principles calculation; sensing performance

1. Introduction

As the simplest aldehyde molecule, formaldehyde (HCHO) is extensively utilized
by organic chemists for producing resins due to its excellent solvent and adhesion prop-
erties [1]. With highly toxic, hazardous, and carcinogenic characteristics, long-term ex-
posure to formaldehyde would severely impair human health [2]. Concerning human
health, formaldehyde has been identified as a major contributor to sick building syndrome
(SBS) [3-5], such as throat irritations, dizziness, dyspnea, and asthma-related symptoms.
Criteria for the limitation and regulation of formaldehyde emissions from housing have
been established in many countries [6]. For example, in China, the criterion is 0.10 mg/m?
(GB/T 18883-2002) [7]. With increasing anthropogenic emissions, formaldehyde has slowly
transformed from a household hazard to a life-threatening pollutant. As a priority indoor
pollutant, there is an increasing interest in fast and simple formaldehyde monitoring meth-
ods, and this has stimulated the development of formaldehyde gas-sensing technologies.

Due to its novel and unique structure and physical and chemical properties, graphene
has attracted tremendous attention. However, it is confirmed by theoretical and experimen-
tal studies that the adsorption of target gas molecules on pristine graphene is very weak
and consequently, the change in conductivity by gas molecule adsorption is difficult to
measure [8-11]. Following the explosion of interest in graphene used in molecular identifi-
cations, the idea of graphene doping emerged [12-16]. Dai et al. [12] performed a systematic
theoretical study of the ability of graphene doped with B, N, Al, and S to chemically bind
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various common or polluting gases, and suggested that B and S-doped graphene could be
a promising candidate for NO and NO, monitoring. Zhang et al. [13] found that defective
and B-doped graphene showed higher adsorption strength to NH3, NO, and NO,, and
demonstrated that the sensitivity of B-doped graphene-based NO; sensors is also greatly
enhanced. Liu et al. [14] revealed that the sensitivity of graphene-based SO, sensors could
be greatly improved by introducing Al doping.

In this paper, the adsorption and sensing performances of X-doped graphene (XG with
X=B,N, O, P S, Mg, and Al) for HCHO gas sensing were investigated by first-principal
calculations. The adsorption structures, adsorption energies, charge transfers, and electric
structures for HCHO adsorption on XG were obtained and analyzed. The two-probe
HCHO nano-sensors were established and the current-voltage (I-V) curves were simulated
to evaluate the sensing performance of heteroatom-doped graphene-based sensors for
HCHO detection.

2. Computation and Method Details

Density functional theory (DFT) calculations are implemented in the Vienna ab initio
simulation package [17-19], using the generalized gradient approximation (GGA) exchange-
correlation functional method [20]. Projector-augmented wave (PAW) pseudopotentials
with the valence electron configurations of 2s2p for B, C, N, and O, 1s for H, 3s3p for Mg,
Al, P, and S, respectively, were employed with a plane-wave energy cutoff of 500 eV. A
semiempirical DFT-D2 method [21] was applied to correct the van der Waals interaction
between the gas molecule and the substrate. An energy convergence of 107> eV was
achieved and the atomic forces were converged down to 0.01 eV /A for atomic relaxations.
The adsorption energy was calculated by

AEads = Etot — Esub - Emol + AEzpE (1)

where Ey, Egp, and E,, are the total energies of the doped graphene substrate with
gas molecule adsorption, the doped graphene, and the isolated gas molecule, respectively.
AEzpr is the zero-point energy difference after and before adsorption of the gas molecule. A
negative AE, ;s represents that the adsorption makes the system more stable. Furthermore,
the Bader charge analyses were carried out to determine the charge transfers between the
gas and the substrate [22,23].

The sensing properties caused by adsorption molecules were investigated within a
DFT-combined non-equilibrium Green’s function (NEGF) method performed by NanoDcal
code [24,25]. The electron-electron interaction was treated with PBE-96 functional [20]. A
double-( plus polarization (DZP) basis set was adopted to describe the valence electron
in this work. The cutoff energy of 100 Hartree was chosen for the plane-wave basis.
The electric current I through the nano-sensor was defined using the Landauer-Biittiker
formula [26]: .

L
1=Go [ “T(EVA)IF(E~ pr) ~ f(E~ o)ldE @
in which Gy is the unit of the quantum conductance, T(E, V) is the transmission coefficient
of electrons incident at energy E under a bias voltage V}, and f(E — yip /g) is the distribution
function of the electrons in the left or right electrode. yp , is the chemical potential of the
left or right electrode. In the calculation of the electron transport properties, the bias voltage
is the electrochemical potential difference between the two electrodes as V;, = (y — ug)/e.

3. Results and Discussion

A (4 x 4 x 1) graphene supercell with 32 carbon atoms was modelled in our study,
and the optimized lattice constant was a = b = 9.87 A, which is in agreement with previous
study results [27]. One carbon atom in the graphene supercell was replaced by a heteroatom
X(X=B,N,O,P, S, Mg, and Al) and the X-doped graphene was fully relaxed. A typical XG
structure is shown in Figure 1a. Because the radii of B, N, and O atoms are close to that of the
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C atom, their XG structure remained as the planar form, similar to perfect graphene. Due to
their large atomic radii of the dopants (P, S, Mg, and Al), these dopants protruded from the
graphene plane, and carbocycle around the heteroatom were significantly deformed. The
local deformations of the graphene surface induced by Mg and Al were generally greater
than those of non-metal dopants (B, N, O, P and S). The above results are consistent with
previous studies [12,28,29]. The local atomic structure and electronic structure changes
induced by heteroatom doping are able to increase the chemical reactivity.

(b) 2.4 — . : : : . :
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Figure 1. (a) Typical atomic geometry of heteroatom-doped graphene sheet. The blue ball indicates the
heteroatom and the brown balls are carbon atoms, (b) average bond lengths (dx_c = (d; + da +d3)/3)
between the heteroatom and adjacent carbon atoms, and (c) heights of the dopant protrusion from
the graphene with or without HCHO adsorption.

For a doping case, we placed the HCHO molecule around the heteroatom in various
orientations and distances to produce several initial adsorption geometries and relaxed
them to find the most stable atomic configuration with the lowest adsorption energy. For
each case, greater-than-seven initial atomic geometries were fully relaxed. The most stable
structures are collected in Figure 2, where the top and side views are the adsorption
geometries viewed directly above and from the side of the graphene plane, respectively.
The nearest distances between the heteroatom and oxygen atom in the adsorbed HCHO
molecule, ZPE corrections, Bader charge results, adsorption energies, and C-O bond lengths
of the adsorbed HCHO molecule are listed in Table 1 and also presented in Figure 3. The
ZPE correction of gas molecule was calculated to improve the accuracy of the adsorption
energies. For all heteroatom doping systems, the ZPE correction of the HCHO molecule
was in a range from 0.020 to 0.042 eV. For B, N, O, S, and P doping systems, the adsorption
energy of HCHO molecule was in the range from —0.173 to —0.252 eV, the nearest distances
between the heteroatom and HCHO molecule were from 2.946 A to 3.311 A, and the
charge gains of the adsorbed HCHO molecule were in the range of 0.022-0.074 e. The
weak adsorption strength together with a large adsorption distance and small charge
transfer implies that the HCHO molecule is physically adsorbed on the XG (X = B, N,
O, S, and P) surface. Interestingly, the slightly protruded O dopant is pushed below the
graphene plane after HCHO adsorption. For the Mg- or Al-doped system, it has a strong
adsorption strength (AE ;s < —1.39 eV) of the HCHO molecule with a short adsorption
distance (d <2 A) and large charge transfer (Aq > 0.36 e). These results indicated the
strong chemical X-O (X = Mg or Al) bonds formed between the XG substrate and HCHO
molecule. However, the strong HCHO adsorption on the Mg- or Al-doped graphene implies
a long recovery time [30,31]. The sensors based on the sensing material can detect a lower
concentration of formaldehyde with higher sensitivity. In addition, the X-C bond lengths
and the heteroatom heights shown in Figure 1b,c further support the strong adsorption of
HCHO molecule on the XG (X = Mg or Al) substrate. For example, the N-C bond length
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and N dopant height did not change much after HCHO adsorption, while the Mg—C bond
and Mg atom height became larger upon HCHO adsorption.

\ Top view . Top view
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Side view Side view

. Top view
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-
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Figure 2. Top and side views of the lowest energy adsorption configurations for HCHO molecules
on (a-g) B-, N-, O-, P-, S-, Mg-, and Al-doped graphene substrates. The red and white ball repre-
sents O and H atoms, respectively. Heterochromatic atoms embedded in graphene represent the
heteroatom dopants.

Table 1. For the HCHO molecule adsorbed on XG (X =B, N, O, P, S, Mg, and Al) surfaces, the nearest
distances between heteroatom X and the HCHO molecule, charge gains of the adsorbed HCHO
molecule, zero-point energy corrections of the HCHO molecule, and adsorption energies and C-O
bond length of the adsorbed molecule are presented.

Heteroatom B N (0] P S Mg Al
d/A 2.946 3.011 3.125 3.029 3.311 1.944 1.838
Aq/e 0.044 0.022 0.052 0.074 0.029 0.366 0.401

AEzpg/eV 0.025 0.032 0.031 0.030 0.020 0.035 0.042
AE,z5/eV —0.233 —0.245 —0.252 —0.184 —0.173 —1.396 —1.413
dc_o/A 1.217 1.216 1.220 1.221 1.217 1.276 1.287
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Figure 3. (a) The nearest adsorption distance between the heteroatom and HCHO molecule, (b) the
adsorption energy of HCHO molecules on the XG substrate, (c) Bader charge gains Aq of HCHO
molecule from the XG substrate, and (d) C-O bond length of HCHO molecule. The black dashed line
in panel (c) indicates zero charge transfer, and the blue one in panel (d) denotes the C-O bond length
of the free HCHO molecule.

As shown in Figure 3a,b, there is a clear connection between the adsorption energy
and the adsorption distance, charge transfer, and C-O bond length. For a heteroatom
doping system, if its adsorption energy is small, it usually has a larger adsorption distance,
smaller charge transfer, and shorter C-O bond in general. For instance, for the S doping
case the adsorption strength was the weakest, while the adsorption distance was the longest
and the charge transfer and the C-O bond of adsorbed HCHO were the smallest. The Al
doping case had the strongest adsorption, while the adsorption distance was short and
the charge transfer and the C-O bond of HCHO were large. The charge transfer and the
C-O bond length of the HCHO molecule in different heteroatom doping cases are plotted
in Figure 3c,d. Compared with the free HCHO molecule (dc_o = 1.214 A), the C-O bond
length expanded to a different extent. The charge transfer results suggested that the HCHO
molecule behaves as an acceptor obtaining electrons from the doped graphene substrate,
which is in agreement with previous studies [30,32,33]. For B, N, O, S, or P doped system:s,
the adsorption strength was weak, which is consistent with the result that HCHO electron
gain is less than 0.08 e and the C-O bond is stretched only 0.01 A. The Al-doped graphene
case had the maximum C-O bond expansion of over 0.07 A with respect to that of the
isolated HCHO molecule. The corresponding charge transfer was as much as 0.40 e. A
large expansion of the C-O bond and charge gain implies that the HCHO molecule is very
reactive and can form a strong chemical bonding with Al-doped graphene.

The densities of states for N-, P-, Mg- and Al-doped graphene with HCHO adsorption
are shown in Figure 4. The TDOS of NG and PG systems had non-zero states at the Fermi
level (“Fermi level” is the term used to describe the top of the collection of electron energy
levels at absolute zero temperature), rendering them a metallic property. However, as
shown in Figure 4a,b, the adsorbed HCHO did not contribute to the DOS at the Fermi
level, so the NG and PG systems had little sensing response to HCHO molecule. The
AlG and MgG systems are also metallic. Upon HCHO adsorption, the DOS around the
Fermi level were substantially changed and the adsorbed HCHO created a DOS peak at the
Fermi level. The strong interaction between the HCHO molecule and the Mg- or Al-doped
graphene substrate may also be correlated to the HCHO density of states at the Fermi
level. Besides, their DOSs become discontinuous (MgG-HCHO system around —0.5 eV,
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AlG-HCHO system from 0.7 to 0.9 eV) after HCHO adsorption, which might decrease the

conductivity of the MgG and AlG systems.
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Figure 4. Total and projected densities of states for the (a) N-doped graphene (NG), (b) P-doped
graphene (PG), (c) Mg-doped graphene (MgG), and (d) Al-doped graphene (AlG) systems with
HCHO adsorption. The black and red dashed lines indicate total DOS of X-doped graphene with and
without HCHO adsorption. The blue region represents the projected DOS of the adsorption HCHO
molecule. The Fermi level is shifted to zero and represented by vertical dashed lines.

To evaluate the sensing performance of AlG and MgG for HCHO gas detecting, we
analyzed the quantum transport properties with and without HCHO molecule adsorption
employing the NEGF-DFT method with the NanoDcal code. Because of the anisotropy of
graphene, two kinds of transport models were built for the AIG or MgG substrate with
HCHO adsorption (Figure 2f,g), i.e., the current flows along the armchair and zigzag
directions of the graphene lattice. For the two transport directions of the AlG nano-sensor
for HCHO detection are shown in Figure 5, which consist of three parts, i.e., the central AIG
substrate with HCHO adsorption scattering region and the two semi-infinite electrodes.
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Figure 5. Top and side views of two-probe AlG nano-sensor for HCHO molecule detection along
(a) armchair and (b) zigzag directions. The purple shadow regions represent the semi-infinite intrinsic
left and right graphene electrodes, which are contacted with the central AlG substrate adsorbed by
HCOH in the molecule scattering.

The current-voltage curves and sensing response (defined by S = [(R — Rg)/Rp] =
[(Ip — I)/1I] x 100%, where Ry(Ip) and R (Rp) is the resistances (currents) of the sensor
before and after adsorption of HCHO under bias voltage, respectively) are presented in
Figure 6. The currents are reduced upon HCHO adsorption. This phenomenon may be
attributed to losing charge carriers of the AlG or MgG substrate after HCHO adsorption. We
also observed the same phenomenon for the transition metal-doped graphene systems [30].
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The sensing responses along the armchair and zigzag directions show the anisotropy
of graphene’s transport properties. The maximum sensing responses of AlG and MgG
nano-sensors to HCHO molecule adsorption were 107% and 60%, respectively. For the
Al- and Mg-doped systems, the average response was larger than 30%, especially for the
armchair-orientated AlG nano-sensor, in which the average response reached 67%. The
high sensitivity indicated that AIG and MgG can be applied as the sensing material for
HCHO gas detecting.
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Figure 6. Current-voltage curves and sensing responses of (a) Al-doped graphene (AIG) and
(b) Mg-doped graphene (MgG) nano-sensors without and with HCHO adsorbed. The current
flows in the armchair and zigzag direction of the graphene lattice.

The transmission spectra of AIG and MgG nano-sensors before and after CHOH
molecule adsorption under the bias from 0 to 0.8 V are plotted in Figures 7 and 8 to explore
the mechanisms for HCHO detecting. The transmission coefficients of AIG and MgG nano-
sensors with or without HCHO adsorption along two transport directions were almost
zero at the bias window. As the bias increased, the area of transmission spectra in the bias
windows became larger. These characteristics are similar to those of graphene nanoribbon
and doped graphene [30,34]. According to Equation (2), the current flowing through
the device is equal to the integral of the transmission coefficient in the bias windows.
Figures 7 and 8 show that the transmission spectrum area of AIG and MgG nano-sensors in
the bias window after HCHO adsorption was obviously smaller than before. Therefore, we
can conclude that HCHO adsorption might reduce the current. It was also found that under
zero bias, the transmission coefficient of MgG and AlG without or with HCHO adsorption
were asymmetric with respect to the Fermi level. We can expect that the bias augment
could not lead a linear increase of the area of transmission spectra, which could render a
non-linear change in current.
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Figure 7. The transmission spectra of the AIG nano-sensor for HCHO detection along armchair and
zigzag directions under the bias voltage of (a—c) 0, 0.4, and 0.8 V. The black dashed lines represent the
bias windows.
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Figure 8. The transmission spectra of MgG nano-sensor for HCHO detection along armchair and
zigzag direction under the bias voltage of (a—c) 0, 0.4, and 0.8 V. The black dashed lines represent the
bias windows.

4. Conclusions

In summary, we investigated the adsorption and sensing properties of formaldehyde
on graphene doped by various heteroatoms (B, N, O, P, S, Mg, and Al). The most stable
atomic configurations of heteroatom-doped graphene adsorbed with HCHO, adsorption
energies, Bader charge transfers, and electronic structures were picked up. We found
that the adsorption strengths of the HCHO molecule on the Mg- and Al-doped graphene
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surfaces were stronger than those of non-metal (B, N, O, P and S)-doped cases. The
results indicated that the Mg- or Al-doped graphene is better for HCHO detecting. The
two-probe HCHO nano-sensors were built for the Mg- and Al-doped graphene along the
armchair and zigzag directions and the I-V curves were simulated to evaluate the sensing
performance by the NEGF-DFT method. The maximum sensing responses of Al- and
Mg-doped graphene nano-sensors were 107% and 60%, respectively, while the average
responses for both cases were larger than 30%. Based on our theoretical results, we predict
that the Al- and Mg-doped graphene can be potentially used as sensing materials for highly
sensitive HCHO detection.
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Abstract: In this study, according to the acquired polydopamine deposition rates, polydopamine
films with equal thickness were prepared under different conditions on SiO, substrates. Subsequently,
we investigated the influence of dopamine solution pH and concentration on the formation of surface
aggregates of the deposited polydopamine films. Assumptions were made to explain how pH and
concentration execute their effects. Based on the optimized parameters, a continuous and smooth
polydopamine film with a thickness of about 14 nm and a roughness of 1.76 nm was fabricated on
a silicon dioxide substrate, through the deposition for 20 minutes in a dopamine solution with a
concentration of 1.5 mg/mL and a pH of 8.2. The prepared polydopamine film was then employed
as a precursor and subjected to a high-temperature process for the carbonization and graphitization
of the film. Raman spectroscopy analysis indicated that the resulting graphene-like film had fewer
structural defects in comparison with previous works and the results of XPS indicated that most
of the carbon atoms were bound into the cross-linked honeycomb lattice structure. The prepared
graphene-like material also exhibited high electrical conductivity and satisfying mechanical elasticity.

Keywords: polydopamine; pH; concentration of dopamine solution; graphene-like film

1. Introduction

As an emerging surface modification technology, mussel biomimetic chemistry is ap-
plied in many scientific research fields such as biology, energy, and environment technology.
In this trend, the technology based on dopamine garnered significant attention. In 2007,
Lee et al. [1] reported that dopamine can undergo oxidative self-polymerization in a weak
alkaline environment, leading to the formation of polydopamine (PDA) coatings on various
substrates. Further investigations by Yminu et al. [2] revealed that PDA coatings can be
formed on a wide range of materials, including noble metals (Au, Ag, Pt, and Pd), metals
with native oxide on the surface (such as Cu, stainless steel, and NiTi shape memory alloys),
oxides (TiO,, non-crystalline SiO,, quartz, Al,O3, and Nb,Os), semiconductors (such as
GaAs and Si), ceramics, and synthetic polymers, etc.

The self-polymerization reaction of dopamine requires only moderate preconditions,
resulting in facile deposition of polydopamine (PDA) layers [3]. Moreover, PDA exhibits
good adhesion properties on various surfaces, making it a versatile material for constructing
functional surfaces. Ultrathin PDA films can be achieved by regulating the deposition
time and through subsequent high-temperature process, the films can be graphitized to
graphene-like materials [4,5]. In comparison with other graphene fabrication methods,
e.g., chemical vapor deposition (CVD), chemical synthesis, exfoliation of graphite and
SiC pyrolysis, the approach with PDA has many advantages. There are no dangerous
chemicals, extreme high-temperature processes, or severe environment harmful waste
products involved in the PDA method. Moreover, with other approaches, the prepared
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graphene, in most cases, must be transferred to a suitable substrate, e.g., a substrate with a
dielectric layer on the surface, to form the desired devices. With the fabrication method in
this study, however, the graphene-like film can be achieved in situ on a SiO, substrate [6,7].
Therefore, a transfer-process is not necessary anymore. Additionally, the graphene-like
material prepared with this method adhere very well to the underlying SiO; film, while
transferred graphene supposedly is not so well adherent.

In 2011, Liu et al. [8] reported the successful conversion of solution oxidation-derived
PDA to carbon at 800 °C in a nitrogen atmosphere, yielding a carbon material with ap-
proximately 7.28% nitrogen doping and nearly 60% carbon yield. Building on this work,
J. Kong et al. [9] used various test apparatuses to investigate the structure of the PDA
film on a SiO; substrate after carbonization, revealing that the resulting carbonized PDA
(C-PDA) coating had a graphite-like layered structure. Li et al. [10] deposited PDA on
a substrate and obtained a highly ductile conductive carbon film by annealing the PDA
coating. Lim et al. [11] adjusted the thickness of the carbon film from a few nanometers to
tens of nanometers by varying the number of repetitions of the coating process, and the
size of the resulting carbon film could be as large as that of the underlying silicon wafer.
While graphene-like carbon films were fabricated through high-temperature carbonization
of PDA in these studies, these films exhibited many structural defects. It is believed that
the structure of the precursor is a key factor affecting the quality of the carbonized final
products. Shin et al. [12] showed that the use of organic matter as a precursor for graphene
synthesis results in better quality graphene with thinner films. However, there are few
reports on obtaining graphene-like materials with fewer defects by improving the structure
of the PDA films.

PDA coatings are commonly obtained through the self-deposition of dopamine under
alkaline conditions, and physical measures can be employed to adjust PDA deposition.
Wei et al. [13] utilized heating and stirring of the dopamine solution to quickly deposit a
thicker PDA film, and Gao’s research group [14,15] developed a technology for cyclically
extracting and reloading the dopamine deposition solution to prepare PDA coatings with
gradient thickness. However, these studies did not pay attention to the problem that many
aggregates on the film surface are easy to occur during the PDA self-deposition process.,
which can negatively affect the performance of the final product when PDA is used as a
precursor for carbon-based materials. Although Kim et al. [16] obtained a flat and smooth
PDA film with low roughness by passing oxygen into the solution, this preparation method
is complex and costly. Ultrasound was also used by Diana et al. [17] to remove aggregates
from the surface of the PDA coating, but this approach damaged the film. In this study,
we investigated the effects of pH and dopamine concentration on aggregate formation on
the PDA surface during the self-deposition process to obtain a PDA film with more ideal
structure, so that better graphene-like materials can be achieved employing the improved
PDA film as a precursor. In another word, we improved the quality of the precursor to
optimize the prepared graphene-like materials and realize the in situ fabrication of the
graphene-like film on the substrate. With optimized parameters, we were able to prepare a
continuous and flat PDA film with a thickness of about 14 nm and a roughness of 1.76 nm
on a SiO; substrate. The deposition process lasted 20 min in a dopamine solution with a pH
of 8.2 and a dopamine concentration of 1.5 mg/mL. The resulting PDA film was carbonized
at 800 °C and 1000 °C with a heating rate of 10 °C/min under a vacuum of 0.1 Pa. The
generated graphene-like film had fewer defects and higher conductivity compared to those
fabricated with other PDA films.

2. Materials and Methods
2.1. Materials

The dopamine hydrochloride powder and the tris powder were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China. The former had a
purity of 98%, and was stored in a dry environment at 2-8 °C. The purity of the latter was
greater than or equal to 99.8% with 0-0.005% H,O insoluble matter. Before the experiments,
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the tris powder was stored in a dry environment at room temperature. The PDA films were
deposited on monocrystalline silicon substrates with 300 + 20 A silicon dioxide layer on
top of them. These substrates were acquired from Tianjin Semiconductor Research Institute,
China, and produced in April 2022. They were 10 x 10 mm quadrate samples and were
500 wm thick.

2.2. Preparation
2.2.1. Cleaning of Silicon Dioxide Substrates

At first, the silicon dioxide substrates were flushed 3 times with deionized water,
soaked in deionized water, and ultrasonically cleaned for 10 min to remove coarse
contaminants. After that, SC1 cleaning for substrates was carried out. A total of 5 parts
of deionized water, 1 part of ammonia water (25% by weight of NH3), and 1 part of HyO,
solution (30%) were poured into a beaker. Subsequently, the samples were placed into
the beaker and immersed in the solution at 80 °C for 12 min to remove organic residues
from the substrates. After the SC1 cleaning was completed, samples were removed
from the beaker, and rinsed with deionized water to remove the residual from SC1.
Afterwards, the SC2 cleaning was also performed. The cleaning solution for the SC2
was comprised of 6 parts of deionized water, 1 part of hydrochloric acid solution (37%
by weight), and 1 part of hydrogen peroxide solution (H,O;, 30%). The silicon dioxide
substrates were laid into the solution and soaked there at 80 °C for 10 min to remove
possible metal residues from the samples. After that, the samples were washed with
deionized water again in order to remove the residues from the SC2 cleaning and kept in
deionized water waiting for further processing.

2.2.2. Preparation of Dopamine Solution

e  Solutions with different pH values:
Firstly, three portions of dopamine hydrochloride powder were weighed, and were
found to be 50 mg each, and they were dissolved each in 50 mL deionized water
to form dopamine hydrochloride solution with a concentration of 1 mg/mL. Then,
the tris powder was added slowly to set the pH of the three solutions to 7.9, 8.2 and
8.5, respectively.

e  Solutions with different dopamine concentrations:
Three portions of dopamine hydrochloride powder (50 mg, 75 mg, 100 mg) were
weighed at first. Subsequently, each of them was dissolved in 50 mL deionized water
to prepare the dopamine hydrochloride solution with the concentration of 1 mg/mlL,
1.5 mg/mL, 2 mg/mL, respectively. Afterwards, tris powder was added slowly to
adjust the pH of the solution to 8.2.

2.2.3. Preparation of Polydopamine Films

The cleaned silicon dioxide substrates were immersed in a dopamine hydrochloride
solution. Then, the solution with the samples was placed in an orbital shaker to deposit
the PDA film in a dark environment. The rotational speed of the orbital shaker was held
at 80 r/min during the deposition. When the deposition was finished, the surface of the
silicon dioxide samples was rinsed with deionized water and then dried with Ny

2.2.4. Carbonization of Polydopamine Films

The N; dried samples were divided into 2 groups. They were annealed in a vacuum
of 0.1 Pa at 800 °C or 1000 °C for 60 min, respectively. During the annealing processes, the
samples were heated from room temperature to the set temperature at a heating rate of
10 °C/min.

2.3. Characterization

The cross section of the silicon dioxide samples with the deposited PDA film were
characterized with scanning electron microscope (SEM) with the model of JIB-4700F from

196



Crystals 2023, 13, 607

JEOL. The accelerating voltage of electrons were set to be 10 kV or 15 kV. The image
magnification at the observation was adjusted between 50,000 and 85,000 to have clear
images of the cross sections of the PDA films. For the SEM characterization of the film
surface, the accelerating voltage was selected as 10 kV, and the magnifications were set to
be 50 and 1000 to obtain the overall and the local images of the surface aggregations on the
PDA film.

The surface of the PDA film deposited for a short time was observed with an optical
microscope (SMIC) at a magnification of 100. Some sample surfaces were scratched with a
tweezer on purpose. With the optical microscope, it can be judged, to some degree, whether
a continuous PDA film was formed, based on whether obvious scratches could be made
with the tweezer on the film surface. The model of the employed Atomic Force Microscope
(AFM) was SPA400-SP13800N, from Seiko Corporation. The surface of the PDA films with
different deposition time was characterized with AFM by an image size of 5 um x 5 pm to
investigate the surface roughness and morphology.

The applied X-ray diffraction (XRD) equipment was a product from Rigaku, Japan,
with the model of Smart Lab 9 kW. It scanned the flat PDA films and the films with a great
quantity of surface aggregations with the 20 angle varying from 5° to 50° to detect the
possible different crystalline structures. A Laser micro-Raman imaging spectrometer from
Thermo Fisher (China) with the model of DXRxi was employed for the characterization of
the molecular structure of the carbonized PDA films. The measurements were carried out
with a spectral resolution <1.5 cm~!. The Raman spectroscopy analysis was performed on
the flat films without aggregations, the films with many aggregates on the surface and the
films with big thickness, to determine the structural defects in the films.

A pH meter (ST3100E from Ohaus) was deployed to detect the pH value of the reaction
solution in order to explore the effect of the pH on the self-deposition of dopamine. The
electrical conductivities of the carbonized PDA films were measured using a Hewlett
Packard 4140BpA Meter/DC Voltage source.

3. Results and Discussion

Lee’s method [1] was employed to prepare PDA films. The elements ratio of the films
was analyzed at various positions in the cross section of the prepared samples using EDS
(energy dispersive spectroscopy). Figure 1a depicts the detection positions, where point
1 corresponds to the deposited PDA film, and point 2 lies in the SiO, /Si substrate area.
The EDS measurement at point 1 is depicted in Figure 1b, which revealed that the main
element in the deposited film was C, accounting for 51.8%, while there were also 5.4% N,
9.7% Si, and 33.1% O in the film. The presence of Si and O may have originated from the
environment or some SiO; particles present at the cross section. The existence of O may
also be attributed to the oxidation of the deposition solution. On the other hand, the EDS
result at point 2 shown in Figure 1c was significantly different from that of the deposited
film. At point 2, the main elements were O and Si, with proportions of 50.5% and 32%,
respectively. Through the EDS measurement, we also detected a certain proportion of C
(16.8%) and a very small percentage of N (0.7%). These elements may have originated from
the deposited film and might have reached the cross section during the EDS analysis, as
the sample was broken. Additionally, C may have also originated from the environment.
The observed film structure in Figure 1a and the different proportions of elements at the
film cross section and the substrate cross section confirm the formation of PDA films on the
surface of the SiO, substrate.

During the self-deposition process of dopamine, aggregates are prone to form on the
film surface, as illustrated in Figure 1d. The XRD analysis revealed that the molecular
chain orientation and crystallinity of the aggregates were distinct from those of the flat
film (XRD analysis of the film and the aggregate shown in Figure S1). The aggregates not
only affected the smoothness of the PDA film but also influenced the properties of the
graphene-like layer produced through carbonization of the former. Therefore, we explored
the influencing factors for the formation of the aggregates. Firstly, we explored the effect of
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15.0kV  x75,000

different pH values on the formation of aggregates on the surface of PDA films. The pH
value of the polymerization system exerted a significant influence on the polymerization
reaction, and it also held true for the self-polymerization of dopamine to form PDA under
alkaline conditions. Specifically, a lower pH value was detrimental to the formation of
PDA on the substrate surface, while an excessively high pH value can lead to the presence
of a significant number of aggregates on the surface of the resulting PDA film. Thus, it
was necessary to investigate the effects of pH on the formation of PDA in order to obtain
a smooth, continuous, and aggregate-free PDA film on the substrate surface [18,19]. In
2009, Zhu et al. [20] discovered that the dopamine composite film, prepared from a buffer
solution with a pH of 8.5, exhibited superior adsorption properties. However, this does
not necessarily imply that the optimal pH value for the formation of the graphene-like
carbonized film will also be 8.5 when the PDA layer serves as the starting material.

33. 1%

point 1

10.0kV_ x25,000 Apm

Figure 1. (a) SEM image of the cross-section of the film obtained on the silicon dioxide substrate and
EDS detection position (pointl corresponds to the cross-section of the film, point2 corresponds to
the cross-section of the substrate); (b) the proportion of different elements at the film cross-section
(pointl); (c) The proportion of different elements at the cross section of the substrate (point2); (d) SEM
image of the aggregates on the film surface.

We studied the deposition rate of PDA on SiO; substrates with dopamine solutions of
different pH values, under the condition that the dopamine hydrochloride concentration of
the solutions was 1 mg/mL. Based on the obtained deposition rates, PDA films of identical
thickness were prepared to investigate the effects of different pH values on the formation
of aggregates on the film surface. Figure 2a—c depict the SEM images of the cross-section of
PDA films prepared with a deposition time of 60 min on the surface of the SiO, substrate
under pH values of 7.9, 8.2, and 8.5, respectively (the test results of the pH values are
displayed in Figure S2). The thicknesses of the deposited films were 23.62 nm, 27.06 nm,
and 28.09 nm, respectively. Figure 2d-f illustrate the SEM images of the cross-section of
PDA films deposited for 90 min under the same conditions as previously mentioned, i.e.,
pH values of 7.9, 8.2, and 8.5. The thicknesses of the films were 36.32 nm, 43.31 nm, and
45.28 nm, respectively. We utilized the software IrfanView to calculate the width of different
positions of the film in the figure, based on the scale in the figure, and then, we calculated
the average value.

We conducted a series of SEM measurements to determine the thickness of PDA films
under various deposition time conditions, and the results are summarized in Table 1. The
relationship between the film thickness and the pH value is shown in Figure 3a. It is evident
that, under the same deposition time, the film thickness increased with an increasing pH
value. However, this increasing trend weakened as the pH value became higher. The
different shades of darkness observed in the deposition solutions with different pH values
(Figure S3) were consistent with the film thickness results presented in Figure 3a (the color
of the solution serves as an indicator of the deposition rate. Specifically, the solution with a
pH of 7.9 appears lighter, suggesting a slower deposition rate and smaller film thickness.
On the other hand, solutions with pH values of 8.2 and 8.5 are similar in color, indicating
that their deposition rates are also similar and their resulting film thicknesses are close). In
Figure 3b, the film thickness is plotted against the deposition time, with the solution pH value
being taken as the parameter. Within the range of deposition time between 0 and 90 min and

198



Crystals 2023, 13, 607

a pH range from 7.9 to 8.5, the thickness of the deposited PDA film varied almost linearly
with the deposition time. The deposition rates of PDA under the conditions of pH =7.9, 8.2,
and 8.5 were 0.399 nm/min, 0.466 nm/min, and 0.486 nm/min, respectively.

average d = 36.32 nm average d = 43.06 nm average d = 45.28 nm

10.0kV x80.000 0._2um 10.0kV

15.0kV x60 000 0.2um

Figure 2. SEM images of the cross section of the PDA films on silicon dioxide substrates deposited
for 60 min under the conditions of (a) pH = 7.9, (b) pH = 8.2 and (c) pH = 8.5; SEM images of the
cross section of the PDA films on silicon dioxide substrates deposited for 90 min, with (d) pH =7.9,
(e) pH=8.2and (f) pH =85.

Table 1. Thickness of the PDA film deposited for different time.

Thickness for Different Deposition Time

H
P 45 min (nm) 60 min (nm) 75 min (nm) 75 min (nm)
7.9 18.00 23.62 30.03 36.32
8.2 20.11 27.03 35.16 43.06
8.5 20.76 28.09 36.05 45.28
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Figure 3. (a) PDA film thickness against pH under different time conditions; (b) PDA film thickness

against deposition time under different pH conditions.

Based on the obtained self-deposition rates of dopamine under different pH conditions,
we prepared three sets of PDA film samples with equal thickness on SiO, substrates using
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solutions with pH values of 7.9, 8.2 and 8.5, respectively, deposited for 73 min, 63 min
and 60 min, respectively. The density of aggregates on the film surface, film flatness, and
continuity were investigated using SEM. Initially, the local morphology of the films was
observed using 1000 x magnified images. Figure 4a—c correspond to pH values of 7.9, 8.2,
and 8.5, respectively. It was observed that the film surface was smooth with almost no
visible aggregates at pH values of 7.9 and 8.2, while numerous aggregates appeared on the
surface of the film deposited at pH = 8.5. From the curve in Figure 3a, it can be inferred that
the effect of pH on the PDA film primarily concerns the establishment of film thickness
between pH values of 7.9 and 8.2, whereas within the range of pH 8.2-8.5, the effect on film
thickness was insignificant, and the increase in pH significantly influenced the formation
of aggregates. This phenomenon could be attributed to the gradual increase in the binding
rate of dopamine molecules on the silica surface as the concentration of OH- increased
under weaker alkaline conditions, resulting in the rapid formation of dopamine molecules
on the surface of silica. When the concentration of OH- reaches a certain value, the increase
in the binding rate of dopamine molecules on the SiO, surface was no longer significant.
Instead, it influenced the self-polymerization of freely moving dopamine molecules in the
solution, resulting in more aggregates on the film surface. Another possible explanation is
that a weaker alkaline solution tends to donate more protons to saturate the dangling bonds
of dopamine molecules, reducing their chemical activity. Therefore, less self-polymerization
will occur under weaker alkaline conditions, leading to smooth films without aggregates.

10.0kV x1,000 10um x1,000 10pm P x1,000 10pm

Figure 4. SEM images (1000 x ) showing the surface of the PDA films with the same thickness deposited
for different duration on silicon dioxide substrates under the conditions of (a) pH = 7.9, (b) pH = 8.2
and (c) pH = 8.5; 50x SEM images of the surface of the above-mentioned films corresponding to
(d)pH=7.9, (e) pH = 8.2, and (f) pH = 8.5, respectively.

SEM images with 50x magnification of the surface of the films deposited at pH
values of 7.9, 8.2, and 8.5 are presented in Figure 4d—f. The particle size and quantity of
surface aggregates are illustrated in Figure S4a—c. The results indicate that, under each pH
condition, aggregates appeared on the film surface. However, the number of aggregates
on the film surface was relatively small with pH = 8.2, and the average particle size of
the aggregates was also small (12.48 um) compared to the other films. On the other hand,
higher numbers of aggregates (8 and 15) arose on the film surface under the condition of
pH =7.9 and 8.5, respectively. Moreover, the average size of the aggregates increased to
13.28 um and 12.91 pm. Combined with the previous observations on subtle aggregates
(Figure 4a—c), it can be concluded that under the condition of pH = 7.9, there were a few
large aggregates, but almost no fine aggregates on the film surface. In contrast, under
the condition of pH = 8.2, the surface of the film was relatively smooth, with few large or

200



Crystals 2023, 13, 607

subtle aggregates. However, under the condition of pH = 8.5, there were not only some
large aggregates but also a great quantity of subtle aggregates on the film surface. As
-mentioned above, the smooth surface of the film deposited with the solution of pH = 8.2
can be attributed to the plenty of protons in the solution, which can saturate the dangling
bonds of the dopamine molecules. When the pH decreased further, it is supposed that
the film that was built beginning with discrete aggregates before a continuous layer was
constructed. This may lead to the final film with large aggregates on the surface, just like in
the case of the pH of 7.9.

In chemical reactions, the rate of reaction under some conditions is influenced by the
concentration of the reactants [21,22], thereby exerting an effect on the final product. In
light of the impact of pH values on the formation of surface aggregates in the PDA film, we
selected pH 8.2 with fewer aggregates and further investigated the influence of dopamine
concentration in the deposition solution on aggregate formation. This investigation aimed
to minimize the number of aggregates and achieve a smooth film.

Similar to the exploration of the impact of pH value, we investigated the effects of
different dopamine solution concentrations on the deposition rates of PDA films on SiO,
substrates, with the aim of identifying conditions that lead to reduced aggregates and a
smoother film. Specifically, we prepared PDA films of the same thickness under various
concentration conditions and studied the aggregates on their surfaces. SEM images of
the cross-sectional views of PDA films deposited for different time periods with varying
dopamine concentrations are shown in Figure 5a—e, which represent film thicknesses of
41.34nm, 53.15nm, 64.95 nm, and 79.16 nm, respectively. We also examined a low dopamine
concentration of 0.5 mg/mL, as shown in Figure S5a, where only a few aggregates were
observed on the SiO, substrate, and no continuous film was formed. To confirm the
formation of a continuous PDA film, EDS analysis was performed on the film surface, a
relatively high proportion of C, O and N element was detected only at the aggregates, and
there was nearly no C or N element observed in the non-aggregated areas. It could be
verified that a PDA film with irregular surface was formed on the SiO; substrate.

10.0kV x50,000 . 10.0kV x50,000 0.5um

10.0kV x50,000 0.5um 10.0kV x80,000 0.2pm

Figure 5. Cross-sectional SEM images of PDA films obtained on silicon dioxide substrates under
the concentration conditions of (a) 1.5 mg/mL and (b) 2 mg/mL with a deposition time of 60 min;
Cross-sectional SEM images of the PDA film obtained on the silicon dioxide substrates under the
concentration conditions of (c) 1.5 mg/mL and (d) 2 mg/mL with a deposition time of 90 min.
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The thickness of the PDA films was measured using SEM under various deposition
time conditions, and the results are presented in Table 2. By combining these results
with the thickness of the PDA film deposited with a solution concentration of 1 mg/mL
(Table 1), the relationship between the film thickness and the concentration was plotted
in Figure 6a. As shown in the figure, the film thickness gradually increased with the
concentration for all deposition times below 90 min, and the relationship between the two
variables was linear. This finding is consistent with the chemical reaction rate formula
Av(A) = Ac (A)/At, where v represents the reaction rate, c is the reactant concentration,
and t denotes the reaction time. Figure 6b illustrates the relationship between the film
thickness and deposition time for different solution concentrations. It can be observed
that the film thickness increased linearly with deposition time, when the concentration
was between 1 and 2 mg/mL and the deposition time was below 90 min. Specifically, at
solution concentrations of 1.5 mg/mL and 2 mg/mL, the deposition rates of dopamine
were 0.705 nm/min and 0.883 nm/min, respectively.

Table 2. Thickness of the PDA film deposited for different time.

Thickness for Different Deposition Time

Concentration . : : .
45 min (nm) 60 min (nm) 75 min (nm) 75 min (nm)
1.5 mg/mL 30.89 41.34 52.55 64.95
2mg/mL 40.73 53.15 65.91 79.19
907 = 45min [ =\ —— ing/ml | / l'\\ =
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Figure 6. (a) Curve of PDA film thickness against the concentration of the dopamine solution, with
the deposition time as a parameter; (b) curve of PDA film thickness with the deposition time, under
different concentrations.

According to the deposition rates obtained from our experiments, we fabricated two
sets of samples with SiO, substrates. The first set underwent PDA deposition for 42 min in
a solution with a concentration of 1.5 mg/mL, while the second set underwent deposition
for 32 min in a solution with a concentration of 2 mg/mL. Both groups were prepared
using a solution with a pH value of 8.2, resulting in PDA films with the same thickness
under different concentration conditions. The density of aggregates on the film surface,
as well as the flatness and continuity of the film, were investigated using SEM. Similar
to our exploration of the effect of pH value, we examined the subtle particles on the film
surface using 1000 x magnified images. Figure 7a,b correspond to the concentrations of
1.5 mg/mL and 2 mg/mL, respectively. It was observed that the film surface corresponding
to 1.5 mg/mL was smooth, without any subtle aggregated particles. In contrast, a great
quantity of aggregates was present on the surface of the film prepared with a concentration
of 2 mg/mL. SEM images with a magnification of 50 %, depicting the surface of the film
having the concentrations of 1.5 mg/mL and 2 mg/mL, are shown in Figure 7c,d, respec-
tively. The particle size and quantity of surface aggregates are summarized in Figure S6a,b.
It is noted that, for the concentration of 1.5 mg/mL, the number of aggregates on the film
surface was very small, and the average particle size of the aggregates was 9.36 um. In
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contrast, when the concentration increased to 2 mg/mL, the number of aggregates on the
film surface increased significantly compared to the concentration of 1.5 mg/mL, exceeding
50, and the average particle size was 10.41 pm.

10.0kV x1,000 10pum 10.0kV x1,000 10pum

Figure 7. Surface SEM images (1000x) of the same thickness PDA films prepared with different deposi-
tion time on silicon dioxide substrates under the concentrations of (a) 1.5 mg/mL and (b) 2 mg/mL;
surface SEM images (50 x ) of the same thickness PDA films fabricated with different deposition time on
silicon dioxide substrates under the concentrations of (c) 1.5 mg/mL and (d) 2 mg/mL.

By observing the surface aggregates on the PDA film under two concentration conditions
and combining with the previous inspection of the PDA film formed at the concentration of
1 mg/mL (Figure 4b,e), we can conclude that the number of large particles and tiny aggregates
on the film of 2 mg/mL was greater than that of the films deposited under the other two
concentrations. In the cases of concentrations of 1 mg/mL and 1.5 mg/mL, the film surface
was relatively flat, and there were few large particles on the surface. Compared with the
film of 1 mg/mL, the PDA film deposited at the concentration of 1.5 mg/mL was smoother.
Furthermore, no subtle aggregates were observed on the film surface in the latter case, and
the average particle size of the large particles was also smaller. This is probably because the
concentration of 1 mg/mL was insufficient to make dopamine molecules form film structure
rapidly. At this concentration, the film can only be formed through continuous accumulation
of dot aggregates, leading to aggregates arising on the surface. The concentration condition
of 1.5 mg/mL satisfied the requirement for dopamine molecules to build a film structure
rapidly. As a result, no subtle aggregates are formed on the film surface. However, the
continuous increase in concentration also promoted the self-polymerization of the freely
moving dopamine molecules in the solution, resulting in more aggregates on the surface of
the deposited film. This may be the case for the film of 2 mg/mL [23,24].

Based on the investigation of the impact of varying pH levels and concentrations
on the deposition of PDA film, a pH level of 8.2 and a concentration of 1.5 mg/mL were
selected to deposit the PDA film with fewer surface aggregates. To determine the appro-
priate parameters for a continuous and thin PDA film, the deposition time was gradually
increased. PDA films with deposition times of 2 min, 10 min, and 20 min were prepared.
However, when the film thickness was very small, it was challenging to ascertain whether
a continuous film structure was formed from the cross-sectional SEM images. According to
this situation, we tried to make use of the optical microscope (OM) and scratches made in
the film, assisted with the SEM inspection, to assess whether a continuous film was formed
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on the sample surface. The surface of the PDA film was investigated with OM, and the
sample surface of the film was scraped to make some scratches. The OM observations
are presented in Figure 6, where Figure 6a—c illustrate the OM images of the PDA film
surface deposited for 2 min, 10 min, and 20 min, respectively. It can be observed that the
sample surface characterized by OM was blue-purple under a deposition time of 2 min,
which corresponds to the color of SiO,. This suggests that at the deposition time of 2 min,
there was either no PDA film formed on top of the SiO; layer or only sporadic dotted PDA
accumulations. In contrast, under a deposition time of 10 min, the OM image of the sample
surface appeared light yellow, and no obvious scratches could be observed after the surface
was lightly scratched. It is supposed, under the deposition time of 10 min, layered PDA
may be formed in some areas on the surface of the sample, but it lacks continuity and
integrity. When the deposition time reached 20 min, the light-yellow color became more
intense than that of the PDA film deposited for 10 min. Obvious scratches were found on
the sample surface when it was lightly scraped. Thus, we conclude that a continuous and
complete PDA film was formed on the sample with a deposition time of 20 min.

Atomic force microscopy (AFM) was utilized to investigate the surface roughness of
the PDA film and to validate the observations obtained from OM. AFM images of the PDA
film deposited on a SiO, substrate are shown in Figure 8d—f, corresponding to deposition
times of 2 min, 10 min, and 20 min, respectively. The surface roughness of the PDA film
deposited for 2 min was found to be 0.6458 nm, which is comparable to that of the SiO,
substrate. The presence of abundant white spots in the AFM image suggests the absence of
a continuous PDA layer on the sample surface. When the deposition time was increased to
10 min, the number of white spots decreased, and the surface roughness increased to 3.185
nm. These observations imply that a layered PDA film was formed in some regions on the
sample surface, but the film structure was non-uniform, and some point-like aggregates
still existed on the substrate surface. Comparatively, the PDA film deposited for 20 min
exhibited a significant change in the surface morphology. The absence of white spots in
the AFM image suggests the presence of a uniform and continuous PDA film on the 5iO,
substrate, and the surface roughness decreased to 1.763 nm as compared to the 10 min
deposition. The cross-sectional view of the AFM scanning of the PDA film deposited for
20 min is presented in Figure 8¢ (its corresponding surface AFM image and test position are
shown in Figure S7), where a depression ten of nanometers wide is observed. The absence
of the PDA film at this location may be due to direct contact of the AFM probe with the
SiO; layer at the bottom of the depression. The thickness of the PDA film, estimated from
the difference between the lowest part of the depression and the film surface, was about
14 nm, which is consistent with the PDA deposition rate deduced from Figure 6.

The PDA film was synthesized using optimal parameters (pH = 8.2, solution concen-
tration of 1.5 mg/mL, and deposition for 20 min), followed by carbonization to obtain
graphene-like material through annealing at 800 °C in a vacuum (0.1 Pa) for 60 min at
a heating rate of 10 °C/min. Raman spectroscopy was employed to analyze the carbon
chain structure of the carbonized PDA film and compare it with that of films with the
same thickness but different surface characteristics. Specifically, we compared the Raman
spectra of the carbonization products of the PDA film with a smooth surface and no surface
aggregates prepared with the optimized parameters (red curve), the carbonization products
of the thicker PDA film (green curve), and the carbonization products of the PDA film
with surface aggregates (blue curve). In Figure 9a, the Raman spectra of all three curves
show obvious D peaks, indicating the presence of structural defects. Additionally, all three
curves display 2D peaks, indicating the presence of multi-layered graphene. The Ip/Ig
and Ip /I ratios were compared and are summarized in Figure 7b. The Ip /I ratio of the
carbonization products of the PDA film with a smooth surface and no surface aggregates
prepared with optimal parameters was lower than that of the thicker PDA film and the
PDA film with surface aggregates, suggesting fewer structural defects. Moreover, the
half-peak width of the red curve was comparatively narrow, indicating a higher degree of
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graphitization. The I,p /I ratios in all three cases were significantly less than 1, indicating
the carbonized films consist of multi-layered graphene rather than one-layer graphene.

1
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Figure 8. OM image of the surface of the PDA film deposited on silicon dioxide substrate under the
pH of 8.2 and the concentration of 1.5 mg/mL with a deposition time of (a) 2 min, (b) 10 min, and
(c) 20 min; the AFM image of the surface of the PDA film deposited on silicon dioxide substrate under
the pH of 8.2 and the concentration of 1.5 mg/mL with a deposition time of (d) 2 min, (e) 10 min, and
(f) 20 min; (g) the cross-sectional view of the AFM scanning of the surface of the PDA film under the
deposition time of 20 min.

The PDA films were carbonized at 1000 °C under vacuum conditions (0.1 Pa) while
maintaining the same heating rate. The resulting Raman spectra are presented in Figure 9c.
It was evident from the spectra that the D peaks of the three curves weaken significantly
with increasing annealing temperature, while the 2D peaks also exhibited a marked re-
duction. This behavior may be attributed to the accelerated decomposition of PDA at
high temperature, promoting the rapid and thorough combination of carbon atoms and
improved crystallinity of the carbonized layer. The ratios of Ip/Ig and I,p /I in the three
cases were compared, as depicted in Figure 9d. Consistent with the previous case of 800 °C,
the Ip /I ratio of the carbonization products of the PDA film with a smooth surface and
without surface aggregates is comparatively lower than the other two cases. Furthermore,
the Iop /I ratio of the carbonization products of the optimally prepared film was higher
than that of the other two films, indicating that the number of stacked graphene layers was
smaller. Notably, the I /I ratios of all three films carbonized at 1000 °C were evidently
lower than those at 800 °C, suggesting a substantial reduction in structural defects. The
Raman spectrum of the C-PDA acquired by Yu [2] also showed the D peaks and G peaks,
confirming the existence of the graphite-like nanostructures. Compared with research
results of Yu, our study presented the improved uniformity and the reduced thickness of
the PDA film. In our study, the G peak of the Raman spectrum was more distinct, and at

205



Crystals 2023, 13, 607
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2700 cm ™!, a 2D peak appeared, indicating the formation of the graphene-like structure.
This is also consistent with the research results from Li [25], who used neutron diffraction,
Raman spectroscopy, and other techniques to verify that C-PDA has some graphite-like
structures as the annealing temperature increased.
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Figure 9. (a) Comparison of Raman spectra of the at 800 °C carbonized PDA films with different
morphologies (red curve corresponds to PDA film prepared according to the achieved optimal
parameters, green curve corresponds to PDA film with smooth surface but bigger thickness, the
blue curve corresponds to PDA film with the same thickness as the red curve, but aggregates on the
surface). (b) The ratios of Ip /Ig and Irp /I in three cases after carbonization at 800 °C; (¢) Raman
spectrum comparison after carbonization at 1000 °C. (d) The ratios of Ip /Ig and I,p /I in three cases
after carbonization at 1000 °C.

The electrical conductivity of the carbonization products of the PDA film with a smooth
surface and without surface aggregates was approximately 670 S-m~!, as illustrated in
Figure 10a. This value is close to that of multi-layer graphene. The attained high electrical
conductivity may be attributed to the modified molecular charge transfer behavior induced
by nitrogen doping or the improved crystallinity of the carbonized film resulting from the
optimized deposition parameters [26,27]. Compared to the thicker film (550 S-m~!) and
the film with numerous aggregates (605 S-m~!) (Figure 10b,c), the carbonized PDA film
with a smooth surface and no aggregates exhibited superior electrical conductivity.
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Figure 10. The I-V curves and electrical conductivity of the carbonization product of (a) the smooth
and no aggregates PDA film, (b) the thicker PDA film, and (c) the PDA film with many aggregates.
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Through the Raman spectrum analysis and electrical conductivity measurement of the
at different temperatures carbonized films, it can be shown that the carbonization product
of the PDA film with a smooth surface and without surface aggregates, prepared with the
optimized parameters, had fewer structural defects and a higher electrical conductivity.

Figure 11a displays the XPS spectra of the PDA film with a smooth surface and without
surface aggregates carbonized at 1000 °C. The strong Ols peaks and the appearance of
Si2s and Si2p peaks suggest that the thickness of the carbonized film was remarkably thin,
likely below the detection depth of the XPS (=10 nm). Upon closer inspection of the Cls
peak (Figure 11b), it can be observed that the peak at a binding energy of 288 eV was
almost absent, indicating the absence of the C = O structure. In contrast, the peak at a
binding energy of 286 eV corresponds to the C-O/C-N structure, indicating the presence of
a small amount of O and N doping in the film. The peak with a binding energy of 285 eV
corresponds to the C-C/C = C structure, and the large peak indicates that most of the
carbon atoms are bound into the cross-linked honeycomb lattice structure.
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Figure 11. (a) XPS spectrum of the film with the optimized parameters; (b) the C1s peak of the XPS
spectrum; (c) a representative load vs. displacement curve obtained from the thick sample.

Due to the excessively small thickness of the prepared graphene-like material, it was
not suitable for testing using the nanoindentation instrument. Therefore, a thick PDA film
(with a thickness much greater than that shown in Figure 9) was fabricated and carbonized
under 1000 °C. Based on the force-indentation depth curve of the carbonized thick film
(Figure 11c), the Young’s modulus of the material was calculated to be approximately
30 GPa. A certain degree of creep could be observed. This was mainly due to the weak
van der Waals forces between the atom layers in the graphite structure in the carbonized
film. When subjected to external force, the carbon atom planes would bend and deform,
maintaining the lateral structural stability without requiring the in-plane rearrangement of
the carbon atoms to adapt to the external force.

Based on the mechanical properties of the carbonized product of the thick film, those of
the prepared thin graphene-like material were inferred. Comparatively, the graphene-like thin
film contained fewer structural defects (according to the results in Figure 9, the thicker the
PDA film, the more defects generated after carbonization). For materials with graphene-like
structures, an increase in the concentration of point defects and single vacancy defects will
lead to a significant decrease in their Young’s modulus [28]. Furthermore, as the thickness
decreased, the Young’s modulus within the graphene plane significantly increased [29]. This
all indicates that the prepared thin graphene-like material had a higher Young’s modulus.
Additionally, its multi-layered structure will partially retain its creep properties.

4. Conclusions

By investigating the impact of varying pH values on the formation of aggregates on
the surface of deposited PDA film, distinct effects were observed across different pH value
intervals. Within the range of 7.9 to 8.2, pH predominantly influences film thickness, while
in the interval of 8.2 to 8.5, pH primarily affects the aggregation of particles on the film
surface. For the deposition time below 90 min and the pH values between 7.9 and 8.5,
the thickness of the PDA film exhibits a linear relationship with time. The deposition of
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a PDA film with minimal aggregates was achieved at pH 8.2. This was attributed to the
various concentrations of the protons or OH— in the solutions. Solutions with a deficiency
in the amount of OH— tend to donate more protons to saturate the dangling bonds of
dopamine molecules, reducing their chemical activity and inhibiting their aggregation,
while excessive OH— can promote the self-polymerization of dopamine molecules that
move freely in the solution, resulting in more aggregates on the film surface [30-32]. To
investigate the effects of different concentrations on the formation of aggregates on the
PDA film surface, a pH of 8.2 was maintained. For the deposition time below 90 min, the
film thickness exhibited a linear relationship with solution concentration and deposition
time. A PDA film with negligible subtle aggregates and only a minimal quantity of large
aggregates was formed at a solution concentration of 1.5 mg/mL.

Finally, to produce a thin and smooth film without surface aggregates, the deposition
time was gradually increased under the conditions of pH 8.2 and the concentration of
1.5 mg/mL. It was observed that at a deposition time of 20 min, a continuous, smooth,
and uniform PDA film with a thickness of 14 nm was successfully deposited on the SiO,
substrate. Utilizing the prepared PDA as a precursor, a graphene-like film was obtained
through a high-temperature carbonization process. According to the Raman spectrum
and the four-terminal sensing analysis, the multilayered graphene derived from the film
deposited with the optimized parameters showed fewer structural defects and higher
electrical conductivity compared to the carbonized products obtained from thicker PDA
films and the films with surface aggregates. With optimized pH value and dopamine
solution concentration, the structure of the deposited PDA film was improved, so the
finally prepared graphene-like product possesses better structural properties. The XPS
results also indicate that the carbonization products of the PDA film with a smooth surface
and without surface aggregates are primarily composed of carbon atoms bonded in a
cross-linked honeycomb lattice structure. Moreover, the nanoindentation analysis verified
that the fabricated graphene-like film had good mechanical properties. Therefore, it is quite
suitable for the application in flexible electronics.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13040607/s1, Figure S1: XRD curves of the smooth areas of the
film and the surface aggregates; Figure S2: pH value detection of each reaction solution, (a) pH = 7.9,
(b) pH = 8.2 and (c) pH = 8.5; Figure S3: Color comparison of the deposition solutions after 90 min
in dark environment; Figure S4: The size and quantity of the aggregates calculated based on the
surface SEM images (50 x) of the same thickness PDA films deposited for different time length on SiO,
substrates under (a) pH = 7.9, (b) pH = 8.2 and (c) pH = 8.5; Figure S5: (a) SEM images of cross-sections
of the PDA films prepared on SiO, substrates at a concentration of 0.5 mg/mL; EDS analysis on (b) the
aggregated particle and (c) on the smooth area of the film (without aggregates); Figure S6: Statistical
graph of particle size and quantity of surface aggregates calculated through the 50 x magnified SEM
images of films deposited under (a) c = 1.5 mg/mL and (b) ¢ = 2 mg/mL; Figure S7: The surface AFM
image and the test position for Figure 8g.
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Abstract: Laser-induced graphene (LIG) has gained considerable attention recently due to its unique
properties and potential applications. In this study, we investigated using LIG in polyimide (PI)
as a material for antenna applications. The LIG-—PI composite material was prepared by a facile
picosecond laser (1064 nm) irradiation process, which resulted in a conductive graphene network
within the PI matrix. Furthermore, LIG formation was confirmed by Raman spectroscopy and
sheet resistance measurements. Finally, a patch antenna from LIG with 2.45 GHz microwaves was
simulated, produced and tested. These findings suggest that LIG—PI composites have great potential
for use in high-frequency electronic devices and can provide a new avenue for the development of
flexible and wearable electronics.

Keywords: picosecond laser; graphene; LIG; antenna

1. Introduction

Laser-induced graphene (LIG) is a graphene material synthesized using lasers. Laser
irradiation heats and transforms the material into a three-dimensional carbon structure
during this process. Mainly being a one-step process, LIG formation gathers considerable
attention due to its unique properties, such as mechanical flexibility, biocompatibility, and
large electrical conductivity. These properties make this material for various wearable and
flexible electronic device applications [1-8].

LIG can be produced, when the graphene oxide (GO) reduction process induces
the removal of oxygen-containing groups from the GO matrix, the resulting conductive
multilayer graphene matrix [9-14]. Furthermore, LIG formation can be performed on
organic materials such as paper, wood, and food products and various polymers such as
PDMS, polyimide, and PEI [5,6,15-20]. In addition, various groups have already applied
the LIG process on various materials using different laser sources, such as pulsed 1064 nm,
532 nm, and 355 nm laser irradiation and CO, lasers [20-24]. When pulsed lasers and
shorter wavelengths are applied, the photochemical effect is more dominant during the
LIG formation as photons, which possess higher energy and directly excite molecules of
precursor materials. As a result, chemical bonds are broken, when high photon energy
is absorbed. On the other hand, while 1064 nm of CO, laser irradiation is applied, the
photothermal effect, resulting in thermal energy production, is more prominent. In this
case, laser irradiation causes lattice vibrations, increasing thermal energy and breaking
chemical bonds [3,25].

One key aspect that affects manufacturing consistency is the laser parameters used
during the synthesis process. Factors such as laser power, wavelength, duration, scanning
speed, and scanning time [26] influence the quality and properties of the resulting LIG.
Therefore, controlling these parameters precisely and consistently is crucial to obtaining
uniform LIG samples while maintaining high production throughput [27].

Different polymers can yield varying results in terms of LIG quality and properties.
Therefore, the choice of precursor materials plays a significant role in manufacturing
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consistency. Ensuring a consistent and reliable supply of high-quality precursor materials
is essential for manufacturing consistency in LIG production.

Cao et al. [28] demonstrated that LIG could be stable and used in severe environmental
conditions. In addition, different research groups demonstrated scalability options for
LIG production [29-32]. Achieving large-scale, uniform, and high-quality LIG production
remains a challenge that requires advancements in production techniques, equipment, and
process optimization. The cost of laser equipment can be significant for industrial-scale
production. On the other hand, the laser process offers flexibility for switching shapes
and types of LIG-based electronic devices. Furthermore, choosing precursor materials
for LIG production can impact the overall cost. Some precursors, such as polyimide,
are more expensive than others. Recent results of LIG formation in paper or biomass
products [6,26,32,33] may significantly decrease production costs and contribute to the
circular economy.

It is worth noting that the research on laser-induced graphene is ongoing, and advance-
ments are being made to improve manufacturing consistency [34]. As the understanding of
the synthesis process deepens and standardized protocols are developed [27], it is expected
that the manufacturing consistency of laser-induced graphene will continue to improve
over time.

The application of LIG has already been demonstrated for sensors and IoT
devices [8,35-39]. Some research groups have shown that LIG structures can be used
as antennae [1,33,40]. LIG is lightweight and flexible. This flexibility allows for integrating
LIG antennae into curved surfaces or wearable electronics, expanding their potential appli-
cations. The lightweight nature of LIG also minimizes the overall weight of devices, which
is crucial for portable and lightweight electronics. This flexibility in LIG integration enables
the development of innovative antenna designs and complex electronic systems. These
benefits make LIG a promising material for advancing the performance and functionality
of antennae and electronic devices. Therefore, this research presents our initial study of the
LIG—PI application for a 2.45 GHz patch antenna working in the WiFi range.

2. Materials and Methods
2.1. Samples

Our experiments utilized Polyimide Kapton® films manufactured by DuPont
(Wilmington, DE, USA) with a thickness of 127 pum.

2.2. LIG Formation

A picosecond solid-state laser Atlantic (Ekspla, Vilnius, Lithuania), operating at
1064 nm wavelength, was used for LIG formation experiments. The pulse duration was
10 ps, and the pulse repetition rate was 100 kHz. A SCANgine (ScanLab, Munich, Germany)
galvanometer scanner with a telecentric F-theta objective of a 160 mm focal length was used
for laser beam positioning. The beam scanning speed was 200 mm/s. The laser irradiation
dose was changed by varying laser average power (4 and 5 W), defocusing and chang-
ing hatch distances between 20 um and 30 pm. The sample was put under the focusing
objective, and LIG patterns were formed by scanning the laser beam over the PI surface
(Figure 1). In initial tests for selecting optimal parameters, the squares (10 x 10 mm) of LIG
were formed on the PI surface. Raman measurements and sheet resistance measurements
were performed on these samples. A patch antenna was produced using optimal laser
process parameters (lowest sheet resistance to LIG).

2.3. Optical Microscopy

The optical microscope ECLIPSE LV100D (Nikon, Tokyo, Japan) was used to evaluate
the thickness of the formed LIG layer.
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Figure 1. Experimental setup of LIG formation.

2.4. Resistance Measurement

Sheet resistance measurements were performed using a source meter (Keithley 26024,
Keithley, Cleveland, OH, USA) with the measurement software (TSP® Express, Keithley,
Cleveland, OH, USA). Measurements were performed using the 4-probe method [41]. Four
co-linear electrical probes were identically spaced form a four-point probe. To operate, a
DC current (I) was applied between the outer two probes, and the voltage drop between the
inner two probes was then measured. The following equation can then be used to obtain
the sheet resistance:

o AV
@) I

where R; is the sheet resistance, AV is the change in voltage measured between the inner
probes, and I is the current applied between the outer probes.

Rs (1)

2.5. Raman Measurements

A Raman spectrometer /microscope inVia (Renishaw, Wotton-under-Edge, UK) was
utilized for conducting Raman spectroscopic measurements. Equipped with a thermoelec-
trically cooled CCD detector at —70 °C, the spectrometer measured the spectra at a 532 nm
laser irradiation dispersed by a 1800 grooves/mm grating. The laser power at the sample
was 0.5 mW. The measurements were performed using a 50x /0.75 NA objective lens with
a 100 s accumulation time, and the resulting spectral peaks were processed using OriginPro
8.5 software from Microlab (Northampton, MA, USA).

2.6. Antenna Modelling

CST Studio suite (Simulia, Johnston, RI, USA) software was employed to simulate
LIG antennae.

2.7. Antenna Measurement

The following parameters were measured to evaluate the manufactured antennae:
reflection coefficient, operating frequency, maximum gain, half-power beam width, and
surface conductivity. Gain and directivity parameters were measured in an anechoic
chamber. The measurement setup is explained in Figure 2. The antenna under investigation
was placed on a rotation stand that could be rotated 360° by a stepping motor. The

213



Crystals 2023, 13, 1003

excitation port of an antenna was connected to a calibrated NRZP-Z24 (Rhode & Schwartz,
Munich, Germany) power meter. The power meter was connected to a PC via a USB cable.
A broadband horn antenna with known specifications was positioned 2 m away from the
transmitting antenna (far-field). The horn antenna was connected to an E8257D (Agilent
technologies, Santa Clara, CA, USA) programmable radio signal generator through a coaxial
connection. The stand, the power meter, and the signal generator were all controlled by a
LabVIEW (NI, Austin, TX, USA) program.

ANECHOIC CHAMBER

JAgilent Manufactured
technologies® | Horn antenna ond
E8257D ‘ antenna rotary stan

- ‘/”4‘

,Rhode & Schwartz" | /
NRZP-Z24

Figure 2. Measurement setup in an anechoic chamber.

The frequency response was measured by keeping the power of the signal fed to the
horn antenna constant (20 dBm) and changing the frequency from 2 GHz to 3 GHz in
0.01 GHz increments. The gain dependence on an angle was measured by setting a constant
power (20 dBm), locking the frequency at 2.45 GHz and rotating the stand from 0° to 360°
in 3° increments. Then, using Equation (2) derived from telegraph equations, the gain was
calculated as follows: 5

C_ P(4-7t-R) i o)
(Prr-GrRr'A)
where P is the measured power, R is the distance between antennae, Py is the transmitted
power, Grg is the transmitting antenna gain, and A is the wavelength.

For more straightforward data interpretation, we normalized the gain measurements

using the following equation:

Gy = 1Ol0g<G1\fo>; @)

where Gy4x is the highest gain measured and G is the measured gain at angles or frequencies.

The antenna was also characterized by the frequency dependence of the reflection,
which described the matching quality between the antenna and its excitation port (which
was 50 ). For this purpose, a vector network analyzer was used.

3. Results and Discussion
3.1. Influence of the Laser Process Parameters on LIG Sheet Resistance and Raman Spectra

Our initial tests showed that varying laser process parameters could control sheet
resistance. Therefore, we chose the 1064 nm picosecond laser irradiation, as it showed
a relatively wide range of parameters, by using which high-quality LIG can be formed.
Furthermore, Chyan et al. [26] showed that LIG formation multiple lasing—repeating
irradiation—is crucial to achieving high-quality LIG materials. In other words, specific
fluence and sufficient laser irradiation dose are required to form LIG.

During our laser tests, the laser scanning speed was kept at 200 mm/s, and the
irradiation dose was varied by changing the average laser power (4 and 5 W), by varying
the sample position according to the focal plane of the focusing objective—at the focus and
1 mm above and finally by the number of scanning times (2 and 3). The radiation dose
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assessment involved the multiplication of the laser fluence with the total number of pulses
within the beam spot area.

Figure 3 shows the Raman spectrum of the LIG with the smallest resistance of
36.6 /sq. This LIG structure was formed using a 148 J/cm?-N irradiation dose. The
main peaks prominent for the graphene Raman spectra were visible. I(D)/I(G) was 0.61,
and I(2D)/I(G) was 0.48. Further investigations of LIG antennae were performed using the
laser process parameters from Figure 2 with the lowest sheet resistance.

30,000 — ;

T G T T T T T T

25,000 - -

20,000 - -

15,000

Intensity (a.u.)

10,000

5,000

1000 1500 2000 2500 3000
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Figure 3. Raman spectrum of LIG, formed using a 148 J/cm?-N irradiation dose and possessing the
lowest sheet resistance of 36.6 (2/sq.

Figure 4 shows the dependence of the sheet resistance from this accumulated irra-
diation dose. It is worth noticing that when the irradiation dose was in the range of
90-150 J/cm?-N, the sheet resistance was around 100 ()/sq and significantly smaller com-
pared to the ones measured at irradiation doses greater than 150-150 J/cm?-N. It is also
worth noticing that all the lowest LIG sheet resistance values were achieved while LIG was
processed with a defocused beam (1 mm above the focal plane of the focusing objective).
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Figure 4. Dependence of LIG sheet resistance and I(2D)/I(G) and I(2D)/I(G) intensity ratios of Raman
spectra band intensities from the laser irradiation dose applied on PI.
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The I(D)/I(G) ratio is the intensity ratio between the D and G peaks in graphene
Raman spectra. The D peak represents defects or disorders in the graphene lattice, while
the G peak corresponds to graphite-like lattice vibrations. Therefore, a higher I(D)/I(G)
ratio indicates a higher degree of defects or disorder in the graphene structure.

On the other hand, the I(2D)/I(G) ratio represents the intensity ratio between the 2D
peak and the G peak. The 2D peak is associated with the second-order Raman scattering
and is a characteristic feature of graphene. The I(2D)/I(G) ratio determines the number
of graphene layers. A higher I(2D)/I(G) ratio suggests an enhanced graphene quality:
High-quality graphene with a well-ordered lattice structure typically displays a higher
I(2D)/1(G)) ratio. Conversely, lower-quality graphene samples, such as those with a higher
degree of disorder, defects, or impurities, tend to have lower I(2D)/I(G) ratios. These ratios
provide insights into a sample’s quality, structural integrity, and number of graphene layers.
Figure 4 presents the distributions of Raman spectra intensity ratios, i.e., I(D)/I(G) and
I(2D)/I(G), and their values at different irradiation doses are plotted.

It is worth noticing that through the whole range of tested irradiation doses, we
succeeded in achieving high-quality LIG formation, which was confirmed by the I(2D)/I(G)
ratio higher than 0.5. The LIG samples formed with a low irradiation dose exhibited
the highest I(2D)/1(G) values, indicating a high-quality graphene structure. Additionally,
these samples demonstrated the lowest I(D)/I(G) values, suggesting a lower number of
LIG structural defects. As mentioned before, this particular processing regime included
a defocusing the laser beam. Therefore, with a higher beam diameter, the multiple lasing
effect was more prominent, resulting in the formation of high-quality LIG; furthermore, the
defocused laser beam induced the lowest resistance due to the lower laser beam intensity.
Therefore, lower ablation rates and nonlinear effects such as multiple photon absorptions
occur rarely during the process. The process thus generates more thermal energy, leading
to graphene formation.

3.2. LIG Antenna Measurements

In order to demonstrate the possibility of using laser-induced graphene for microwave
antenna application, we modelled a microwave patch antenna shown in Figure 5. The
antenna was made of an FR-4 substrate (tand = 0.03) with a thickness of 1.45 mm and
¢ =4.2. One side of the FR4 substrate was completely covered with a thin copper layer
and formed the ground plane of the antenna. The dimensions of the FR4 substrate were
FR4x = 110 mm and FR4y = 54 mm. The polyimide was deposited on the FR-4 substrate
using a commercially available adhesive designed for bonding polyimide films to various
substrates. The adhesive was applied uniformly on the backside of the polyimide film,
ensuring complete coverage. The use of the adhesive facilitated a strong and reliable bond
between the polyimide film and the FR-4 substrate, ensuring mechanical stability and
secure attachment. After successfully attaching the polyimide film to the substrate, we
proceeded with the laser-induced graphene (LIG) formation on the polyimide film. The
thickness of the polyimide was approximately 130 pm), and the LIG layer’s thickness was
around 10 um (evaluated using an optical microscope). The dimensions of the LIG patch
were GRx = 20 mm and GRy = 29 mm. The LIG patch was placed in the middle of the FR4
substrate. During the antenna modelling, the best patch size and the place of the SMA
connector were found to have the smallest S11 and the highest antenna gain.

Reflection and normalized directivity measurements were used to characterize a
graphene antenna, which are shown in Figure 6. Looking at the measured reflection
dependence on frequency, the antenna appeared to have a reasonably broad operating
frequency band. The reflection coefficient was below —10 dB from 2.1 GHz and continued
to decrease to —13 dB at 5 GHz. This did not match the typical patch antenna behavior.
LIG’s low conductivity might cause a mismatch compared to traditionally used copper. This
phenomenon was investigated by changing the patch sheet resistance in the antenna model
using CST Studio suite for antenna simulation (Figure 6a). Simulation results showed that
when the LIG sheet resistance was low, the antenna acted like a regular patch antenna
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FR4y

and had a reflection minimum at the intended frequency (2.45 GHz). When the sheet
resistance of the LIG layer increased, the resonance disappeared and the reflections in the
whole frequency range decreased. This could be explained due to internal losses in the LIG
layer. The simulation of the results coincided best with the measured 511, when the sheet
resistance was around 3040 ()/sq. A similar sheet resistance was obtained by performing
four-probe measurements. Considering the high internal losses in the LIG layer, it was
required to develop a higher-conductivity LIG layer to achieve better impedance matching.
Enhancing the conductivity of the LIG material is an area for future research. Directivity
measurements showed that the radiation pattern resembled a traditional patch antenna.
The antenna beamwidths were 63° in the vertical position and 80° in the horizontal position.

LIG antenna
FR4 substrate Ground plane
SMA |connector.
-Graphene
Polyimide
substrate
Grx
/
h FRAX g
Figure 5. Proposed patch antenna with LIG graphene. Left—patch antenna; right—antenna cross-
section.
90
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Figure 6. Antenna simulation and measurement results: (a) reflection coefficient S;;. Solid lines rep-
resent simulation results, and the dashed line represents measurement results; (b) antenna directivity.

Table 1 presents simulation results for the patch antennae with both laser-induced
graphene (LIG) and copper patches at 2.45 GHz. Comparing the results, it is evident
that the LIG patch antennae exhibited lower performance in terms of S;; and directivity
compared to the copper patch antenna with a sheet resistance of 0.01 (3/sq. However, the
LIG patch antennae still demonstrate a remarkable potential. As the sheet resistance of the
LIG patch decreased, there were noticeable improvements in S11, directivity, beamwidth,
and efficiency. The results indicate that if the sheet resistance of the LIG patch can be
further reduced, it has the potential to compete with the copper patch antenna in terms
of performance metrics. This suggests a promising future for LIG-based patch antennae,
with the possibility of achieving higher efficiency and comparable or even better overall
performance.
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Table 1. Comparison of performance parameters of LIG and copper patch antennae.

Antenna Type Sheet Resistance S11 (dB) at Directivity (dBi) Beamwidth (°) at Efficiency (%)
(Q/sq) 2.45 GHz at 2.45 GHz 2.45 GHz
LIG patch 40 —-12.8 6.3 96.8 0.3
LIG patch 10 -9.6 7.4 92.5 2
LIG patch 5 -13.3 7.4 92.3 4
Copper patch 0.01 —30 7.5 85 40
Table 2 compares the results of our proposed laser-induced graphene (LIG) patch
antenna with the results from other sources in the literature. It highlights the advantages of
our proposed antenna design. Regarding the reflection coefficient, our LIG patch antenna
demonstrated a favorable performance with a value of —13 dB, indicating lower signal
reflection compared to the other antenna types in the table, suggesting improved impedance
matching and reduced signal loss. Additionally, our antenna exhibited a sheet resistance
ranging from 30 to 40 (3/sq, which was relatively low compared to some other antennae [42].
This lower sheet resistance contributed to enhanced conductivity and improved signal
transmission efficiency.
Table 2. Comparison of performance parameters of reported graphene-based antennae.
. Reflection Sheet Resistance . . Radiation
Article Antenna Type Coefficient (dB) (Q/sq) Gain (dBj) Efficiency (%)
This paper Patch -13 3040 -8 0.3
[40] Monopole —25 6-15 0 No data
[39] Patch —14 No data 1.82 50
[42] Trapezoidal Meandered —5.52 50 No data No data
[33] Patch —25 No data No data No data
[43] Nano dipole —45.5 No data —-10.9 3.34

4. Conclusions

Successful LIG formation was performed with a wide range of laser irradiation doses
and was confirmed by Raman spectroscopy—I(2D)/I(G) was higher than 0.5. The sheet
resistance was smallest at irradiation doses from 98 to 148 J/cm?-N, when the PI sample
was irradiated at the position 1 mm above the focal plane of the focusing objective. The
minimum sheet resistance of LIG was 36.6 (3/sq. Using optimal process parameters, a patch
antenna at 2.45 GHz (WiFi) was produced and investigated.

The results of the patch antenna with an LIG layer show promising results as one of the
alternative methods as green and sustainable solutions to manufacturing removable and
flexible antennae. However, additional investigations still need to be performed to reduce
the LIG layer sheet resistance and increase the antenna efficiency. For this purpose, further
optimization of the LIG process by tuning laser process parameters and investigating other
substrates will be performed.
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