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Preface

This Reprint, titled “Advanced Nanocomposite Materials Based on Graphene Oxide/Reduced Graphene
Oxide: Potential Applications and Perspectives”, brings together a curated selection of original
research articles and reviews that reflect the current state of the art in the field of graphene-based
nanocomposites. The central subject of this collection is the synthesis, functionalization, and application
of graphene oxide (GO) and reduced graphene oxide (r-GO), two materials that have emerged as key
components in the development of advanced nanostructured systems.

The scope of this Reprint spans a wide range of topics, including the integration of GO/r-GO
with polymers, inorganic nanoparticles, and other carbon-based nanomaterials. These hybrid systems
exhibit enhanced mechanical, thermal, electrical, and chemical properties, making them suitable for
applications in energy storage, catalysis, environmental remediation, sensing, and biomedicine.

The aim of this Reprint is to provide a comprehensive overview of recent advances in the
field, highlighting both experimental and theoretical approaches to the design of GO/r-GO-based
nanocomposites. Special attention is given to novel synthesis strategies, green and sustainable
processing methods, and the development of multifunctional materials with tailored properties.

The motivation behind this work stems from the growing interest in graphene-derived materials
and their potential to address pressing technological and environmental challenges. By compiling
contributions from leading researchers, this Reprint serves as a valuable resource for scientists,
engineers, and professionals working in materials science, nanotechnology, chemistry, and related
disciplines.

We hope that this collection will inspire further research and foster collaboration between
academia and industry, ultimately contributing to the advancement of innovative solutions based on

GO and r-GO nanocomposites.

Angela Longo and Mariano Palomba
Guest Editors
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Special Issue: Advanced Nanocomposite Materials Based on
Graphene Oxide/Reduced Graphene Oxide: Potential
Applications and Perspectives

Mariano Palomba * and Angela Longo *

Institute for Polymers, Composites, and Biomaterials, National Research Council, 80055 Portici, Italy
* Correspondence: mariano.palomba@cnr.it (M.P.); angela.longo@cnr.it (A.L.); Tel.: +39-081-7758824 (A.L.)

In recent years, graphene oxide (GO) and reduced graphene oxide (r-GO) have re-
ceived much attention as precursors of graphene-like 2D nanomaterials. GO consists of a
layered material based on a carbon skeleton functionalized by different oxygen-containing
groups (typically with a C/O atomic ratio of less than 3), and r-GO is obtained via the
almost complete removal of oxygen functional groups [1-3]. These materials have unique
intrinsic physical and chemical properties, including a large surface area, functional groups,
good conductivity, and good biocompatibility. For this reason, many experimental studies
have been conducted to improve the preparation methods of GO and r-GO, and to ana-
lyze their possible applications [4,5]. Recently, a growing number of studies have been
published concerning the preparation and characterization of new nanocomposites, which
integrate GO and/or r-GO (GO/r-GO) with polymers [6], and inorganic nanoparticles
(metal, metal oxide, etc.) [7].

For example, GO/r-GO-based polymer nanocomposites are receiving remarkable
interest due to their excellent mechanical, thermal, and electrical properties. GO/r-GO can
be used as nanometric fillers embedded in a polymeric matrix to enhance the structural,
morphological, and functional properties of the composite material [3]. In addition, these
materials are suitable for electronic and energy storage applications in the form of polymer—
graphene composites [8]. Furthermore, nanocomposites based on GO/r-GO and inorganic
nanoparticles such as Au, Ag, and Pt have attracted much attention due to their applications
as catalysts, photocatalysts, electrodes, sensors, substrates for surface-enhanced Raman
spectroscopy, and in biomedicine [7].

This Special Issue contains unique articles and reviews that reflect the current state-of-
the-art, focusing on the performance peculiarities of nanocomposite materials based on GO
and/or r-GO in specific fields of application.

Jiang and co-workers studied the in situ growth of Fe304 nanoparticles as homo-
geneous clusters on reduced graphene oxide [8]. In fact, the results showed that Fe3Oy4
nanoparticles, anchored on r-GO surfaces, formed nanoclusters without aggregation, and
they expanded the interlayer spacing between r-GO sheets. The improved electrochemical
properties of the Fe304/1-GO nanocomposite compared with pure Fe3O4 can be attributed
to high electron transport, increased interfaces, and positive synergistic effects between
Fe304 and r-GO. These nanocomposites represent an effective strategy to develop new
advanced supercapacitor electrodes for energy storage devices [8].

Ullah et al. described the nanocomposite synthesis of magnetic nanoparticle (MNPs)
and r-GO in polymethylmethacrylate (PMMA) [9]. The combination of the high perfor-
mance of PMMA (due to its mechanical and physical properties) with active adsorbents,
such as GO magnetized using FeCl; and FeSO, salts, was proven to be an interesting
approach for the removal of hazardous Cr(VI) from tannery wastewater through batch-
and continuous-mode adsorption [9].

Regarding new materials for storing solar energy, which have received a great deal of
attention, Yang et al. [10] studied a photothermal conversion material obtained by attaching
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trifluoromethylated azobenzene (AzoF) to reduce GO. This system exhibited remarkable
energy storage performance, as well as an excellent storage life span, and it is equipped
with the ability to release heat at low temperatures [10].

Due to the SARS-CoV-2 pandemic, there has been an increase in the search for afford-
able healthcare devices for mass testing and rapid diagnosis. In this context, Zaccariotto
et al. [11] described a new methodology for SARS-CoV-2 detection based on an impedi-
metric immunosensor developed using the advantageous immobilization of antibodies
in the r-GO. An electrochemical immunoassay was considered for the detection of the
SARS-CoV-2 spike protein RBD using a impedimetric immunosensor and redox couple
([(Fe(CN))1*~/47) as a probe [11].

This Special Issue also presents three interesting reviews that could act as good starting
points for the development of innovative materials based on GO, using green processes
characterized by good feasibility, cost-effectiveness, and sustainability.

Leve et al. [12] report on several literature results pertaining to the promising func-
tionalization of GO and r-GO surfaces with metal oxide, for enhanced performance in
selectivity and sensitivity in gas sensing. In this review, the functionalization of graphene,
the synthesis of heterostructured nanohybrids, and the assessment of their collaborative
performance towards gas-sensing applications are discussed [12].

Wei et al. [13] studied graphene-based composite aerogels (GCAs), which are a solid
porous substance formed by graphene or its derivatives, graphene oxide (GO) and reduced
graphene oxide (rGO), with inorganic materials and polymers. This review demonstrates
the super-high adsorption, separation, electrical properties, and sensitivity of GCA, which
could have great potential for applications in super-strong adsorption and separation
materials, long-life fast-charging batteries, and flexible sensing materials [13].

Palomba et al. [14] analyzed papers from the literature concerning the most important
approach to GO reduction based on the use of L-ascorbic acid. The results were organized
according to two important approaches: reduction in the liquid-phase and in the gel-
phase. The achieved r-GO quality enabled its technological exploitation in various forms;
for example, it could be used as a coating, self-supported, or embedded in a polymer.
Knowledge of all aspects of the synthesis and properties of r-GO obtained using the L-aa
reduction technique is critical in bringing this process into mass production [14].

As demonstrated in this Special Issue, the design and development of nanocomposites
based on GO/r-GO with tailored properties are essential in order to expand their range of
potential applications. We hope this will stimulate further development and new ideas by
prompting fruitful discussions between academic and industry experts who work in the
field of graphene-related materials.
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A Low-Temperature Heat Output Photoactive Material-Based

High-Performance Thermal Energy Storage Closed System
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Abstract: Designing and synthesizing photothermal conversion materials with better storage
capacity, long-term stability as well as low temperature energy output capability is still a huge
challenge in the area of photothermal storage. In this work, we report a brand new photothermal
conversion material obtained by attaching trifluoromethylated azobenzene (Azog) to reduced
graphene oxide (rGO). Azop-rGO exhibits outstanding heat storage density and power density
up to 386.1 kJ-kg~! and 890.6 W-kg~!, respectively, with a long half-life (87.7 h) because of the
H-bonds based on high attachment density. Azop-rGO also exhibits excellent cycling stability and
is equipped with low-temperature energy output capability, which achieves the reversible cycle of
photothermal conversion within a closed system. This novel Azop-rGO complex, which on the one
hand exhibits remarkable energy storage performance as well as excellent storage life span, and
on the other hand is equipped with the ability to release heat at low temperatures, shows broad
prospects in the practical application of actual photothermal storage.

Keywords: photothermal conversion material; outstanding heat storage density; long-term storage;
low temperature energy output; closed system

1. Introduction

With the fast development of society, people’s demand for energy is increasing and
the energy issue has now become one of the major problems that human beings need to
deal with [1]. Solar energy has the advantages of sufficient reserves, no pollution and
economical availability. Efficiently converting and storing solar energy has become an im-
portant way to overcome the current energy shortage crisis [2-5]. Recently, photothermal
conversion materials have attracted extensive attention as a new method for storing solar
energy [6]. Photothermal conversion materials can store solar energy in chemical bonds
through photo-isomerization of units and then releasing the stored energy as thermal
energy when exposed to different external stimulus, achieving photothermal conversion
within a closed system. Such materials are able to effectively convert light energy into its
own chemical bonds and release its stored energy while avoiding the emission of addi-
tional greenhouse gases, with the potential to achieve low-cost and large-scale industrial
solar storage [7]. However, photothermal conversion materials still have the shortcomings
of short storage time, low energy density and inability to achieve energy release under
low temperatures, which are key factors limiting its practical application in solar thermal
energy storage [8,9].

Owing to its special photoisomerization ability, good structural stability and con-
trollable configuration recoverability, azobenzene and its derivatives with numerous
applications [10,11] has received extensive research interest as a kind of photothermal con-
version material [12,13]. However, due to the disadvantages of poor storage performance
and storage half-life (7y/,) arising from low isomerization enthalpy (AH), azobenzene
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did not exert its full potential in terms of photothermal conversion and storage [14].
To override the above hurdles, great efforts have been made on the basis of molecu-
lar design by introducing different substituents and increasing the interaction between
molecules [15-17]. Grossman et al. [18] reported azobenzene derivatives with bulky aro-
matic groups as photoactive chemical heat storage materials. Owing to the introduction of
bulky phenyl groups, the solid-state azobenzene derivatives not only improve the energy
density but also improve the corresponding thermal stability. Bléger et al. [19] reported
o-Fluoroazobenzenes and derivatives which exhibit an unprecedented long half-life ow-
ing to the ortho-fluorine substituent which reduces electron density around the -N=N-
double bond. Despite great efforts having been made, it is still an intractable problem to
apply azobenzene photothermal conversion material to practical energy storage.

Different from freely dispersed azobenzene, many azobenzene carbon materials were
formed by introducing azobenzene into high-strength carbon nanomaterials forms many
azobenzene carbon nanocomposites [7,20,21] accompanied by a more closely ordered
structure, which have excellent storage capacity and life cycle. The templated, structure
modified azobenzene enhance the intermolecular interactions while obtaining a more
stable and tightly ordered structure, which jointly improved the storage capacity of
azobenzene carbon materials [22,23]. In addition, because of the unique 2D structure
and broad surface of graphene with numerous applications [24,25] which contributes to
high attachment density, the templated azobenzene/graphene nanomaterials show broad
prospects in photothermal storage [26]. Unfortunately, azobenzene carbon nanomaterials
still have problems such as difficulty in releasing storage heat at low temperatures and
the inability to balance energy density and half-life, which limits their further practical
application [27,28]. Therefore, how to simultaneously achieve the improvement of storage
capacity and life cycle with low-temperature energy output capability is still a key issue
in current research.

In this work, we report a novel photothermal conversion material by attaching
trifluoromethylated azobenzene (Azor) to reduced graphene oxide (rGO). The storage
capacity and storage life span as well as the cycling stability performance of Azop-rGO
has made great progress. Azop-rGO exhibits great development potential in recyclable
and long term photothermal storage.

2. Materials and Methods
2.1. Materials

3-amino-5-(trifluoromethyl)benzoic acid (99%), 3,5-dimethoxyaniline (99%), sodium
nitrite (97%), NayCOj3 (97%) and NaBHy (97%) were purchased from Aladdin Reagent
(Shanghai, China).

2.2. Detailed Synthesis Steps

e 3-amino-5-(trifluoromethyl)benzoic acid (1.025 g) was dissolved in the HCI solution
(50 mL, 0.5 mol-L~!), then NaNO, (0.380 g) was added and reacted at ice bath for
80 min. After dissolving 3,5-dimethoxyaniline (0.765 g) in water, we slowly added
the above mixture to it, adjusted the pH to 7 and reacted it in an ice bath for 4 h.
Azor was obtained after further purification (1.255 g, 68%).

e GO was synthesized according to the literature reports [29]. First, we used NaOH
(1 mol-L~1) solution to change the pH of the GO aqueous solution (300 mL, 0.5 mg-mL~!)
to 10, then we reacted it at 90 °C for 4 h with NaBH4 (180 mg) under N, atmosphere.
When the reaction was complete, rGO was obtained by washing the mixture with
water multiple times.

e  Azor (0.738 g) was dissolved in the HCl solution (60 mL, 0.5-mol L™1), then NaNO,
(0.141 g) was slowly added and reacted in an ice bath for 80 min, and the above
mixture was slowly added to the rGO solution (62 mL, 1 mg-mL’l). The mixture
was first reacted at 0 °C for 4 h and then at 30 °C for 16 h. Azog-rGO was obtained
by purifying the mixture with water and DMF multiple times.
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2.3. Characterizations

The FT-IR was gathered from Vertex 70 (Bruker, Karlsruhe, Germany). The XRD was
gathered from X'Pert Pro MPD (PANalytical, Almelo, Holland). Raman spectrum was
gathered from LabRAM Aramis (HORIBA, Paris, France). The XPS was gathered from
ESCALAB 250Xi (ThermoFisher, Waltham, MA, USA) using C1 s = 284.8 eV for energy
calibration procedures, Operation Mode:CAE:Pass Energy 100.0 Ev, software:Thermo
Avantage 5.976 and hemispherical energy analyzer were used for the test, the test vacuum
was 5 x 1077 Torr, the sample was fixed on the sample stage with conductive glue,
the background was buckled through the smart method, and the energy calibration
was performed with gold, silver and copper. The TGA was performed on STA449F5
(NETZSCH, Bavaria, Germany). TEM was gathered from Tecnai F20 (FEI, Hillsboro,
Oregon, USA). SEM were gathered from SU8010 (Hitachi, Tokyo, Japan). The UV-Vis
absorption spectra was performed on SPECORD 50 PLUS (ANALYTIK JENA, Jena,
Germany) in the range of 250~550 nm with the resolution of 0.1 nm. The trans — cis
transition was introduced by a multiband LED lamp at 365 nm. The cis — trans transition
was introduced by a multiband LED lamp at 540 nm. The light intensity was gathered
from an optical power meter (PL-MW2000, Bofeilai Technology, Beijing, China). The
heat storage density was determined through differential scanning calorimetry (DSC, 214
Polyma, NETZSCH, Bavaria, Germany) under Nj.

3. Results and Discussion
3.1. Chemical Structure

As shown in Figure 1a, the low-resolution TEM image of rGO exhibited a smooth
structure and its electron diffraction exhibited a hexagonal lattice according to Fast
Fourier Transform (FFT) patterns within Figure 1b, demonstrating its good crystallinity.
Figure 1c shows that the surface of the material became rough, and the electron diffraction
spot of Azop-rGO (Figure 1d) has become a closed loop attributed to the adhesion of
Azog on rGO [30,31]. Furthermore, the SEM of Azop-rGO (Figure 1f) shows a stacking
phenomenon compared with rGO (Figure le). This phenomenon not only reduced
the distance between adjacent graphene layers but also enhanced the intermolecular
interaction, resulting in a growth in the storage capacity as well as 71/, of Azog-rGO [21].
In addition, it can also be concluded that the distance between layers was reduced based
on the XRD results (Figure S52). After the reduction of GO, the (0 0 1) diffraction peak at
11.3° disappeared [32] and was replaced by the (0 0 2) diffraction peak at 22.9° of rGO,
and the corresponding grain size was 25.51 nm based on Scherrer formula [33]. After
attaching Azor onto rGO, the 20 of Azop-rGO has become to 25.2° with the grain size of
22.63 nm, which is consistent with the SEM observation (Figure 1f) [34].

The Azop-rGO had new peaks of -N=N- (1430 cm 1) and -CF3 (1140 cm ™ 1) com-
pared to rGO [35] according to Figure 2a. Moreover, the FI-IR spectra of Azop-rGO and
Azor also showed peaks derived from -OH (3298 cm ') and ~C=0 (1640 cm™!). It can
also be seen from Figure 2a that the wavenumbers of -OH and -C=0 of Azop-rGO show a
significant red shift compared to that of Azor (3204 ecm~! and 1700 cm™1), confirming the
formation H-bond of Azog on rGO [36]. XPS results also proven the successful grafting
of Azop on rGO. In addition, the characteristic peaks of Azor at 287.5 eV and 292.5 eV
corresponding to C-IN and C-F bond also appeared in Azog-rGO (Figure S3) [35]. Addi-
tionally, the fact that there were characteristic peaks of -N=N-(400.3 eV) and —-CF3 (688.3
eV) in Azop-rGO also confirmed the successful bonding between Azop and rGO [35].
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Figure 1. (a,c) Low resolution TEM images of rGO and Azog-rGO, (b,d) high resolution TEM images of rGO and Azog-rGO
with FFTs, and SEM images of (e) rGO and (f) Azop-rGO.

The high-density adhesion of Azog onto rGO nanosheets is inextricably linked to
the improvement of the performance of Azop-rGO. The decomposition of rGO during
the whole heating process was linear according to Figure 2d, and its weight loss mainly
attributed to the disappearance of oxygen-containing groups [37]. The Azog was stable
before 185 °C, and its weight loss was attributed to self-decomposition. Additionally, the
weight loss of Azop-rGO was caused by the weight loss of Azop and rGO [27]. Therefore,
the attachment density (Aq) of Azop on rGO after different time reactions can be obtained
based on Equation (1) [38].

R, —R
P x 100% (1)

Dy = F—
8§ Ry—Ry

where Ra is the residual weight percentage of Azog, R is the residual weight percentage
of Azop-rGO, Rp is the residual weight percentage of rGO.

Table 1 shows that the attachment density (A4) was 1/40 after the first reaction and
increased to 1/16 after the third reaction. The attachment density can also be obtained
based on XPS [39]. It can also be seen from Table 1 that the results obtained by XPS and
TGA were almost identical. From the above results, it can be concluded that almost every
16 carbon atoms of rGO correspond to one Azog after the third reaction, which is better
than previous research [21,40]. High adhesion density on the one hand helps to form
intermolecular hydrogen bonds, while on the other hand it also enhances intermolecular
interactions, which improves the storage performance of Azop-rGO [41]. In addition,
Raman spectroscopy also proved this result. It can also be seen from Figure S4 that the
Ip/Ig value of Azop-rGO-1 (1.14) and Azop-rGO-3 (1.18) was much larger than rGO
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(1.08), which indicates that the crystal structure of rGO has changed after attachment [31],
proving the remarkable attachment density of Azog on rGO.
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Figure 2. (a) FT-IR spectra of rGO, Azop and Azog-rGO. (b) XPS spectra of tGO and Azog-rGO. (c) F1s XPS spectra of
Azop-rGO. (d) TGA spectra of rGO, Azog and Azop-1GO.

Table 1. A4 of Azog on rGO.

TGA XPS
D (%) A Element Content (%) A
R . T. 00
eaction Times g d C F o d
Azop-1GO-1 43.41 1:40.1 77.42 4.13 15.71 1:40.2
Azop-r1GO-2 52.95 1:27.3 74.13 5.09 17.39 1:27.7
Azop-1GO-3 65.73 1:16.0 71.07 6.64 17.90 1:16.1

2 Dg is the average weight percentage of Azor in Azop-rGO at 600 °C, 700 °C and 800 °C.

3.2. Cycling Stability and Storage Performance

The optical properties performance of Azop and Azop-rGO was investigated through
time-evolved absorption spectra. It can be seen from Figure 3 that Azop-rGO went through
a trans — cis isomerization process under 365 nm ultraviolet light irradiation. Compared
with Azog (T9/p: 195.2 min), Azog-rGO (Ty/,: 87.7 h) takes more time to complete the
isomerization process from cis-isomer to trans-isomer, indicating that Azop-rGO has better
thermal stability than pristine Azop. The same conclusion can be drawn from the fact
that the first-order reversion rate constant (Kye) of Azop-rGO (3.29 x 107°-s71) was
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much smaller than that of Azog (1.20 x 10~#.s7!) under dark conditions derived from

Equation (2) [21].
A — A
11’1<14(t)_1400> = _krevt (2)

where A is the absorption intensity of Azop-rGO and Azor at metastable state (cis-rich)
irradiated by UV light, A; is the absorbance of Azog-rGO and Azof reversing for “t” time
and A is the absorption intensity of Azop-rGO and Azor after complete cis-to-trans
reversion. Moreover, compared to pristine Azop (Figure S5), Azog-rGO exhibited a lower
isomerization degree owing to the intermolecular H-bonds and steric hindrance owing
to high attachment density, resulting in a better storage performance of this material.
Furthermore, the AEa value of the cis-isomer of Azop-rGO (1.05 eV) was higher than that
of Azor (0.94 eV) according to Equation (3) [42], which again proves the formation of
intermolecular hydrogen bonds [43].

hin2
E, = —RTan (3)

where E, is the activation barrier for cis-to-trans isomerization process, T represents the
temperature and Ty, represents the half-life. kg, R and & are the Boltzman, universal
gas and Plank constants. Additionally, the optical band gap of Azop-rGO complex was
estimated to be ~1.8 eV based on the Tauc formula (Figure S6) [44]. The increase in the
stability of the cis-isomer means extension of the life cycle of Azop-rGO, which is directly
related to the large-scale promotion of photoactive chemical heat storage materials.
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Figure 3. UV-Vis absorption spectra of Azog-rGO-3 (a) under UV irradiation, (b) in dark conditions, (c) under visible light
irradiation, (d) reversion rates curves of Azog-rGO in different environments.
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Similar to the length of the life cycle, whether the controllable heat release under
external stimuli can be achieved is critical to the future application value of Azog-rGO.
Figure 3c showed that compared with dark conditions, the irradiation of green light
(540 nm) significantly accelerated the recovery process of Azop-rGO from cis -isomer
to trans-isomer. Compared with dark conditions, the result that Ky, (7.58 X 10~%.s71)

was significantly larger under green light irradiation also confirmed the conclusion

2.2

of faster reversion. The same effect can also be achieved by absorbing heat from the
external environment according to DSC. The reason for this phenomenon is that the
cis-isomer can absorb energy from external stimuli to overcome the energy barrier of
configuration reversion isomerization, thereby achieving the purpose of accelerating
energy output [45,46]. The above results show that Azop-rGO has successfully possessed
the controllable heat output capability.

The stability of repeated cis <+ trans configuration transformations of Azop-rGO
and Azor has also been studied. It can be seen from Figure 4 that both Azop-rGO and
Azor have no significant decrease in the absorption intensity at 407 nm after repeated
irradiation of ultraviolet light (365 nm) and visible light (540 nm) for 50 times, which
shows that they have outstanding isomerization stability. The Azop-rGO can not only be
stored for a long time under the premise of ensuring the storage effect, but also can control
the output of the stored energy, which is essential for actual photothermal conversion.
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Figure 4. Stability performance of (a) Azog and (b) Azop—rGO-3 for 50 times.

The photothermal storage capacity of Azor and Azop-rGO was investigated through
DSC [7]. All objects were stable between 10-140 °C based on TGA. Azogr and Azop-
rGO released significant heat under the first round of heating stimulation, but no heat
was released during the second round according to Figure 5. The above results prove
that the research subjects have released all the energy stored through the configuration
transformation in the form of heat. Furthermore, most photothermal storage materials
start to release the stored energy after 100 °C, while this kind of heat storage material can
start energy output at 35 °C, which is a milestone in achieving fast energy output at lower
temperatures [7].
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Figure 5. DSC (differential scanning calorimetry) traces of (a) Azor and (b—d) Azop-rGO after 1, 2 and 3-times reaction.

It can be seen from Figure 5 that the heat storage density of Azop-rGO-3 has reached
to 386.1 k] kg~!, which shows a significant increase over Azor (121.4 kJ kg~!). This
is because of the close-packed orderly distribute of Azop on rGO as a result of high
attachment density, which strengthens the intermolecular interaction [23]. In addition,
high attachment density also enhances the steric hindrance and promotes the formation
of H-bonds, which further increases the photothermal storage capacity [47]. The reason
for Azog-rGO-1 showing less effectiveness compared to the Azog is the low attachment
density, which leads to weak intermolecular interaction and therefore relatively low
energy density. Moreover, the heat storage density of Azop-rGO-3 was also higher than
Azop-rGO-1 and Azop-rGO-2, which shows that the attachment density was positively
correlated with great storage performance.

Similar to heat storage density, power density is also a key element to measure the
possibility of practical application of Azop-rGO. It can be seen from Figure 6 that the
power density of Azop-rGO-3 was 890.6 W kg~ !, which shows a huge improvement
compared to Azog (448.6 W kg~ !). Furthermore, the power density of Azop-rGO-3 was
also higher than Azop-rGO-1 and Azop-rGO-2, which shows that the attachment density is
directly related to the heat output performance. It is worth noting that high power density
means fast output of energy, which further increases the feasibility of practical application
of Azop-rGO. As shown in Table 2, the performance of Azop-rGO in many aspects has
been greatly improved compared to other similar materials [7,15,48,49]. The above results
demonstrate that Azop-rGO, which not only exhibits remarkable photothermal capacity
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but also equipped with low temperature energy output capability, has shown great
development potential in achieving the goal of efficient photothermal storage.

1200
Bl Power density
ooo L 890.6
680.6
600 |

Power density (W kg™)

) ] I
0

Azop  Azop-rGO-1Azog-rGO-2 Azo-rGO-3

Figure 6. Power density of Azop and Azop-rGO after 1, 2 and 3-times reaction.

Table 2. Performance of different photothermal conversion materials.

Photothermal Energy Densi Power Densit .
Conversion Material (k]gfnol*l) v (W mol—1) Y Half-Life (h) Ref.
Azo-diacetylene 176.2 1289.5 27.8 [48]
polymer
Azo-SWCNT complex 92.0 457.1 0.5 [7]
Azo-PCM complex 79.3 - - [15]
Azo-alkyl polymer 89.0 148.6 55 [49]
Azop-1GO-3 complex 367.7 848.6 87.7 This paper

4. Conclusions

In summary, Azop-rGO with good photothermal storage performance, outstanding
storage lifespan and low-temperature energy output capability has been proven to be
a great photothermal conversion material. The formation of hydrogen bonds and the
enhancement of intermolecular interactions owing to the high attachment density has si-
multaneously achieved the improvement of the heat storage density (max. 386.1 k] kg~1),
power density (max. 890.6 W kg~!) and half-life (up to 87.7 h) of Azop-rGO for pho-
tothermal storage. Azop-rGO also exhibits exceptional cycling stability, which realizes
long-term recyclability and efficient and pollution-free utilization of solar energy in a
closed system. Furthermore, Azop-rGO can start energy output at 35 °C, which shows
that the goal of low-temperature energy output has been achieved. The above results
indicate that Azop-rGO, combining outstanding photothermal capacity with a long-life
cycle as well as low-temperature energy output capability, is a prominent photothermal
conversion material with great practical application value.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1996-1
944/14/6/1434/51, Figure S1: 'H NMR, 13C NMR and '°F NMR spectra of Azog, Figure S2: XRD
patterns of GO, rGO, Azop-rGO, Figure S3: Cls region in XPS spectra of (a) rGO, (b) Azop-rGO and
(c) N1s region in XPS spectra, Figure S4: Raman spectra, Figure S5: Time-evolved absorption spectra
of Azor and Figure S6: UV-Vis absorption spectra of Azog-rGO powder at room temperature (25
°Q).
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Abstract: Due to the SARS-CoV-2 pandemic, there has been an increase in the search for affordable
healthcare devices for mass testing and rapid diagnosis. In this context, this work described a new
methodology for SARS-CoV-2 detection based on an impedimetric immunosensor developed using
the advantageous immobilization of antibodies in the reduced graphene oxide (rGO). The rGO was
obtained by chemical synthesis from the commercial graphene oxide (GO), and the materials were
morphologically, electrochemically and visually characterized. The cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) techniques were used to evaluate the fabrication steps
of the immunosensor. The electrochemical immunoassay was considered for SARS-CoV-2 spike
protein RBD detection using a impedimetric immunosensor and redox couple ([(Fe(CN))]>~747) as
a probe. The immunosensor was effectively developed and applied in the detection of SARS-CoV-2
spike protein RBD in saliva samples.

Keywords: electrochemical sensor; reduced graphene oxide; COVID-19; SARS-CoV-2

1. Introduction

The development of rapid tests, with significant reliability, easy applicability and low
cost is essential for the context of the SARS-CoV-2 pandemic [1,2]. In Brazil, specifically,
the development of these devices based on the national sample of patients appears as an
essential and necessary opportunity for the development of national technology with low
cost and accessibility, in order to minimize the bringing down effect on the health system.
Hence, developing novel electrochemical biosensors based on the detection of antigen-
antibody interactions or membrane proteins of SARS-CoV-2 appears as an adequate and
accessible alternative of test devices to those based on reverse transcription-polymerase
chain reaction (RT-PCR) to supply the world’s current demand [3-6].

Yakoh et al. [7] developed a paper-based electrochemical platform as a screening tool
to detect SARS-CoV-2 immunoglobulins. The electrochemical sensor reached a limit of
detection (LOD) of 1 ng/mL for SARS-CoV-2 antibodies; however, the detection limit of
the protein antigen of SARS-CoV-2 has not yet achieved the detection level in real nasal
swab specimens. Zhao et al. [8] reported an electrochemical detection technology using
calixarene functionalized graphene oxide for targeting RNA of SARS-CoV-2. The super
sandwich-type electrochemical sensor presented an LOD of the clinical specimen of 200
copies/mL. Raziq et al. [9] developed a MIP-based electrochemical sensor for detection
of SARS-CoV-2 nucleoprotein. The resulting nucleoprotein sensor showed a detection
and quantification limit of 15 fM and 50 M, respectively. Torres et al. [10] prepared a
low-cost biosensor for rapid detection of SARS-CoV-2 modified with human receptor
angiotensin-converting enzyme-2. According to the authors, the miniaturized biosensor
can detect SARS-CoV-2 using 10 pL of sample within 4 min. Other works [11] highlight
electrochemical sensors as important tools in the analysis of COVID-19 summarizing
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the current state-of-the-art approaches to viral electrochemical biosensors, but these
technologies have not yet been developed or are under the development phase.

Different studies focusing on graphene-based electrochemical biosensors have been
developed in the past decade [12,13]. Taniselass et al. [14] conducted a review highlight-
ing the development of graphene-biosensing devices for monitoring noncommunicable
disease biomarkers. The graphene research for the effective immobilization of enzymes
and the accurate detection of biomolecules was discussed in another review work [15].
Our research group used the reduced graphene oxide (rGO) to immobilize enzymes for
the preparation of enzymatic biosensors to monitor glucose during the second-generation
ethanol production [16], to analyze neurotransmitters in urine and plasmatic serum
samples [17] and to determine pesticides in food [18]. rGO was also employed as a plat-
form in the development of an electrochemical biosensor for detection of staphylococcal
enterotoxin A in milk samples [19].

In this work, the advantageous immobilization of antibodies in rGO coupled with
the sensitivity of the faradic impedimetric immunosensor model was used to develop a
SARS-CoV-2 antigen diagnostic device. Electrochemical characterization by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) techniques evaluated the
fabrication steps of the immunosensor. The antigen-antibody binding on glassy carbon
(GC)/rGO platform was successfully detected by EIS and CV contributing to advances
on the SARS-CoV-2 electrochemical biosensing field.

2. Materials and Methods
2.1. Reagents and Solutions

Anti-SARS-CoV-2 Spike Glycoprotein S1 antibody (monoclonal) and Recombinant
human coronavirus SARS-CoV-2 Spike Glycoprotein RBD (Active) were purchased from
Abcam PLC (Cambridge, UK). Graphene Oxide and Bovine Serum Albumin (BSA—
lyophilized powder) were purchased from Sigma-Aldrich (Sao Paulo, Brazil). Lauryl
sulfate sodium salt (SDS), Sodium Tetrahydridoborate (NaBHy,), ethyl alcohol, Monopotas-
sium phosphate (KH,POy), Disodium hydrogen phosphate (NayHPOy), Potassium Hexa-
cyanoferrate (II) and (IIT) (K4[Fe(CN)g)] and K3[Fe(CN)g)]) were analytical grade. Solu-
tions and dilution steps were carried out by using ultra-pure water (resistivity > 18 M(Q)
cm~!) of a PURELAB Option-Q—ELGA-VEOLIA system (Sao Paulo, Brazil).

2.2. Production of Reduced Graphene Oxide

Reduced Graphene Oxide (rGO) was produced through a chemical reduction method.
In a reaction flask, 20 mg of graphene oxide (5 mL of stock solution) was mixed with
15 mL of ethyl alcohol and 16.0 mg of SDS; then, the mixture was subjected to a sonication
step for 30 min (75% amplitude). An amount of 8.0 mg of NaBH, added into the reaction
promoted the reduction of GO functionalities. The mixture was sonicated for a further 30
min. In order to eliminate any residuals reagents and clean the nanomaterial, the rGO
was centrifuged three times with ethanol pure grade. After the cleaning step, the rGO was
dried (60 °C overnight) and subsequently dispersed in ultra-pure water at 1.0 mg/mL
prior to the immunosensor confection.

2.3. SARS-CoV-2 Immunosensor Fabrication

Before the surface modification, the glassy carbon (GC) electrode was polished
with alumina slurries (Al;O3) and cleaned in an ultrasonic bath with ethyl alcohol for
5 min, followed by ultra-pure water for a further 5 min. Next, an aliquot 10 pL of rGO
(25 ng/mL) was pipetted on the surface of the GC electrode, dried at 50 °C and the
electrode was incubated on 1 mL of EDC-NHS (5 mM and 8 mM, respectively) for 1 h
at room temperature. After, 10 uL of Anti-SARS-CoV-2 Spike Glycoprotein S1 antibody
solution (2.5 pg/mL) was added on the surface of the GC/rGO/EDC-NHS electrode and
incubated for 1 h, followed by a blocking step with BSA (1%) for 30 min. The electrode
surface was softly rinsed with a phosphate buffer solution (PBS) (0.2 mol L1, pH 7.4)
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three times during 10 s after each incubation time. Finally, the electrode was ready to the
measurements of the spike protein RBD (antigen) solution.

2.4. Scanning Electron Microscopy

The morphology of GO and rGO were both characterized using a scanning electron
microscopy (FEG-SEM) using a model Quanta 200 (FEI Company, Hillsboro, OR, USA)
localized in the Electron Microscope Center of the Institute of Biosciences of Botucatu,
UNESP (CME-IBB-UNESP).

2.5. Electrochemical Measurements

Electrochemical experiments took place in a PGSTAT-128N Autolab (Metrohm)
potentiostat equipped with NOVAZ2.1.4 software, and the electrodes were set as follow:
a glassy carbon (GC) as a working electrode, a platinum plate as an auxiliary electrode
and Ag/AgCl (3.0 mol L) as the reference electrode. Cyclic Voltammetry (CV) and
Electrochemical Impedance (EIS) were carried out in a 0.2 mol L~! PBS (pH 7.4) solution
having 0.1 mol L~! of KCI and 5.0 mmol L~! of the redox couple Fe(CN)g]>~/4~. CV
scans were recorded in the potential range of —0.5 to 1.0 V vs. Ag/AgCl, with a scan rate
of 50 mV s~!. An open circuit potential (OCP) setup was employed for EIS measurements.
The experimental conditions of EIS were: 10 points per decade, frequency range of 107
and 1072 Hz and amplitude of 10 mV. Equivalent circuit and fitting results were applied
and obtained using the Electrochemical Circle Fit tool. The charge transfer resistance (Re)
and other components of the adjusted electrical circuit obtained during the analysis were
used to obtain the quantitative signal of the RBD peak protein concentration in the assay.

2.6. Analysis of Spike Protein RBD in Saliva Samples

The saliva analysis was conducted by diluting the sputum-collected sample with
PBS 7.4 (1:1) prior to incubation. Sputum samples from the oral cavity were collected on
an empty stomach and before morning oral hygiene to avoid contamination by toothpaste
and remnants of food or coffee. No complementary extraction or purification procedures
were employed. In order to evaluate the immunoassay response, electrodes were incu-
bated with only PBS, sample and PBS (1:1) and sample and PBS (1:1) contaminated with
2.5 pg/mL of spike protein RBD. Then, the immunosensor was rinsed carefully with PBS
and the electrochemical measurements were recorded.

3. Results and Discussion
3.1. Morphological and Electrochemical Characterization of the rGO and the SARS-CoV-2
Immunosensor

Before preparing the immunosensor, the rGO was morphologically, electrochemically
and visually characterized, as shown in Figure 1. Different colors can be observed for
the GO and rGO suspensions. The characteristic color of the GO suspension is yellowish,
while after chemical reduction, the GO presents a darker color. This is a way to visually
characterize the structural changes of the graphene [20]. In the microscopic analysis, it can
be seen that the GO material consists of a mixture of single layers and multilayer graphene
sheets and the rGO displays a wrinkled structure with plenty of defects and corrugations.
The electrochemical characterization performed by CV shows the voltammetric profiles
with well-defined oxidation and reduction peaks for the GO and rGO modified the GC
electrodes. This behavior is due to the Fe?* /Fe?* redox couple. The GC/rGO electrode
showed a 1.6-fold increase in the peak current compared to the GC/GO electrode. This
increase is due to the presence of defects introduced in its structure, as wellas fewer oxygen
atoms increasing the electron transport [21]. In accordance with the CV experiments, the
study by EIS showed a lower value of Ry to rGO, indicating the improvement in the
electronic transfer of this material. Therefore, the rGO obtained by the chemical method
was successfully characterized showing that GO was reduced.
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Figure 1. Visual characterization of GO (A1) and rGO (A2) suspensions. SEM images of GO (B1) and rGO (B2). Electro-
chemical characterization of electrodes modified with GO and rGO materials using CV (C) and EIS (D).

EIS and CV experiments were also used to monitor the single steps of the SARS-CoV-
2 immunosensor assembly process as presented in Figure 2. The cyclic voltammograms
obtained for the GC and GC/rGO electrodes showed well-defined oxidation and reduc-
tion peaks due to the Fe* /Fe?* redox couple. Hence, an average increase of 11.5% in the
peak currents were observed when comparing the GC/rGO electrode (curve b) with the
bare GC electrode (curve a). This increase can be attributed to the high electron transfer
properties of chemically reduced graphene. As the immunosensor fabrication was car-
ried on, with the steps of antibody immobilization (curve c), followed by BSA surface
blocking (curve d) and then the SARS-CoV-2 spike protein RBD (antigen) incubation
step (curve e), a decrease in the anodic and cathodic peak currents of the redox couple
was observed. This occurs because the biomolecules act as an obstacle to the electron
transfer at the electrode-solution interface. These results indicate that the SARS-CoV-2
antibody and antigen are bonded to the electrode surface. Moreover, AEp of 237 mV for
the GC/rGO-EDC-NHS/ Ab electrode and 358 mV after the SARS-CoV-2 antigen is incu-
bated are observed. This increase in the AE, was also observed in the antigen-antibody
binding procedures of different types of electrochemical immunosensors [19,22]. In addi-
tion, Figure 2C showed that the decrease of currents generated by the [Fe(CN)g]*~ /3~
system observed in the cyclic voltammograms after SARS-CoV-2 antigen binding at the
GC/rGO-EDC-NHS/Ab/BSA electrode has a clear correlation with the concentration of
the antigen.
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Figure 2. CV (A) and EIS (B) electrochemical characterization of the immunosensor steps fabrication in 0.2 mol L~1PBS
pH 7.4,0.1 mol L~ KClI containing 5.0 mmol L~ of [Fe(CNg)]3~ /4~ for the electrodes: (a) GC, (b) GC/rGO, (c) GC/rGO-
EDC-NHS/ Ab, (d) GC/rGO-EDC-NHS/Ab/BSA and (e) GC/rGO-EDC-NHS/Ab/BSA/Ag. (C) CV experiments in for the
GC/rGO-EDC-NHS/Ab/BSA electrode (control) and after the incubation of different antigen concentration.

Figure 2B also presented the Nyquist plots for bare GC (M), GC/rGO (¥), GC/rGO-
EDC-NHS/Ab (o), GC/rGO-EDC-NHS/Ab/BSA (A) and GC/rGO-EDC-NHS/Ab/BSA/Ag (#)
electrodes. The EIS results were quantitatively optimized in a Randles equivalent circuit
(inset Figure 2B) in order to calculate the charge-transfer resistance (R), the electrolyte
ohmic resistance (R), the constant phase element (CPE) and the surface roughness (o).
The EIS experimental values obtained are summarized in Table 1. As expected and in
agreement with CV experiments, a lower value of R for rGO was observed, indicating
the improvement in electron transfer of when the GC electrode is modified with this
material. However, when biomolecules, such as proteins and enzymes, that have poor
electrical conductivity at low frequencies are immobilized on the electrodes surface, the
electron transfer process between the solution-based mediators and the electrode surface
is impeded. Thus, an R value of 1464.5 Q) for the GC/rGO-EDC-NHS/ Ab electrode
(curve c) was found, and after the SARS-CoV-2 antigen binding at the GC/rGO-EDC-
NHS/Ab/BSA electrode (curve e), the Rt value was 2398.8 (). This behavior of increase
in Rt as the deposition of the biomaterial occurs on the biosensor surface is reported in
several studies [23,24]. Leva-Bueno et al. [25] did a general scheme of EIS for each step
of biosensor construction, showing that the impedance increases as the deposition over
the surface electrode increases. Therefore, the CV and EIS experiments indicated that the
SARS-CoV-2 immunosensor was effectively prepared.
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Table 1. Resume of fitted parameters of EIS experiments.

Steps of Immunosensor Fabrication Ret (QQ) R () CSPOI(E_(IF;F
GC 720 69.5 1.49 0.95
GC/rGO 550 91 1.30 0.97
GC/rGO-EDC-NHS/ Ab 1464.5 67.6 0.79 0.97
GC/rGO-EDC-NHS/Ab/BSA 1241.7 60 0.81 0.94
GC/rGO-EDC-NHS/Ab/BSA/Ag 2398.8 81.7 0.75 1.00

3.2. Optimization and Stability of the Impedimetric Immunosensor for SARS-CoV-2 Spike Protein
RBD

The optimization of the impedimetric immunosensor was carried out with the
antibody and antigen aliquots diluted from stock solutions with filtered PBS pH 7.4. The
optimization experiments were conducted by diluting the antibody (Ab) at 1:1600, 1:800,
1:400, 1:200 and 1:100 (stock solution: 1.0 mg mL~1), and corresponding antigen (Ag)
dilutions at 1:10, 1:20, 1:40, 1:80 and 1:160 (stock solution: 0.2 mg mL™1). The results
presented in Table 2 and Figure 3 represent the effect of Ab and Ag concentration on the
Rt value during the immunoassay. It is possible to observe that the highest increase in
the R value was obtained for 1:40 Ab and 1:20 Ag dilutions. Therefore, this proportion
was considered as an optimal value and used in the next studies.

Table 2. Effect of antibody and antigen dilution on the immunosensor response.

Dilution Ret ()
Ab Ag
1:1600 1:10 727.81
1:800 1:20 2078.5
1:400 1:40 3470.4
1:200 1:80 468.63
1:100 1:160 340.36
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Figure 3. Optimization of antibody and antigen proteins concentrations at the immunosensor
surface by EIS experiments.

To evaluate the stability of the proposed immunosensor, EIS and CV experiments
were performed for the GC/rGO-EDC-NHS/Ab and GC/rGO-EDC-NHS/Ab/BSA/Ag
electrodes. Five sequential experiments were carried out for the GC/rGO-EDC-NHS/Ab
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electrode, and it is observed that the Ipa/Ipc and Rt values did not show significant
differences between the measurements presenting an average value of 1.44 + 0.03 pA
(n = 5) and 1350.02 £ 70.60 Q) (n = 5), respectively, thus demonstrating that antibody proteins
were effectively immobilized on the GC/rGO-EDC-NHS surface (Figure not shown).

3.3. Analytical Performance of the SARS-CoV-2 Immunosensor

The analytical performance of SARS-CoV-2 was evaluated by using the Nyquist
plots obtained from the EIS experiments at different concentrations of SARS-CoV-2 spike
protein RBD. As shown in Figure 4, Rt values were enhanced with the increase of the
antigen concentration, indicating a clear dependence on target concentration. The result-
ing calibration plots presented a good liner relationship between AR (subtraction of
electrode’s Rt before and after spike protein RBD incubation) and the logarithm concen-
trations of the antigen. In addition, two linear segments were obtained with different
slopes. The first segment of the analytical curve is linear for a protein concentration range
of 0.16 to 1.25 ug/mL (e). Meanwhile, the second segment of the calibration curve is also
linear for a range of 2.5 to 40 pg/mL (M) RBD S protein concentration. The detection limit
(calculated as LOD = 3SDblank/Slope) obtained for the lowest antigen concentrations
was 150 ng/mL.
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Figure 4. (A) EIS responses of the impedimetric immunosensor with different concentrations of the SARS-CoV-2 spike
protein. The respective calibration curves plotted between the ARt and logarithmic concentration of SARS-CoV-2 spike
protein from (B) 0.16 to 1.25 ug/mL, and (C) 2.5 to 40 ug/mL.

The sensitivity of the analytical device is a crucial point for the detection of the
disease at the beginning of the infection. It is known that PCR test, mainly in saliva
samples, does not detect the virus in the first days of the infection. Therefore, low cost
and high sensitivity analytical methods are very important. The diagnostic platform
developed in this work can be used for SARS-CoV-2 detection using other voltammetric
techniques, such as square wave voltammetry (SWV), which increases the sensitivity of
the proposed diagnostic. Figure 5 shows the square wave voltammograms obtained for
the control (GC/rGO-EDC-NHS/Ab/BSA electrode) and after the binding of different
concentrations of SARS-CoV-2 antigen. Using the SWV technique, the proposed sensor
detected a concentration of 2.40 ng/mL of the virus. This study shows the potential of the
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technique and the immunosensor proposed in the SARS-CoV-2 spike protein analysis at
low concentrations [26-28].
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Figure 5. SWV data of the immunosensor in the absence (control) and presence of spike protein
RBD concentrations ranging from 2.44 to 78 ng/mL; the inset shows the relationship between the
Alpa and concentration of the SARS-CoV-2 spike protein.

3.4. SARS-CoV-2 Spike Protein RBD Analysis in Saliva Samples

The analysis of the SARS-CoV-2 spike protein RBD in saliva samples was performed
by EIS experiments in triplicate. The samples preparation is described in Section 2.6 and
the obtained results are presented in Figure 6. As expected, it is possible to observe the
increase in the R¢t values when the saliva samples were spiked with virus. The mean
Rt values found in the presence of 2.5 pg/mL of SARS-CoV-2 spike protein RBD were
3283.2 4+ 451.5 ) (n = 3), and in the absence of the antigen were 2316.2 £ 345.1 Q) (n = 3).
The immunosensor showed a good response towards SARS-CoV-2 determination in the
saliva samples. The proposed immunosensor is an effective tool towards early COVID-19
diagnosis. The European Union (EU) has stated that antibody-based kits have limitations
in detecting SARS-CoV-2 infections because antibodies only became detectable within
several days after infection [29,30]. In addition, the saliva samples are much easier and
less invasive method, and depending on age, it can be done even by self-collection [31-33].
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Figure 6. Response of the proposed immunosensor towards detecting SARS-CoV-2 spike protein
RBD in real saliva sample.
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4. Conclusions

A new methodology based on an electrochemical immunosensor developed with
reduced graphene oxide for SARS-CoV-2 determination was successfully described in this
work, presenting a low-cost technology by employing glassy carbon electrodes modified
with rGO, a graphene material derivative through electrochemical reduction, which has
an inexpensive, easy, fast and green way of obtention if compared with other materials
also employed as biosensor surface modifiers, such as gold and silver. The large surface
area of this material allows the coupling of interested biomolecules, and its conductivity
properties can be enhanced, functionalizing it with immobilization agents, as EDC/NHS,
and this type of surface modification can easily be transposed to printed carbon electrodes,
which enables the integration of this immunosensor in point-of-care (POC) devices.

The immunosensor was characterized and optimized by electrochemical techniques
and successfully applied to the determination of the SARS-CoV-2 spike protein RBD in
saliva samples. Compared with other diagnostic methods and developed biosensors
aiming the detection of SARS-CoV-2, this work combines feasibility and reliability, without
any complex steps of building it, and is less reactive and time consuming compared to RT-
PCR, having a great potential for large-scale production of a diagnostic tool with medical
care capability and not needing specialized personnel in its management, contributing
to a more effective control of the spread of SARS-CoV-2. In addition, the immunosensor
demonstrated robustness towards SARS-CoV-2 analysis, showing good reproducibility
and contributing to advances in the SARS-CoV-2 electrochemical biosensing area.
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Abstract: Herein, we report the synthesis of magnetic nanoparticle (MNP)-reduced graphene oxide
(rGO) and polymethylmethacrylate (PMMA) composite (MNPs/rGO/PMMA) as adsorbent via
an in situ fabrication strategy and, in turn, the application for adsorptive removal and recovery of
Cr(VI) from tannery wastewater. The composite material was characterized via XRD, FTIR and
SEM analyses. Under batch mode experiments, the composite achieved maximum adsorption of the
Cr(VI)ion (99.53 £ 1.4%, i.e., 1636.49 mg of Cr(VI)/150 mg of adsorbent) at pH 2, adsorbent dose
of 150 mg/10 mL of solution and 30 min of contact time. The adsorption process was endothermic,
feasible and spontaneous and followed a pseudo-2nd order kinetic model. The Cr ions were
completely desorbed (99.32 =+ 2%) from the composite using 30 mL of NaOH solution (2M); hence,
the composite exhibited high efficiency for five consecutive cycles without prominent loss in activity.
The adsorbent was washed with distilled water and diluted HCI (0.1M), then dried under vacuum at
60 °C for reuse. The XRD analysis confirmed the synthesis and incorporation of magnetic iron oxide
at 20 of 30.38°, 35.5°, 43.22° and 57.36°, respectively, and graphene oxide (GO) at 25.5°. The FTIR
analysids revealed that the composite retained the configurations of the individual components,
whereas the SEM analysis indicated that the magnetic Fe304-NPs (MNPs) dispersed on the surface
of the PMMA /rGO sheets. To anticipate the behavior of breakthrough, the Thomas and Yoon-
Nelson models were applied to fixed-bed column data, which indicated good agreement with the
experimental data. This study evaluates useful reference information for designing a cost-effective
and easy-to-use adsorbent for the efficient removal of Cr(VI) from wastewater. Therefore, it can be
envisioned as an alternative approach for a variety of unexplored industrial-level operations.

Keywords: reduced graphene oxide; MNPs/rGO/PMMA composite; hexavalent chromium; tan-
nery wastewater; fixed bed adsorption

1. Introduction

Over the years, enormous studies have been investigated for wastewater treatments
with the breakthrough of research using value-added nanomaterials, including NPs and
nanocomposites [1,2]. Tanning is one of the global water-and-soil polluting industries
due to its high environmental risks [3]. The usage of chemicals during the tanning process
produces a large amount of carcinogenic mobilization of toxic metals, which is the vital
concern of the current era [4]. Chrome tanning relies on chromium salts and liquors to
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minimize hazardous environmental impacts. On the other hand, vegetable tanning is a
natural process of tree tannins and water [5]. Among these common tanning procedures,
chrome tanning is highly favorable due to its low cost and high productivity [6].

There is a continuous shift of production wastewater, which is highly polluted,
containing both inorganic and organic pollutants from the tanneries [7]. Notably, the
presence of organic pollutants comprises blood particles, flesh, soluble proteins and
hair [8]. Conversely, the inorganic pollutants used as tanning agents are typically salts of
various metals, such as Chromium (Cr-III) sulphate and chrome alum [9]. Cr, in aqueous
solution, exists in two stable oxidation states (Cr-III and Cr-VI), where both have diverse
biological, chemical and environmental possessions [10]. Cr(IIl) is a moderately insoluble
and useful micronutrient for animals, plants and humans. As compared to Cr(I1I), Cr(VI)
is 100 times more contaminant and hazardous and 1000 times more mutagenic and
carcinogenic for living organisms due to its oxidizing ability [11]. The occurrence of
Cr(VI) in water beyond permissible limits causes liver, cancer and skin disturbance,
bringing about ulcer development, diarrhea, hemorrhage, vomiting and damage to the
kidneys [12]. According to the World Health Organization (WHO), the acceptable amount
of Cr in drinking water is 0.1 mg-L~!, while, in industrial wastewater, it is 0.05 mg-L ™!
and 5 mg-L~! for Cr(VI) and Cr(III), respectively [13]. Therefore, it is a substantial task to
discover facile and cost-effective ways to eliminate Cr(VI) from environmental water.

Various techniques have been applied for the effective and economical elimination
of Cr(VI) from industrial effluents, including electrochemical technologies [14], use of
chemical coagulation solvents [15], extraction [16], ion exchange [17], membrane filtra-
tion [18] and adsorption [19]. The remarkable advantages and disadvantages of these
techniques have been critically reviewed [5,11]. It has been observed that electrochemical
techniques represent low cost and high selectivity along with the fruitless recovery of
treated metals for a recycled, high volume of sludge formation [9,14]. Likewise, the ion
exchange and membrane filtration processes are restricted due to their selectivity, high
operational cost and maintenance issues [20]. However, the adsorption process, by all
accounts, has shown unrivaled outcomes due to its minimal effort, high effectiveness and
selectivity [21].

Among the nanomaterials, GO has gained enormous attention due to its excellence
in thermal, electronic and mechanical impendence [22]. Owing to its high surface area
and tremendous adsorption capacity, GO has been utilized as an exceptional adsorbent for
the adsorption of heavy metals [23,24]. Very recent studies have utilized novel GO—-ionic
liquid composites [25], GO/ chitosan [26] and Fe;O3-GO-chitosan composites [27], for
enhanced Cr(VI) adsorption.

Besides, MNPs have been employed for the adsorption of substantial metals from
wastewater [28] MNPs demonstrate exceptional paramagnetic properties and have a
rich surface, which makes their target to be easily separated from the aqueous medium
using external magnetic field [29]. However, the adsorption properties of MNPs are
limited due to their mobility and aggregation in aqueous media [30]. The MNPs may
be combined into composites with other active adsorbents, such as GO, to eliminate
the operations of filtration, centrifugation and aggregation and, eventually, to increase
the adsorption capacity [23,31]. A variety of magnetized adsorbents has proved high
adsorption efficiency using different types of pollutants, including Cr from water [30,32].
The incorporation of a polymer matrix to these nanomaterials may also help reducing
their aggregation and enhance their adsorption capacity by offering the addition of a
reactive functional group as adsorption site. The chemical and mechanical stability of the
adsorbent may also be enhanced with the incorporation of a polymer matrix [33].

In this study, we fabricated a novel composite of MNPs with reduced GO (rGO)
and polymethylmethacrylate (MNPs/rGO/PMMA) through in situ polymerization and
applied it for the adsorptive removal and recovery of Cr(VI) from tannery wastewater.
Polymethylmethacrylate (PMMA) has high performance in multipurpose products due
to its outstanding mechanical and physical properties. It is resistant to oils, waxes,
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greases, acids, bases, ozone, weathering and water immersion, which can withstand high
temperatures (160 °C). Additionally, PMMA provides multiple carboxylate functionalities
for binding the Cr ions, which impart the dispersion properties to the composite and
inhibit particle aggregations of rGO and MNPs. Therefore, PMMA was selected as the
polymer matrix for the preparation of a composite material in this work. rGO was
magnetized using FeCl; and FeSOy salts, using an in situ magnetization process. The
synthesized composite was characterized using the scanning electron microscopy (SEM),
Fourier transform infra-red spectroscopy (FTIR) and X-rays diffraction (XRD) techniques.
The adsorption performance of MNPs/rGO/PMMA for Cr(VI) was evaluated using batch
adsorption techniques and fixed-bed column-based experimental set up from model
aqueous solution and tannery wastewater.

2. Experimental Procedure
2.1. List of Chemicals and Standards

In this study, all the chemicals used were of analytical grade and were used with-
out further purification. The MMA monomer and 2,2-Azobisisobutyronitrile (AIBN)
were provided by Daejung chemicals, (Siheung-si, Korea). Acetone (CH3COCH3), sul-
furic acid (H2SO4, 98%), hydrogen peroxide (H,O5, 30%), sodium nitrate (NaNO3, 99%)
and hydrazine hydrate were purchased from Merk (Darmstadt, Germany). Ferric chlo-
ride (FeCls, 97%) and ferrous sulfate (FeSO4.6Hy0O, 97%) were provided by Scharlau
(Barcelona, Spain). Ammonium hydroxide (NH4OH, 35%) was purchased from Fisher
scientific (Leicestershire, UK). The tannery wastewater was collected from the effluent
discharge of a local tannery industry (Prime Tanning Industry (Pvt.) Ltv K.M, 25 GT Rd,
Muridke, Sheikhupura, Punjab) Pakistan. The tannery wastewater was characterized by
determining various parameters such as pH, chemical oxygen demand (COD), biological
oxygen demand (BOD) and suspended solids (SS).

2.2. List of Instruments

The analysis of Cr was carried out by an Atomic Absorption Spectrometer (Perkin
Elmer Analyst 700, Waltham, MA, USA). An ultrasonicator (wt-230HTD, Seoul, Korea)
was used for sample dispersion. To examine the surface morphology of the adsorbent, the
scanning electron microscope (SEM) JSM 5910, manufactured by JEOL JEM-2100F (Tokyo,
Japan), was utilized. The samples were scanned over a 20 range of 0-70° at the scanning
rate of 1 degree per minute. The FTIR analysis was carried out with an FTIR spectrometer
(Perkin Elmer 103385, Waltham, MA, USA). The structural crystallinity of the adsorbent
was studied using the XRD analysis model (X’Per’c3 Powder-Malvern Panalytical, Almelo,
The Netherlands). The XRD analysis was conducted using an advanced Bruker anode
X-ray diffractometer with Cu Ka (A = 1.5406 A) radiation. A glass electrode of model
422 WTW, Weilhmein, Germany, was used for the adjustment of the sample’s pH.

2.3. Synthesis of MNPs/rGO/PMMA Composite
2.3.1. Synthesis of GO

GO was synthesized from powder graphite with Hummers’ technique [34]. Firstly,
2 g of graphite was slowly added to the solution of 1 g of NaNOj3 dissolved in 92 mL
of sulfuric acid (H,SOy) in the conical flak fitted in a bath containing ice, to maintain
the temperature at 0 °C. KMnOy (12 g) was added and stirred vigorously; the paste that
formed was removed from the ice bath, further stirred for two h at 35 °C and then left to
settle overnight. Deionized water (184 mL) was added to the suspension under vigorous
stirring. The temperature was raised to 95 °C and the flask was cooled to 45 °C on an
ice bath. About 10 mL of HyO, was added to the reaction mixture until a brown-yellow
product of GO was formed, which was collected through filtration. Further, it was washed
with distilled water and diluted HCl, then dried under vacuum at 60 °C.
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2.3.2. Synthesis of rGO

The synthesized GO was then reduced to reduced graphene oxide (rGO) through
the method reported in the literature [35]. In total, 1.0 g of GO was dispersed into 150
mL of deionized water and sonicated using an ultrasonic bath for 3 h under nitrogen
atmosphere. About 5 mL of hydrazine hydrate solution was added to the dispersion and
then stirred for 30 min till the color of the content changed from dark brown to dark black.
The end product was washed with double-distilled water and ethanol for many times to
evacuate undesirable contaminations.

2.3.3. Preparation of MNPs/GO

An in situ method was used to prepare MNPs/rGO, in which 1 g of rGO was
dispersed in 100 mL of distilled water and sonicated using ultrasonication for 2 h. The
FeCl3 and FeSOj4 solutions were added to the suspension in a ratio of 2:1 and agitated for
2 h at 80 °C under nitrogen atmosphere. A volume of 10 mL of 35% NH4OH solution was
added dropwise for 2 h to blend. A dark-black precipitate of MNPs/rGO was obtained;
the sequences of changes are indicated by the following reactions:

Fe?" + 2Fe®*" + 60H~ — 3Fe(OH),
SFE(OH)2 — Fe3O4 + 2H,0

The suspension was separated from the solution using an external magnetic field. It
was washed several times with distilled water and ethanol to eliminate excessive base
and dissociate free ions of Fe(Il) and Fe(IIl). Then, the final product was dried under
vacuum at 30 °C. The sequence of reactions is shown in Scheme 1. The ratio of FeCl; and
FeSOy4 to rGO is 2:1:1, respectively.

X P ~ s

- &
Vander Waal forces

2 .S
pr==d ] |
>
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Graphite

o>—<_>—=< KMnO, / H,S0,
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Fe304 Particle

Megnetic Graphene Oxide Reduced Graphene Oxide

Scheme 1. Synthesis of GO, rGO and MNPs/rGO.

2.3.4. Preparation of MNPs/rGO and PMMA Composite

The MNPs/rGO/PMMA composite was fabricated using an in situ polymerization
technique [36]. A total of 1 g MNPs/rGO was dispersed in 100 mL of deionized waster
and 20 mL methyl methacrylate (MMA) was mixed to it. The suspension was dispersed
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through ultrasonication for 30 min. A total of 0.2 g of initiator 2,2-Azobisisobutyronitrile
(ABBN) was added to the reaction mixture and heated to 70 °C, then stirred for 25 min
under controlled condition. Then, a few mL of (CH3),CO was added to the final product,
decanted into a petri dish and dried at room temperature. The theoretical weight ratio of
MNPs:rGO:PMMA was approximately 4:1:1.8 g.

2.4. Batch Adsorption and Desorption Studies

The tannery wastewater sample was first filtered with Whatman filter paper (grade 41,
20-25 um) to remove suspended solids. In the batch mode adsorption experiments, a
wastewater sample of about 10 mL containing 1640 mg/L of Cr(VI) was taken in a 50 mL
conical flask. Its pH was adjusted to 2 (with the addition of 0.1 M HCI or NaOH) and
150 mg of the MNPs/rGO-PMMA composite adsorbent was added and agitated for
30 min in a shaking bath. The adsorbent was collected from the water sample by holding
a magnet along the wall of the flask, then the sample was collected and subjected to
analysis. The concentration of Cr(VI) ions was determined via flame atomic absorption
spectrometry (FAAS).

In the desorption experiments, the composite sample was shacked with 2 M sodium
hydroxide (NaOH) for 30 min to desorb Cr(VI) ions from the surface. The composite was
collected from the medium by an external magnetic field. The eluent was also analyzed
via FAAS to determine the Cr(VI) concentration. The scheme of the experiment is shown
below (Scheme 2).

I Recycling of adsorbent |

Sample Solution
Cr= 1640 mg/L, pH= 2, Feed Volume=10 mL

[30 mL, 2M NaOH sulutmn

o

L IS,
"':'
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) Jh\
() )
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-~
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FAAS

[§ =0 &
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Scheme 2. Batch adsorption and desorption studies.
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The batch mode adsorption of Cr(VI) onto the MNPs/rGO/PMMA was investigated
in triplicate and the average values of the standard deviations were recorded. The percent
adsorption of Cr was determined using Equation (1)

Co —Ct
0

%, Adsorption = x 100 (1)

where “Cy” (mg-L~1!) is the original Cr concentration in the wastewater sample, while
“Cy” (mg-L~1) is the final Cr concentration in the outlet sample. The adsorption capacity
(qe) (the amount of adsorbate (mg~L_1) held per mass of adsorbent (mg)) was determined
using Equation (2)

- Co—C % v )
m
where “m” is the adsorbent mass (g), while “V” (mL) is the volume of the sample
solution. The batch experiments were repeated for the amount of adsorbent to calculate
the maximum adsorbent dose. Various temperatures were applied, ranging from 293 K to
393 K, to calculate the entropy change (AS®), Gibbs free energy (AG®) and enthalpy change
(AH®). Then, the pH was optimized to describe the pH dependence of the adsorption
process. Similar batch tests were directed for sample volume to investigate the maximum
sample volume. The adsorption kinetics was calculated from the vortex time, running
from 10 min to 60 min.

e

2.5. Fixed-Bed Column Experiments

For fixed-bed column adsorption studies, a glass column of 50 cm in height and 2 cm
in internal diameter was used, into which a swab of glass wool was inserted. A total of
1 g of MNPs/rGO/PMMA adsorbent was loaded into the column and another glass wool
swab was placed on the top of the adsorbent bed to avoid disturbance of the adsorbent
surface during the flow of the sample. The diagrammatic illustration of the fixed-bed
column is shown in Scheme 3. Initially, the composite packed column was rinsed with
distilled water and left for a night to clarify the thorough distribution of adsorbent
particles. Wastewater containing 1640 mg/g was impelled, downstream mode, into the
column with the assistance of a peristaltic pump. Primarily, the collected adsorbate was
discarded for one minute to ensure an unbroken stream rate. Afterward, the discharge
samples were collected successively for further analysis at consistent interval of time,
flow rate and adsorbent masses. This was performed from the bottom of the column to
investigate the breakthrough point.

The continuous fixed-bed column process was stopped when the effluent concentra-
tion was equal to the initial concentration. The breakthrough cure was calculated from
different adsorbent masses and flow rates by plotting graphs between C¢/Cj and time.
In most of the continuous fixed-bed system, the breakthrough curves are S-shaped with
variable degrees of sharpness and location of the breakthrough point.

To regenerate the adsorbent and recover the Cr(VI) ion, an eluent reagent was used.
The Cr(VI) ions which were loaded on different masses of adsorbent with a uniform flow
rate 2 mL/min were desorbed using a 2 M NaOH solution. Similarly, the Cr(VI) analytes
which were loaded on 3 g of composite with different flow rates (1, 2 and 3 m/L/min)
were also desorbed through the 2M NaOH solution.
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Scheme 3. Adsorption and desorption scheme of fixed-bed column.

3. Results and Discussions
3.1. Characteristics of Adsorbent

The synthesized composite (MNPs/rGO/PMMA) was confirmed via FTIR analysis,
XRD analysis and SEM analysis. Figure 1 shows the FTIR spectra of rGO, MNPs/rGO,
PMMA and MNPs/rGO/PMMA. The FTIR spectrum of rGO shows characteristic peaks
of the C=C stretching bond of alkene and C-O stretching of the hydroxyl group at “1637 cm "
and “1061 cm~!”, respectively. The rGO (rGO) impregnated with magnetic Fe30, showed
an additional peak at “537 cm~!”, which gives a clear identification of the Fe-O-Fe
bond [37]. The FTIR spectrum of PMMA displays the characteristics peaks of C-H
bending of the a— methyl group, C-O stretching of aliphatic ether, C-H bending of a
methylene group, C=0 stretching of the carboxylic functional group and C-H stretching
of the methyl group at 735 ecm 1, 1140 em ™1, 1423 em ™!, 1717 em ! and 2950 cm ™!,
respectively. The spectrum of the composite sample reflects the extra peak of Fe-O-Fe
stretching at 537 cm ™! due to the magnetic rGO (MNPs/rGO) incorporated to PMMA,
which indicates that the polymer was successfully magnetized [38].
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Figure 1. FTIR spectra of rGO, Fe304/rGO, PMMA and MNPs/rGO/PMMA.

The XRD configuration of rGO indicates a solid peak at 20 of 25.8, which confirms the
reduction of GO as shown in Figure 2 [39]. In the case of magnetized rGO, a peak at 20 of
35.5 displayed that it matched with a face-centered cubic crystal of JCPD file card number
19-0629, suggesting the confirmation of impregnation of magnetic Fe3O4 on the rGO [37].
The XRD arrangement of pure PMMA gives no peak due to its amorphous nature. The
XRD design of the composite (MNPs/rGO/PMMA), exhibits peaks corresponding to
Fe304 at 26 of 30.38° (220), 35.5° (331), 43.22° (400) and 57.36° (511), respectively, which
confirms the MNPs/rGO/PMMA composite [40,41]. From the XRD data, the crystallite
size of the composite was estimated to be 31 nm.

The SEM micrographs of rtGO, MNPs/rGO, PMMA and MNPs/rGO/PMMA are
given in Figure 3a—d. The micrograph of rGO indicates a fluffy and chipped morphology,
which may be a stacked structure of graphene sheets linked by Van der Waal'’s forces,
as shown in Figure 3a. Fe3O4-NPs were consistently scattered over the rGO sheets, as
shown in Figure 3b [42]. The PMMA matrix is in the form of smooth uniform layers with
no pores, in the form of sheets spread over each other, as can be seen in Figure 3c [43].
The micrograph of MNPs/rGO/PMMA confirms the magnetic MNPs dispersed on the
surface of the PMMA /rGO sheets. MNPs/rGO/PMMA seems a uniform layer, indicating
all components were properly incorporated together (see Figure 3d) [44]. From the SEM
micrographs, the average size of the rGO flakes is found to be about 2000 nm, whereas
that of MNPS is about 100 nm.
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3.2. Physiochemical Characterization of Wastewater

Previously, to bring the tannery wastewater into batch and column modes of adsorp-
tion, the sample was evaluated for a few limits, e.g., COD, biological oxygen demand
(BOD), pH, Cr concentration and suspended solids. The Cr concentration in wastewater
was found to be “1640” mg-L~!, COD was “1130” mg-L~!, while BOD was calculated at
about “396” mg-L~!. Similarly, suspended solids in the sample were calculated to be “960”
mgL ! and a pH of 3.17 was observed. As indicated by the Environmental Health Safety
Guidelines (EHSG), the possible edge for COD and pH in wastewater are 150 mg-L~! and
69, respectively. Likewise, the permissible level of Cr in industrial wastewater, according
to the Environmental Protection Agency (EPA), is “200” mg-L~!. Thus, it is obvious,
from the above proof, that these limits do not follow the possible edges for wastewater,
especially if the Cr concentration is extremely high.

4. Adsorption Experiment

The adsorption of Cr(VI) over the MNPs/rGO/PMMA was carried out in batch mode
under different conditions, including pH, adsorption time, adsorbent dose, temperatures, etc.

4.1. pH Investigation

The pH of the reaction medium has an exceptional impact on the charge density
on the adsorbent surface and the assurance of the change of Cr species [45]. The Cr(VI)
adsorption on the composite was carried at various pH ranges, from 2 to 10, while the
other parameters were kept constant. The pH of the investigated solution was adjusted
using 0.1 N NaOH or HCl solution, according to necessity. It was noticed that the most
extreme adsorption was found at pH 2.0 (100 =+ 1), as shown in Figure 4.
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Figure 4. Effect of pH on adsorption of Cr(VI) on the MNPs/rGO/PMMA composite; adsorbent
amount, 150 mg; shacking time, 30 min.

The maximum adsorption of Cr at this pH was observed due to the existence of Cr(VI)
in various forms, such as dihydrogen chromate (H,CrO,), hydrogen chromate (HCrO4 ™),
hydrogen dichromate (HCr,O77), dichromate (Cr,0727) and chromate (CrO,427) [46].
The dominancy of all above ions greatly depends on the pH solution, as well as on the
total Cr concentration. At pH from 2 to 6, hydrogen chromate (HCrO4 ™) and dichromate
(Cr,O7%7) are the dominant species. Dihydrogen chromate (HyCrOy) is the main species

34



Materials 2021, 14, 6923

atlow pH values (less < 1) [47]. The dominant type of Cr(VI) at pH 2 is hydrogen chromate
(HCrO47), generated from the dichromate (Cr,O7%7) based in reaction below [48].

Cr,03~ + HO — 2HCrO;

The Cr,O;%~ particle holds two negative charges; hence, it needs two active sites
for successful adsorption, while hydrogen chromate (HCrO4 ™) particles need one active
site of the adsorbent (MNPs/rGO/PMMA) for successful adsorption [49]. Therefore, the
adsorption capacity of the (HCrO, ™) is twice that of (Cr,07%7). Likewise, at low pH,
the surface of adsorbent became protonated due to the availability of a large number
of H* ions, which creates an electrostatic force within a protonated functional group of
adsorbent and Cr anions. The adsorption rate falls quickly and spans to 38% at pH 6,
above pH 3. This is most likely because of the general change in surface charge on the
adsorbent and, subsequently, adsorption decline. At pH > 8, the percent adsorption was
further decreased because of the double resistance of two anions (CrO4%>~ and OH™) on
the surface of the adsorbent [50].

4.2. Adsorbent Dose Investigation

The percent adsorption of Cr(VI) is dependent on the amount of adsorbent dose in
wastewater. To explore the impact of adsorbent (MNPs/rGO/PMMA) dose, batch adsorp-
tion experiments were conducted using dosages ranging from 20 mg to 250 mg. Results
indicate that the % Cr(VI) adsorption was enhanced, as the amount of adsorbent dose
was increased, and the maximum percent adsorption was found at 150 mg (99.53 & 1),
as shown in Figure 5. The significant rise in Cr(VI) adsorption with the increase in the
amount of composite material was due to the availability of a larger surface region of the
adsorbent and a large number of active sites [51]. A further enhancement of the amount of
composite material to 240 mg showed no considerable variation in percent adsorption of
Cr(VI). Hence, 150 mg was chosen as an ideal amount of (MNPs/rGO/PMMA) adsorbent

to the be studied.
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Figure 5. Effect of adsorbent amount on adsorption of Cr(VI) on MNPs/rGO/PMMA composite;
pH 2; sample volume, 10 mL; shaking time, 30 min.
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4.3. Kinetic Investigation

To achieve maximum adsorption over adsorbent (MNPs/rGO/PMMA) versus time,
various contact periods of time, running from 10 min to 1 h, were determined. The
outcomes show that the % adsorption of Cr(VI) was enhanced versus time; finally, stability
was reached after 30 min, as shown in Figure 6.
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Figure 6. Effect of shaking time on adsorption of Cr(VI) on MNPs/rGO/PMMA composite;
adsorbent amount, 150 mg; sample volume, 10 mL; pH 2.

A further increase in shacking time caused no considerable change in adsorption.
Thus, 30 min of contact time was chosen to attain the most extreme adsorption for each
batch experiment.

To clarify the systemic adsorption procedure, the shacking data were applied to
pseudo-1st order and pseudo-2nd order kinetics models using Equations (3) and (4),
respectively.

K
log (qe - qt) = logqe - 232)3t ©)
t_t, 1
4 9 kg’
where “k;” (1/min) is the proportionality constant of pseudo-1st order model, while
“Ky” (g~ 'mg~!-min~1) is the proportionality constant of pseudo-2nd order model; “q;”
(mg-g~1) is the quantity of metal ions (mg) adsorbed per unit quantity of adsorbent (g)
at any time (t) and “qe” (mg-g’l) is the quantity of metal ions (mg) adsorbed per unit
quantity (g) of adsorbent at dynamic equilibrium.

Various kinetic factors of pseudo-1st order and pseudo-2nd order kinetics were de-
termined from the slope and intercept, as displayed in Figures S1 and S2 (Supplementary
Materials), respectively. The calculated and experimental results are listed in Table 1. The
value of “R?” for pseudo-1st order kinetic was calculated to be 0.86, which is smaller
than those of pseudo-2nd order kinetic (0.98). The value of adsorption efficiency (qe) for
the pseudo-1st order of kinetic was calculated to be 23.93 mg g~!, which is smaller than
the experimental adsorption efficiency, 109.33 mg g~ !, whereas the calculated value of

(4)
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adsorption capacity (qe) for pseudo-2nd order kinetic was 166.66 mg g~ !, which is higher
than the experimental value of 109.33 mg g~ !.

Table 1. Kinetics parameters, for adsorption of Cr(VI) on MNPs/rGO/PMMA composite; pH 2; contact time, 30 min;
adsorbent amount, 150 mg.

Experimental Pseudo-1st Order Pseudo-2nd Order
qe (mg:g~1) Ky min~1 qe (mg-g~") R? K; (gmg~'-min~1) qe (mg-g™") R?
109.33 0.151 23.93 0.86 0.362 166.66 0.98

Similarly, the value of K; was 0.151, which is lower than that of K, (0.362), suggesting
that the Cr(VI) adsorption process follows the pseudo-2nd order kinetic model.

4.4. Adsorption Isotherms
To calculate various adsorption parameters, the data obtained from the adsorption
process were fitted to the Langmuir isotherm and Freundlich isotherm. The Langmuir

adsorption isotherm is expressed by Equation (5):
e 9m kp, 9m C,

(5)

In the above expression, “Ce” (mg-L~!) is the equilibrium adsorption concentration
and “ge” (mg-g~!) is the quantity of Cr(VI) ions adsorbed at equilibrium state. Similarly,
“qm” (mg-g~1) is the highest adsorption capacity and “Kp,” (Langmuir constant) is the
constant associated with energy. Ry, (dimensionless isolating component) is determined
from the Langmuir isotherm using Equation (6):

1

R = ——
L 1+ 1,Ce

(6)

The projected value of “Ry " verifies whether the adsorption is favorable, unfavorable,
reversible, or irreversible. If the Ry, value is more than one (1 < Ry), the adsorption is
unfavorable. Similarly, when the value of Ry is equivalent to one (R}, = 1), it indicates
that the adsorption process is reversible. If the Ry, value is equivalent to zero (Ry, = 0), it
denotes that the adsorption process is irreversible. Ry, values of 0 < Ry, < 1 suggest that the
adsorption process is favorable [52]. The slope and intercept values that were achieved
from the Langmuir adsorption isotherm graph verified that the adsorption process may
have been unfavorable or favorable, irreversible, or reversible, as indicated in Table 2.
The binding constant and adsorbent capacities were calculated from the plot between
Ce/qe and Ce, as indicated in Figure S3 (Supplementary Materials). The results suggest
that the adsorption capacity (qm) of 240.96 mg-g~! was investigated. The dimensionless
separating constant (Ry) value was found to be 0.199, the coefficient correlation factor (R?)
value was 0.991, while a Langmuir constant (K} ) value of 4.021 was achieved.

Table 2. Adsorption isotherm models, for adsorption Cr(VI) on MNPs/rGO/PMMA composite.

Model Equation R2 Kf 1/n Ky qm (mg-g~1) Rp

Langmuir Isotherm 0.991 — — 4.021 240.96
Freundlich Isotherm 0.972 6.85 0.351 — —

0.199

To examine the adsorption information through the Freundlich adsorption isotherm,
Equation (7) was used:

logq, = logKf + %logCe (7)
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The slope and intercept values obtained from the Freundlich adsorption isotherm
graph concluded whether the adsorption was favorable or unfavorable. It also explained
whether the system was heterogeneous or not, as shown in Figure 5S4 (Supplementary
Materials). A Freundlich isotherm parameter such as 1/n gives useful evidence about
the adsorption system. A value of 1/n > 1 suggests that the system is imperfect for low
concentrations but thrives at high concentrations. Likewise, when the value of 1/n is
smaller than one (1/n < 1), it means that the adsorption system is perfect over the whole
range of concentrations. Correspondingly, if the 1/n value is equal to one (1/n = 1), it
suggests that the adsorption system is homogenous [53].

In the current study, the value of R? (0.99124) showed that the Langmuir adsorption
isotherm fitted better to the adsorption data than the Freundlich isotherm (RZ = 0.97215).
On the other hand, the Ry, value was 0.1999, which means that the adsorption of Cr(VI)
on MNPs/rGO/PMMA was favorable and monolayer. In addition, the value of 1/n
was found to be 0.35102, which confirms that the adsorption was positive at all possible
concentrations and the adsorption framework was heterogeneous.

4.5. Thermodynamic Investigation

To investigate the adsorption system versus temperature, the influence of tempera-
ture on the adsorption of Cr(VI) was achieved at various temperatures, from 293 to 373 K,
at optimized conditions, as illustrated in Figure 7.
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Figure 7. Effect of temperature on adsorption of Cr(VI) on MNPs/rGO/PMMA composite; adsor-
bent amount, 150 mg; shacking time, 30 min; pH 2.

The adsorption of Cr(VI) increased proportionally with the increase in temperature
from 293 to 373 K. This can be attributed to the fact that a temperature increase leads
to a corresponding increase in the system’s energy, thereby providing more chances of
adsorbate-active site interactions. As the temperature was increased, there might have
been an increase in the number of active sites, thereby rupturing the functional group bond
occurred on the surface of the adsorbent, which improves the adsorption proficiency [50].
The thermodynamic parameters, including Gibbs free energy (AG?), enthalpy (AH®) and
entropy (AS°), were determined using Equations (8)—(10), respectively.

AG® = —RT In Kp 8)
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Tor K>

0 __ 1

AHC =R n & )
o __ o

aso = (AH? —AGT) - AG) (10)

The negative values of AG® indicated the spontaneous nature of Cr(VI) adsorption.
Similarly, AG® values became more negative as the temperature increased, which shows
that the adsorption process was improved as the temperature was enhanced. The AH®
and AS° values were determined from the plot shown in Figure S5 (Supplementary
Materials). The positive value of AH® demonstrates that the current adsorption system
was endothermic in nature. Besides, the positive value of AS® confirms that the adsorption
system was spontaneous, as shown in Table 3.

Table 3. Thermodynamic parameters for the adsorption of Cr(VI) on (MNPs/rGO/PMMA).

Temperature K AG° KJ.mole1 AH° KJ.mole1 AS° KJ.mole—1
293 —14.4944
303 —15.4132
313 —16.5329
323 —17.4261
333 —18.3889 46.0074 0.1875
343 —19.4415
353 —20.8456
363 —22.5964
373 —24.0239

4.6. Volume of Eluent Optimization and Desorption Studies

The desorption of metal particles from the adsorbent is an important aspect in
wastewater treatment. For this purpose, Cr(VI) was desorbed from MNPs/rGO/for
30 min with (1 and 2 M) solutions of NaOH and (1 and 2M) NH4OH, respectively.
As the desorption process was completed, the filtrate was isolated from the adsorbent
utilizing the outer magnetic field and was then analyzed through the atomic absorption
spectrometer. The results indicate that the greatest desorption of Cr(VI) (95 &£ 1) from the
adsorbent was achieved with the 2M NaOH solution, while, with NH4OH, the maximum
desorption attained was 78 + 1, as displayed in Table 4.

Table 4. Influence of various alkaline solutions, used for desorption of Cr(VI) from

NPs/rGO/PMMA.
Basic Solution Concentration of Eluent mol-L~1 %, Recovery of Cr(VI)
NaOH 1 70 £1
NaOH 2 9%5+1
NH,OH 1 65 +2
NH4OH 2 78+ 1

The desorption process for Cr(VI) from the adsorbent with alkaline solutions has
been well documented [54]. The volume of NaOH solution (10-40 mL) revealed that,
when the volume eluent reagent increased, the percent desorption increased and the
equilibrium was established up to 30 mL. Hence, 30 mL of 2 M NaOH was suggested for
the Cr(VI) desorption, as demonstrated in Figure 8.
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Figure 8. Effect of eluent volume on % recovery of Cr(VI) from MNPs/rGO/PMMA composite.

4.7. Recovery of Cr(VI), Recycling and Regeneration of the Adsorbent

The adsorbent’s reuse and recovery of Cr(VI) are important parameters in wastewater
treatment in terms of minimizing process costs. In the current examination, recycling ex-
periments were conducted following the adsorption and desorption of Cr(VI) at optimized
conditions. After adsorption, desorption was performed using 30 mL of NaOH solution
(2M) shacked for 30 min. As the desorption process was finished, the MNPs/rGO/PMMA
composite was washed with double distilled water as well as dilute HCI (0.1M) and dried
under vacuum at 60 °C for reuse. The results of marginal loss in the adsorption of
Cr(VI) after five repeated cycles indicate the highly stable nature of the newly designed
MNPs/rGO/PMMA (Figure 9). During the desorption process, the recovery of Cr(VI)
from the adsorbent was 95%, 94%, 96%, 95% and 96% in each cycle, respectively. The
current investigation was not assisted to control the water contamination caused by Cr(VI)
effluents. At the same time, it is vital to recover the industrially important Cr metal from
industrial effluents which might be reused or recycled in different applications.
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Figure 9. Recycling of MNPs/rGO/PMMA composite; eluent, 2M NaOH solution; volume, 30 mL.

The selectivity of the MNPs/rGO/PMMA composite towards the adsorption of
Cr(IV) in the presence of various competing ions was investigated, in batch mode adsorp-
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tion with various salts at different concentrations. The results show that, in the presence of
various ions, the removal of Cr(VI) was minimally affected, indicating the high selectivity
of the composite adsorbents towards Cr(VI), as indicated in Table 5.

Table 5. Effect of interfering ions on the adsorption of Cr-VI ions over the MNPs/rGO/PMMA

composite.
Ions Concentration (mg/L) % Adsorption of Cr(VI)
Cu?* 10 9 + 4
Mn?2* 10 98 + 3
Zn2t 100 93 +1
Cdz* 100 97 +1
Fe3* 100 96 + 1
Ni2* 10 94 +1
Ca?* 500 98 +1
Mg?* 500 98 + 1
CO52- 500 9 + 1
F- 1000 99 + 1
S042~ 500 98 +1

5. Theoretical Analysis of Fixed-Bed Column Data

The quantity of Cr(VI) adsorbed on MNPs/rGO/PMMA was intended from the
region under the breakthrough curve using Equation (11):

Q t=total

Qtotal = 1000 Ji=o CaddV (11)

where “Q” is the flow rate (mL/min), “t” is the time of total flow (min) and “C,4" is the ad-
sorbed concentration of Cr(VI) mg/L. The adsorption capacity of the MNPs/rGO/PMMA
was calculated from the breakthrough curve using Equation (12):

Co [P (1 - Ct)dv (12)

e=m Jo

where “qe” is the adsorption capacity of MNPs/rGO/PMMA at the breakthrough curve
(mg/g), “m” is the mass of the adsorbent (g), “C” is the outlet solution concentration
(mg/L) at any time (min), “Cy” is the initial concentration (mg/L) and “V” is the volume
(L) of the treated solution. Similarly, Equation (13) was used to calculate the empty bed
residence time of the continuous bed column:

Bed voume
volumetric flow rate of the liquid

Empty ed residence time (EBRT) = (13)
During the continuous process, the MNPs/rGO/PMMA adsorbent was frequently
exhausted and was calculated using Equation (14):

Mass of adsorbent (g)in column

Volume of water treated (14)

Adsorbent exhausted rate (AER) =

The bed volume (BV) of the continuous fixed bed adsorbent in the column was
obtained through Equation (15):

volume of water treated at breakthrough curve (L)

volume of adsorbent bed (15)

Bed volume =

The proficiency of the continuous fixed-bed column was studied under various flow
rates and adsorbent masses. Likewise, the fixed-bed adsorption in the column was also
applied to mathematical models, including the Thomas and Yoon-Nelson Models.
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5.1. Effect of Mass of MNPs/rGO/PMMA Composite on the Breakthrough Curve

In order to investigate the impact of adsorbent masses on the breakthrough curve,
tannery wastewater (Cr(VI), 1640 mg/L) was passed through various adsorbent masses
extending from 1 g to 3 g, while other parameters, such as flow rate, pH and concentration
of Cr(VI), were kept constant. The results in Figure 10 display that the breakthrough time
was enhanced as the adsorbent mass was increased from 1 g to 3 g. This could be ascribed
to the availability of more active sites of MNPs/rGO/PMMA for the adsorption of Cr(VI)
with the increase in mass [55].
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Figure 10. Cr(VI) adsorption breakthrough with different adsorbent masses.

It might be induced from the results that the breakthrough curve is dependent on
the MNPs/rGO/PMMA bed mass. It was found that the former breakthrough curve was
seen at lower adsorbent mass and, after the breakthrough, a sharp ascent occurs in the
Cr concentration. The sharp ascent is due to the exit of the mass exchange zone; at that
point, the bed has an insignificant capacity to adsorb Cr(VI) [56]. At the same time, the
adsorption capacity (qe) and adsorbent exhaustion rate (AER) were calculated from the
breakthrough curve and are given in Table 6.

Table 6. Parameters for fixed-bed adsorption of Cr(VI) on MNPs/rGO/PMMA at break-

through point.
Parameters
Ads.orbent AER (g/L)
Adsorbent Mass (g) Flow Rate (mL/min) Capacity (mg/g)
1 2 125.16 20.00
2 2 134.77 17.24
3 2 152.13 14.56
Flow rate (mL/min) Adsorbent masses (g)
1 3 120.06 11.02
2 3 111.98 10.10
3 3 75.01 9.80

The adsorption capacity was enhanced with an increase in the adsorbent mass due
to the increase in the surface zone, which encouraged the availability of active sites
for adsorption. Similarly, the obtained values of the adsorbent exhaustion rate (AER)
declined from 20.00 g/L to 14.56 g/L with an increase in the adsorbent masses from 1 g
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to 3 g. The lower values of the adsorbent exhaustion rate (AER) showed better execution
for adsorption [57].

5.2. Effect of Flow Rate

The flow rate of the wastewater stream plays a substantial role in estimating the
execution of the adsorption process, especially at the industrial level, to achieve maximum
treatment of the influent. Therefore, the impact of stream rate on the adsorption of Cr(VI)
by MNPs/rGO/PMMA was studied at different flow rates ranging from 1 mL/min to
3 mL/min, keeping the other parameters constant. The results are shown in Figure 11
and the calculated process parameter values are recorded in Table 5. As shown in Figure
11, the breakthrough curve shortened as the flow rate was enhanced from 1 mL/min to 3
mL/min, for constant adsorbent mass.
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Figure 11. Cr(VI) adsorption breakthrough at different flow rates.

This is presumably due to the increased mass passage rate, which brings a reduction
in the time needed to obtain the preferred breakthrough concentration [58]. Additionally,
the adsorption capacity and ARE also declined from 120.06 to 75.01 mg/L and from 11.02
t0 9.08 mg/L, respectively. This could be for the reason that, at a higher stream rate, the
adsorbent in the fixed-bed column rapidly saturated and there was insufficient contact
time for the complete adsorption of Cr on the adsorbent in the fixed-bed column [46].

5.3. Desorption and Regeneration of the Column

During the desorption experiments, Cr(VI) was leached from a column with var-
ious masses of the MNPs/rGO/PMMA composite at a constant flow rate (2 mL/min)
of the 2 M NaOH solution. The results show that the breakthrough point for desorp-
tion was found in three distinctive times, i.e., 27, 42 and 75 min, for 1, 2 and 3 g of
MNPs/rGO/PMMA masses, respectively, as shown in Figure 12. The maximum recovery
of Cr(VI) attained was 79.93 + 0.07%, 80.40 + 07% and 76.33 + 0.008%, when loaded
with 1, 2 and 3 g MNPs/rGO/PMMA at a 2 mL/min flow rate of the 2 M NaOH solution,
respectively. A further increase in time caused the concentration of leached Cr(VI) to de-
crease the in outlet solution due to the unsaturation of Cr(VI) on the MNPs/rGO/PMMA
composite [59].
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Figure 12. Desorption of Cr(VI) at various adsorbent masses using the 2 M NaOH solution.

Meanwhile, the effect of various flow rates, i.e., 1, 2 and 3 mL/min was also investi-
gated at the constant adsorbent mass of 3 g. The results are displayed in Figure 13. We
observed that, as the flow rate of the NaOH solution was increased (from 1 to 3 mL/min),
the desired time for the recovery of Cr(VI) decreased from 186 to 47 min. The maximum
recovery of Cr(VI) in each column was observed to be 70.77 £ 0.07, 74.82 + 0.04 and
76.45 + 0.001, with 1, 2 and 3 mL/min flow rates of NaOH.
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Figure 13. Desorption of Cr(VI) at various flow rates using the 2 M NaOH solution.

5.4. Theoretical Modeling of the Breakthrough Curve

The theoretical calculation of the column studies was assessed by the Thomas and
Yoon—-Nelson models to investigate the efficiency of the fixed-bed adsorption column.

5.4.1. Thomas Model

The Thomas model is a general theoretical model utilized for fixed-bed column data
analysis and for the prediction of breakthrough points. The Thomas model is described on
the supposition of pseudo-2nd order kinetic and Langmuir adsorption isotherm models.
The Thomas model is expressed in Equation (16):

Co _ Ky

In C1 o (qe)(m) — Ky Cot (16)
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where “Cyp” (mL/L) and “C;” (mL/L) are the initial and final concentration, respectively,
“qe” (mg/g) is the adsorbent capacity, “/KTH” (mL/min g) is the Thomas model constant
and “t” (min) is the total flow time. The values of “qe” and “Kry” were obtained from
the linear plot between (In thﬂl) and time (t), as shown in Figure S6 (Supplementary
Materials).

Different values of KTH and q were obtained from the Thomas model for various
flow rates, as shown in Table 7, which suggests that the values of q and KTH decreased as
the flow rate increased from 135.31 to 111.48 mg/g and from 11.58 x 1072 to 8.82 x 1072,
respectively. This may be due to the short time for salute particles to adsorb on the
MNPs/rGO/PMMA composite and permitted Cr(VI) before the complete adsorption.
The Thomas model exhibited good fit to the adsorption data with the R2 values of
0.999, 0.993 and 0.972 under the three flow rates, respectively. From the above results, it
was concluded that there are some experimental points and prediction positions which
recommend the fitting of the Thomas model on the experimental breakthrough curve. The
same result was found by Shalini et al.; the adsorption capacity of Cr(VI) on chemically
modified Lagerstroemia speciosa bark in the fixed-bed column decreased with the increase
in the flow rate [60].

Table 7. Adsorption parameters calculated from the Thomas and Yoon-Nelson models.

Parameters Thomas Model Yoon-Nelson Model
Rate Flow Bed Height Kty q 2 Kyn . 2
Come/L) (i L/min) (em—1) PH  Umingm) (mgg X (min—1) ©(min) R
1640 1 2.7 2 11.58 x 1072 135.31 0999  27.19 x 102 135.31 0.998
1640 2 2.7 2 9.14 x 1072 126.51 0993  22.03 x 1072 126.51 0.997
1640 3 2.7 2 8.82 x 1072 111.48 0972 4353 x 1072 111.48 0.982

5.4.2. Yoon-Nelson Model

Yoon—-Nelson developed a simple mathematical model for fixed-bed column adsorp-
tion and is based on the fact that the probability of adsorption rate decreases for each
adsorbate molecule, which is proportional to the probability of adsorbate adsorption and
the probability of adsorbate breakthrough on the adsorbent. The Yoon-Nelson model is
mathematically expressed by Equation (17):

Ci
In (Co — Ct> = Kynt — KynT (17)

where “Cy” (mg/g) and “C,” (mg/g) are the initial and final concentration in the outlet,
“KYN” (min~') is the rate constant of Yoon-Nelson and “t” (min) is the flow time required
for the 50 percent breakthrough curve. The values of “q.” and “Kry” were obtained from
the linear plot between (ln %) and time (t), as shown in Figure S7 (Supplementary
Materials).

Different constants and variables were obtained from the Yoon—-Nelson model at
various flow rates, as displayed in Table 6, which suggests that the values of KTH were en-
hanced from 27.19 x 1072 to 43.53 x 10~2. Meanwhile, the values of T (min) declined from
253.18 to 82.80 as the flow rates were increased. The reason is that the MNPs/rGO/PMMA
composite in the column saturated more quickly to attain equilibrium as the flow rate
increased. The values of R? achieved were 0.998, 0.997 and 0.982 for the three flow rates, re-
spectively. This indicated that the Yoon—-Nelson model fitted the experimental adsorption
data well, which is consistent with results previously published in the literature [56].

6. Adsorption Mechanism

The adsorption system in the current investigation is the expected interaction be-
tween hydrogen chromate (HCrO4 ™) and functional groups of the adsorbent material.
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The main factor involved in the mechanism of Cr(VI) adsorption is pH. The most extreme
adsorption of Cr(VI) was found to be at pH 2. At this pH, Cr,0;2~ was changed to
HCrO4 ™ species, as shown in the following reaction [46]:

Cry0%3 + H,O — 2HCrO;

The adsorptive capacity of the magnetic composite was due to the active sites present
(organic and inorganic phases), as well as the new sites yielded from the interaction
between these phases. The adsorption of HCrO4~ on the active sites of organic and
inorganic phases involves an electrostatic interaction. The oxygen atom on the surface
of the magnetic composite becomes protonated to a high degree at pH 2, which brings
a substantial electrostatic fascination among HCrO4~ and positively charges on the
adsorbent. At this state, hazardous Cr(VI) in tannery waste gets adsorbed onto the surface
of MNPs via electrostatic attraction, as shown in Scheme 4.

Ester sites:

Step (1) a Cl1

H CH;
H CHj3 +
+ O—H
o+ 3H —0 2
H
H +
H;C O—H
H,C o
/
H;C

Step (2)

rGO sites:
Step (1)

+
=
=

Reduced Graphene Oxide
Step (2)

MNPs sites:
Step (1) £ + + +
nFe-O-Fe + nH ——— » NnFe——O0——Fe
H _HCro, -
Step (2) HCI’O4 ‘ HCI'04
nFe+—0+—Fe++ n HCr04' _— 1<‘e+—0J-r-“—FeJr »
H H

Scheme 4. Structure of adsorption mechanism.
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7. Physicochemical Study of Tannery Wastewater

Tannery wastewater was collected from industry and a physicochemical study was
carried out before adsorption treatment, as given in Section 3.2. Various physicochemical
parameters were analyzed, including pH, COD, suspended solids, Cr concentration and
BOD, as presented in Table 8. In the case of tannery wastewater, after the adsorption
treatment, both in batch and column modes, the concentration of Cr, level of COD and
BOD were reduced to 3.51 and 2.42, 110 and 99, 120 and 109 mg/L, respectively, whereas
no suspended solids were found after adsorption, as they were removed through filtration
before treatment. These findings conclude that all the parameters are well below the
permissible range for the Cr(VI) in wastewater, indicating the effective role of this study
in processing and cleaning tannery wastewater.

Table 8. Physicochemical characteristics of tannery wastewater before and after adsorption treat-

ment.
Values
Parameters After Batch Mode After Column
Before Treatment . .
Adsorption Adsorption
Cr concentration 1640 mg/L 3.51 mg/L 342 mg/L
pH 3.17 Variable Variable
Chemical oxygen
demand (COD) 1130 mg/L 110 mg/L 99 mg/L
Biological oxygen
demand (BOD) 396 mg/L 120 mg/L 109 mg/L
Suspen(Cslfsx)i solids 960 mg /L 0.00 mg/L 0.00 mg/L

To the best of our knowledge, the application of MNPs/rGO/PMMA composite
materials for the adsorption and recovery of Cr(VI) from real tannery wastewater with
a concentration of Cr(VI) as high as 1640 mg/L through both batch and column mode
adsorption has not been reported in earlier literature. This material offers multiple
functionalities for adsorption of Cr(VI) through a diverse mechanism; hence, it provides
higher adsorption potential than any other conventional material, which is explained in
detail in Section 6.

Owing to the hazardous nature of Cr(VI) in water bodies, the removal of Cr(VI) from
wastewater streams has been extensively studied in the literature. In this regard, Table 9
presents a comparison of the adsorption efficiency of current adsorbents and various types
of other materials reported in the literature, which concludes that the MNPs/rGO/PMMA
composite offers superior efficiency.

Table 9. Comparison of Cr(VI) adsorption capacities of various adsorbents.

Adsorbent AdSOI‘PFIOI‘l pH Adsorption Wastewater Ref.
Capacity Process
Bagasse fly ash 29.07 mg/g 23_ Batch Synthetic [61]
Fe304/rGO 98.1% 1 Batch - [41]
Non-cross-linked .
chitosan 80mg/g 5 Batch Synthetic [62]
Polymeric based .
surfactant-chitosan 180 mg/g 53 Batch Synthetic [63]
Sawdust 1.74mg/g 3 Batch Synthetic [64]
SWCNTs 969 mg/g 4 Batch Synthetic [65]
MNPs/rGO/PMMA  109.3/1353mg/g 3  Batch/column Wastewater ngjﬁ t
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8. Conclusions

A well-organized and novel MNPs/rGO/PMMA composite was successfully fab-
ricated and applied for the adsorptive removal and recovery of Cr(VI) from tannery
wastewater. The synthesized composite was analyzed in detail by the XRD, FTIR and
SEM techniques. The FTIR investigation declared the successful synthesis of the rGO,
MNPs/rGO, PMMA and MNPs/rGO/PMMA composite, while the SEM analysis con-
firmed the rougher surface morphology of the MNPs/rGO/PMMA composite. In batch
adsorption, maximum adsorption of Cr(VI) (99.32 £ 2%) was attained under the optimum
conditions of pH 2, sample volume of 10 mL, adsorbent amount of 150 mg and shacking
time of 30 min. The kinetic investigations showed that the adsorption followed a pseudo-
1st order kinetic model. The experimental data of adsorption followed the Langmuir
model. Cr(VI) particles were effectively desorbed from the adsorbent using 30 mL of 2
M NaOH solution, while the adsorbent remained stable for five consecutive reuses. In
the case of continuous column mode adsorption, the breakthrough time decreased with
the increase in the feed flow rate as well as that of the mass of the composite adsorbent.
According to the Thomas model, the Cr adsorption capacity of the composite with a
column bed height of 2.7 cm and feed flow rate of 1 mL/min was found to be 135 mg/g.
This study provides useful evidence for the remediation of hazardous Cr(VI) from tannery
wastewater via a cost-effective and mechanically feasible strategy on a large scale.

Supplementary Materials: The following are available online at https://www.mdpi.com /1996
-1944/14/22/6923/s1, Figure S1. Pseud 1st order of kinetic plot for the adsorption of Cr(VI) on
MNPs/rGO/PMMA composite. Figure S2. Pseudo 2nd order of kinetic plot for the adsorption
of Cr(VI) on MNPs/rGO/PMMA composite, Figure S3. Langmuir adsorption isotherm for the
adsorption of Cr(VI) on MNPs/rGO/PMMA composite. Figure S4. Freundlich adsorption isotherm
for the adsorption of Cr(VI) on MNPs/rGO/PMMA composite. Figure S5. Enthalpy and entropy
changes for the adsorption of Cr(VI) on MNPs/rGO/PMMA composite. Figure S6. Thomas model
for various flow rates i.e., 1, 2, and 3 mL/min for the adsorption of Cr(VI) on MNPs/rGO/PMMA
composite. Figure S7. Yoon-Nelson model at different flow rates i.e., 1, 2, and 3 mL/min for the
adsorption of Cr(VI) on MNPs/rGO/PMMA composite.
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Abstract: Graphene-based composite aerogel (GCA) refers to a solid porous substance formed by
graphene or its derivatives, graphene oxide (GO) and reduced graphene oxide (rGO), with inorganic
materials and polymers. Because GCA has super-high adsorption, separation, electrical properties,
and sensitivity, it has great potential for application in super-strong adsorption and separation
materials, long-life fast-charging batteries, and flexible sensing materials. GCA has become a research
hotspot, and many research papers and achievements have emerged in recent years. Therefore, the
fabrication, structure, performance, and application prospects of GCA are summarized and discussed
in this review. Meanwhile, the existing problems and development trends of GCA are also introduced
so that more will know about it and be interested in researching it.

Keywords: aerogel; applications; composite; graphene; graphene oxide; inorganic nanoparticle;
natural polymer; reduced graphene oxide; structure; synthetic polymer

1. Introduction
1.1. Graphene-Based Composite Aerogel

Aerogel, a highly porous material with low density and high specific surface area, is
obtained by replacing the liquid in wet gel with gas without significantly changing the
structure and volume of the gel network. Graphene-based composite aerogel (GCA) is
composed of graphene and its derivatives graphene oxide (GO) and reduced GO (rGO)
with other matrix materials. Its functions are mainly derived from graphene and its
derivatives (graphene-based materials), while its structure and volume stability are mainly
determined by other matrix materials [1]. The research results indicate that GCA has
lower density, higher porosity, smaller pore diameter, larger specific surface area, and
more stable morphology compared to general aerogels, but more importantly it has some
unique characteristics, such as higher heat resistance, better electrical conductivity, and
higher absorbability of metal ions [2,3]. Therefore, GCA can be used not only as a thermal
insulation, sound insulation, damping, and adsorptive material, but also as an electrode
material for sensors and energy storage devices [4], which has become a research hotspot
and attracted people’s attention in recent years. Figure 1 shows the structure, properties,
and application of GCA, and Figure 2 displays a structural schematic of graphene-based
materials [5].
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Figure 2. Structural schematic of graphene-based materials: (a) single-layer graphene, (b) multi-layer
graphene, (c) GO, (d) rGO [6].

1.2. Preparation Principle of GCA

The preparation principle of GCA includes three key processes: sol, gel, and drying.
In the sol-gel process, the reactants are uniformly mixed and reacted in the liquid phase to
form clusters of different structures. The sol of graphene-based materials and matrix may be
obtained by chemical vapor deposition (CVD), hydrothermal reaction, chemical reduction,
and vacuum carbonization [7]. Then composite gel is constructed by the self-assembly,
chemical cross-linking, template method and 3D printing. The gel contains a large amount
of water or other solvents, up to more than 90%, with stable volume and no fluidity [8].
Then the solvent is removed from the gel by freeze-drying or supercritical drying to obtain
GCA. The GCA always maintains higher porosity and larger specific surface area and has a
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similar network structure consisting of graphene-based and other matrix materials. Table 1
displays the preparation principle of GCA.

Table 1. Preparation methods and applications of common GCA materials.

GCA P;,?i);:;ilzn Applications Reference

3D printing Energy storage materials [9]

2D nanosheets/GCA Electrospinning Wave-absorbing materials [10]

Self-assembly Electrocatalysts [11]

Self-assembly Wearable piezoresistive sensors [12]

Inorganic Sol-gel method Energy storage material [13]

nanoparticle Sol-gel method Gas sensing materials [14]
materials/GCA

CVD Adsorption materials [15]

Self-assembly Catalytic material [16]

Sol-gel method Pressure response sensor [17]

Synthetic Template method Thermal insulation materials [18]

polymer/GCA Immersion method Porous electrode [19]

Self-assembly Energy storage material [20]

CVD Adsorption materials [21]

Template method Thermal insulation materials [22]

po I?IEZ?;%CA Self-assembly Supercapacitor materials [23]

Sol-gel method Adsorption materials [24]

Chemical Adsorption materials [25]

cross-linking

1.3. Current Research Situation

Figure 3 shows the number of papers published on GCA from 2010 to 2021, indicating
that the research began in 2010 and the number of papers grew exponentially in the last
10 years. According to the literature reports, GCA is usually composed of graphene and its
derivatives and matrix materials. The properties and functions of GCA are mainly deter-
mined by graphene and its derivatives, while the porous structure and stability are mainly
determined by matrix materials. The matrix materials include inorganic nanomaterials,
synthetic polymers and natural polymers. Therefore, the research process on the fabrication
method, material selection, structure construction, performance and application design of
GCA is very complex, and it is necessary to summarize and guide based on these research
results. Currently there is also a lack of targeted summary articles. In this review, we focus
primarily on reviewing the fabrication of GCA with inorganic nanomaterials, synthetic
polymer, and natural polymers along with its structure, performance, and applications.
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Figure 3. Number of papers on GCA in the last 12 years (as of 20 September 2021 by Science
Direct record).

2. Composition of GCA

GCA usually consists of graphene-based materials and inorganic 2D nanosheets
materials, inorganic nanoparticle materials, synthetic polymers, and natural polymers.

2.1. 2D Nanosheets/GCA

Inorganic 2D nanosheet materials can be compounded with graphene-based mate-
rials to prepare aerogels with better properties, including Ti3C,Tx (MXenes), transition
metal sulfide (TMD), metal organic framework (MOF), hexagonal boron nitride (h-BN),
layered double hydroxide (LDH), perovskite and black phosphorus (BP), and other hot
materials [26].

Mxenes is a kind of flexible 2D nanosheet with light weight, high electrical conductivity,
high surface activity, and excellent electrochemical properties. Li et al. [10] prepared
GCA by forming MXenes@GO composites by electrospinning, and the GCA as a wave-
absorbing material had the advantages of light weight and elongated attenuating paths. The
preparation process and mechanism are shown in Figure 4. 2D MoS; nanowires were fixed
on the 2D rGO nanowires by 3D printing technology, which could solve the disadvantage of
low conductivity of MoS; and prepare GCA for sodium ion batteries. [9] The introduction
of 2D nanomaterials in GCA has aroused widespread interest, but reasonable design steps
are needed to achieve superior properties of GCA, including the need to consider the
problem of easy agglomeration in the composite process.

< stirring >
-&é- GO
@ TiC,T, MXene

Figure 4. Assembly mechanism of MXenes@GO composite aerogel [10].
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2.2. Inorganic Nanoparticle Materials/GCA

Inorganic nanoparticles, such as SnOy, SiO,, TiO,, IO, etc. [27], have been widely
used to prepare GCA. Nanoparticle GCA can be prepared by surface modification of in-
organic nanoparticles or as a composite with graphene and hydrothermal assembly [28].
Cheng et al. [13] reported that TiO,/GCA prepared by template-free method had excel-
lent electrochemical properties and could be used as lithium battery anodes and high-
performance energy storage. In addition, the solvothermal method of depositing ZnO
nanoparticles on graphene nanosheets to prepare ZnO/GCA (Figure 5) showed good
thermal conductivity performance, a porous network structure, and high specific surface
area, and had greatly increased contact with gas, and these characteristics make ZnO/GCA
suitable for preparing gas-sensing materials [14]. IO/GCA was prepared by the in situ
growth method in a high-gravity reactor, with good catalytic efficiency for catalyzing
the photo-Fenton reaction [16]. Graphene, combined with the good electronic, optical,
and thermal conductivity of inorganic nanoparticles for preparing aerogels, broadens its
potential applications in batteries, catalysis, sensors, and so on.

ZnCl,+NaAc
- -

Dispersion

Figure 5. Preparation process of ZnO/GCA: (a) Macro-morphology and (b—d) Micro-morphology
by SEM [14].

2.3. Synthetic Polymer/GCA

The weak strength of pure graphene aerogels greatly limits their practical application.
However, this situation can be changed by forming composite GCA with some synthetic
polymers, such as PE, PVA, PDMS, PANI, PAM, PM. Synthetic polymer/GCA has higher
strength, lower density, larger specific surface area, and good strength and electrochemical
properties, and can make sensors, adsorbents, catalysts, and other items [29]. As shown
in Figure 6, Xiang et al. [17] prepared PVA/GCA by using y-oxo-1-pyranobutyric acid
(OPBA) as adhesive to hold the PVA coating and graphene skeleton together. The GCA can
be used as a pressure response sensor due to its compressibility and deformation recovery.
Zhang et al. [18] produced PDMS/GCA aerogel by permeation of PDMS into the interior
of graphene aerogel to obtain aerogel with ultra-high electrical conductivity (1 S-cm™1),
thermal conductivity (0.58 W-m~!-K™1), high hydrophobicity (contact angle 135°), and
excellent strength and thermal stability. An et al. [19] deposited polyaniline (PANI) into
porous graphene microspheres to make conductive spherical PANI/GCA, and the inclusion
of PANI enhanced the graphene network and made the microspheres more resistant to
deformation (Figure 7), which had the characteristics of shrinkage after water loss, recovery
after dissolution, high specific capacitance, and good cycle stability, so they can be used as
porous electrodes for energy conversion.
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Figure 7. Schematic diagram of preparation of PANI/GCA: (a) Freeze-casting to prepare PANI/rGO
aerogels; (b) PANI/rGO aerogel samples; (c) Microstructure of PANI/rGO aerogels; (d) Preparing
rGO aerogels; (e) Recovery of shrunken rGO aerogels in water; (f) Shrinkage degree of GO and
PANI/rGO aerogel by loss of water [19].

In short, the disadvantage of a weak structure in the reapplication of 3D graphene
can be solved by preparing synthetic polymer modified GCA in various shapes, such as
sol-gel, immersion, hydrothermal reaction, or chemical weather deposition. With better
strength, adsorption, and electrical properties, the new synthetic polymer/GCA has great
development prospects. Therefore, in the future, new forms of synthetic polymer/GCA
should be developed by seeking new synthetic polymers and preparation methods for
better performance.

2.4. Natural Polymer/GCA

The natural polymers mainly include cellulose, starch, chitosan, sodium alginate,
carrageenan, and pectin. Aerogels of natural polymers have abundant resource advantages,
good biocompatibility and biodegradability, and can be exploited in medicine, environmen-
tal engineering, and food packaging [30]. The introduction of graphene-based materials
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not only improves the shortcomings of low mechanical strength, poor brittleness, and poor
stability of natural polymeric aerogels, but affects their structure and properties.

2.4.1. Cellulose/GCA

Cellulose is the most abundant natural polymer in nature [31]; it is divided into
cellulose nanocrystal (CNC), [32] cellulose nanofiber (CNF), and bacterial cellulose (BC)
according to the formation conditions and sources [33].

Cellulose/GCA can be prepared by a self-assembly process [34], and the formation
mechanism is shown in Figure 8. Mi et al. [21] obtained cellulose/GCA by bi-directional
freezing and CVD (Figure 8). This composite aerogel presented a porous structure with
ultra-low density (0.0059 mg-cm~2) and high surface area (47.3 m?-g~1), and had good
selective adsorption effect for oil. Using boric acid (BA) as cross-linker of GO and car-
boxymethyl cellulose (CMC), Ge et al. [22] synthesized CMC/GCA by the ice template
method (Figure 9). The results showed that the GO content had a significant influence
on the morphology and strength of the aerogel. When the content of GO reached 5 wt%,
the strength was excellent, and thermal conductivity (0.0417 W-m~1.K~!) was similar to
that of polystyrene foam (0.03-0.04 W-m~1.K~!). There is a good interaction between
cellulose and GCA with the 3D structure, which provides a way to improve the mechanical
properties of aerogels. The self-assembly process, CVD method, and template method can
introduce cellulose into graphene to produce aerogels with better mechanical properties,
thermal insulation, and energy storage.

(a) CNF/GOsolution Growth of ice crystals ~ CNF/GO aerogel MCGA Hydrophobic

coating_ ~ =
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Figure 8. Schematic of hydrogen bond interactions between GCA and cellulose [34]: (a) Bi-directional

freeze-drying preparation of cellulose/GCA; (b) Temperature gradient simulation in the freezing
process; (c) Digital image of solution freezing process of two-way freezing [21].
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Figure 9. Schematic demonstration of CMC/GCA composite aerogel preparation [22].
2.4.2. Starch/GCA

Starch is one of the most common biopolymers and usually divided into amylose
and amylopectin according to the chemical structure. Starch in its natural form can eas-
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ily form a gel without a cross-linking agent [35]. Chen et al. [23] developed a simple
and rapid method for preparing porous starch/GCA. The aerogels can be used as elec-
trode materials to manufacture flexible and gel-type symmetrical supercapacitors with
excellent capacitance performance and high energy density (Figure 10). Starch/GCA was
prepared by chemical reduction and self-assembly of nanocrystalline starch, which has
higher mechanical properties, capacitance performance, and adsorption capacity.

95°C 1h
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| e
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Figure 10. Fabrication and structure of starch/GCA [23]. (a) Starch; (b) Graphene oxide; (c)
Starch/GCA.

2.4.3. Chitosan/GCA

Chitosan (CS) is extracted and processed from the shells of common arthropods [36].
The aerogel prepared by CS can be exploited as an adsorbent for sewage purification, but
its strength is poor. Therefore, it must be modified to increase its strength. Interestingly, the
introduction of graphene-based materials can improve not only the strength and stability
of the CS aerogel, but also the purification efficiency and degree. Using solution mixing
and injection methods, CS/GCA of various shapes can be prepared and applied in many
fields [37], such as CS/GCA microspheres and membranes (Figure 11) [38]. In addition,
both graphene and CS are used as the basic skeleton or filling material of GCA, which
significantly improve the aerogel’s properties. When CS was grafted onto a GO skeleton,
the GCA with more ordered mesoporous and the adsorption capacity was significantly
superior to that of pure CS aerogel [24]. CS/GCA has enough strength and stability and
excellent absorbability for heavy metals, dyes, and organic solvents. Therefore, CS/GCA
will still be a hot spot of research and application in the future.
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Figure 11. Schematic diagram of preparation process of CS/GCA [38]. (a) Chemical structure of
chitosan and graphene oxide as two mixed dissimilar phases; (b) Digital photo of CS-GO acidic-
aqueous solution with increasing GO weight percentage; (c) The as-prepared hybrid films (denoted as
CS-GO) with increasing GO amount; (d) Self-standing chitosan-graphene oxide aerogel microspheres
with increasing amount of GO in the mixture; (e) Blank materials prepared for comparison: chitosan
aqueous acidic solution, chitosan film and chitosan microspheres.
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2.4.4. Sodium Alginate/GCA

Sodium alginate (SA), an anionic polysaccharide with hydroxyl and carboxyl groups,
comes from algae. It is widely used in medical stents, controlled-release drug carriers,
and food thickeners, and also as a flocculant for treating wastewater. SA has different
solubility affected by pH value. When the pH is less than 4, SA is insoluble, and when
the pH is between 6 and 9, SA is a viscous solution. Although it is easy to form film and
gel, SA-polysaccharide aerogel has weak strength and stability. Therefore, many studies
have focused on functional modification and composite hybridization to overcome the
limitations of the aerogel.

SA can be physically blended with graphene and chemically modified to improve its
strength compared to the brittleness and easy collapse of pure SA aerogel (Figure 12) [31].
Shan et al. [25] applied in situ cross-linking to prepare SA/GCA, and the introduction of
GO improved the uniformity of the spherical morphology and the efficiency and capacity
of phosphorus ion adsorption in sewage, and was applied to remove phosphine pollution
in water. In particular, the introduction of graphene can increase electrical conductivity and
broaden the application of SA aerogel to other fields, such as its use as electrode material
for supercapacitors and as a biomass aerogel catalyst with good catalytic activity.

p N P g ,
A N o Ao ( M)
on  On " »
Lo " |L L o+ >

- @fb

24
Ca 7{‘*()7 SA GO

Figure 12. Synthesis route of SA/GO composite aerogel [39].

3. Structure of GCA
3.1. Porous Structure of GCA

GCA has a porous network structure and low density. Pore structure is closely related
to strength, thermal performance, and electrochemical performance. In addition, GCA can
uniformly disperse the graphene nanolayers in the matrix in the form of a single layer or a
few layers to reduce agglomeration. Different pore diameters of aerogels also affect their
density, pore volume, and specific surface area. For example, pore volume is the volume of
pores per unit mass of aerogel and is related to the inner and outer diameter. With the same
inner diameter, the pore volume decreases along with the increase of the outer diameter,
and with the same outer diameter, the larger the inner diameter, the larger the pore volume.
Like specific surface area, pore volume is another important factor affecting the surface
adsorption and loading properties of aerogels. The structural parameters, including specific
surface area, density, and pore size of GCA, are listed in Table 2.
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Table 2. Fabrication methods and morphology of GCA materials.

Composite . Specific . Pore .
Aerogel F;;\t:[ntc; h‘;m Surface Area ( Densu};) Volume Dl(a me)ter Reference
Material etho (m?.g—1) mg-em (cm3-g—1) nm

GNPA Self-assembly / 59.3 / 5 [12]
GO/SiO, Sol-gel method 889 / 3.72 16.75 [40]
VO, /GA @NiS, Sol-gel method 141.1 / / 17.3 [41]
Co-N-GA Self-assembly 485 0.29 0.71 / [11]
PPy@GA Self-assembly 686 7.8 / / [20]
MGGNA Freeze-drying 45.1 2.32 / / [42]
GNR Self-assembly 113.1 9.33 / / [43]
MoS,-RGO 3D printing / / / 100-200 [9]
3D-GMOs CVD 560 22 / / [15]
N-CMS/GA Mixed 450 / / 3.4-36.9 [44]

GNPA, graphene-PVA—co-PE nanofiber-PVA aerogel; Co-N-GA, hierarchically porous Co-N functionalized
graphene aerogel; PPy@GA, poly-pyrrole nanosphere graphene aerogel; MGGNA, capillary-like hydrophobic
GO/GONR-APTES composite aerogel; GNR, graphene nanoribbon aerogel; 3D-GMOs, high-density three-
dimensional GA macroscopic objects; N-CMS/GA, nitrogen-doped carbon microsphere/graphene aerogel.

In terms of the morphology of aerogels, GCA can be roughly divided into two cat-
egories: porous structure and mesoporous core-shell structure. The common porous
structures include honeycomb, microsphere, etc. The local compressibility and elasticity of
aerogel honeycomb structure were well studied by density functional theory (DFT) [45].
The honeycomb structure [46] has the characteristics of ultra-low density, super-elasticity,
good electrical conductivity, and high energy absorption efficiency (Figure 13), which is
related to its inherent mechanical properties and elasticity [47]. By adjusting the method
and process parameters, optimizing a complete honeycomb structure can control the spe-
cific surface area, density, pore size, appearance, and other morphological characteristics of
GCA, and further change its mechanical and thermal properties and electrical conductivity.

Figure 13. SEM images of: (a,b) Graphene aerogel, (c,d) GCA, and (e) Microchannel structures

of GCA [47].

3.2. Mesoporous Core—Shell Structure of GCA

Microspheres with mesoporous and core-shell structure produced by GCA exhibit
greater strength and have wider application. These aerogels can usually be obtained using
the sol-gel, blending, or other method to obtain hydrogels, which are then transformed into
aerogel by freeze-drying or super-zero boundary CO; drying. Liu et al. [48] prepared GCA
with well-shaped microspheres and with internal honeycomb, which could be exploited
as a photocatalyst and adsorbent. As shown in Figure 14, the shape of the honeycomb
and the mesoporous microspheres with an internal radial microchannel structure help in
shortening the diffusion path of pollutants and promoting a rapid adsorption equilibrium in
the treatment of sewage. Therefore, the relationship between the design of the honeycomb

structure and the performance and application of GCA needs further study.
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Figure 14. SEM images of: (a) GCA, (b) GCA1 (50% Ag3POy); (c) GCA3 (75% AgsPOy); (d) Cross-
section of GCA microspheres [48].

Compared with the mesoporous microspheres structure, the core—shell structure is
more complicated. Researchers have adjusted the pore structure of GCA aerogels by
controlling the freezing temperature and direction of ice crystals formed between graphene
layers. In addition, in order to form dense nuclei and sparse filling shells, the freezing
temperature gradient is needed to control the nucleation and growth of ice crystals to obtain
GCA microspheres with core—shell structure (Figure 15). This unique structure achieves
high compressive strength by continuously distributing mechanical loads between core
and shell, resulting in improved mechanical, electrical, and thermodynamic properties.
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Figure 15. Schematic illustration of fabrication of GCA microspheres with core-shell structure [49].

3.3. Methods for Adjusting the Porous Structure of GCA

The pore structure of GCA can be adjusted by controlling the concentration of poly-
mers, inorganic nanomaterials, and graphene nanosheets. The template effects and self-
assembly process of graphene-based materials can be used to change the pore structure of
aerogels and other materials [50]. In addition, the newly developed impregnation method
and 3D printing technology have better effects on regulating the pore structure. Com-
pared with traditional strategies, they greatly broaden the unique functional structure with
controllable structural parameters [51].
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4. Properties of GCA
4.1. Adsorptive Properties

Adsorption properties include physical and chemical adsorption. GCA aerogel’s
abilities are connected with the structural design and performance of the material. In terms
of structural design, 3D GCA usually has a larger specific surface area, higher porosity,
and an interconnected porous structure, which can increase its combination with other
functional materials and promote the diffusion of ions and molecules [52]. In addition,
magnetic inorganic nano-GCA (CozO4, Fe3Oy) is easy to recycle [53]. Introducing different
functional groups, such as amino and phosphate groups, into 3D GCA leads to differ-
ent adsorption mechanisms, such as ion exchange, complexation, chelation, electrostatic
interaction, hydrogen bond, m—m, hydrophobic interaction, etc. [54].

The adsorption of metal ions requires a large number of oxygen-containing func-
tional groups (-OH, -COOH, —-O-) on the GO surface combined with positively charged
heavy metal ions through electrostatic interactions, or surface complexes to form metal
complexes [55]. At the same time, a porous network structure effectively prevents the
accumulation of GO, promotes the free diffusion of heavy metal ions, and broadens the
contact probability of heavy metal ions with an active center. Additionally, 7 interactions
and hydrogen bonds were observed between the edges of graphene [56], which efficiently
bound and adsorbed dye molecules and metal ions (Figure 16) [47].
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Figure 16. Schematic diagram of purification mechanisms of CS/GO aerogels for sewage [47].

Furthermore, after the design and construction of roughness, the introduction of
hydrophobic groups, and the thermal annealing reduction process, GCA was shown
to have hydrophobic and lipophilic adsorption properties, which benefited oil-water
separation [57]. Using the unique 3D porous structure, hydrogen bonds, and 7t-7t interaction
characteristics also adsorbed antibiotics and other drugs. These adsorption characteristics
make it valuable for application in sewage purification.

4.2. Mechanical Properties

The key mechanical properties of GCA include compressive strength and deformation
resistance. However, pure graphene aerogel is too weak for practical use. For this reason,
various cross-linking agents or structural enhancers are introduced to prepare GCA with
high elasticity and mechanical properties [58]. For example, some 2D materials were used
as structural reinforcement materials for GCA, such as MXenes, which helped the aerogel
obtain a super-elastic structure [59]. Organic nanomaterials, synthetic polymers, and
natural polymers are commonly used as mechanical reinforcements for GCA to maximize
its mechanical performance [60].

As shown in Figure 17, cross-linking agents or structural strengthening materials
improved the mechanical stability and the relationship between microstructure anisotropy
and mechanical strength of the transverse (TD) and longitudinal (LD) direction of composite
aerogels; compared with pure graphene, the maximum compressive strength of LD and
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TD was increased by more than 10 times (10-50 kPa) [61]. Therefore, reasonable design of
the preparation process is very important in order to improve the mechanical properties of
composite aerogels without adversely affecting other functional performance.

Compression along longitudinal direction(LD) and transverse direction(TD) of thecylindrical aerogel
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Figure 17. (a) Schematic of sampling instructions for expression test along TD and LD; (b,c) Stress—
strain surveys of all testing samples in LD and TD; (d,e) Loading—unloading stress-strain surveys for
GCA-LD and GCA-TD under different strains [61].

4.3. Thermal Properties

The thermal conductivity of graphene is 5000 W-m~!-K~!, which makes it a suitable
filler for the preparation of composites, with excellent thermal properties [62]. The inherent
characteristics of aerogels, such as light weight and very low thermal conductivity, provide
new ideas for the development of heat insulation materials. However, the distribution of
graphene nanosheets, the density of aerogel, and the pore structure of GCA affect its thermal
properties; for example, uniformly distributed graphene nanosheets can greatly reduce
or eliminate the contact thermal resistance and thus improve the thermal conductivity,
whereas the low bulk density of the aerogel decreases thermal conductivity [63]. Therefore,
in order to design materials with better thermal properties, the advantages of both need
to be taken into account. For example, Wang et al. [64] prepared layered porous and
continuous silk fibroin SF/GCA fibers by wet-spinning and freeze-drying, showed that
the introduction of GO not only improved the mechanical properties, but also significantly
raised the thermal properties under infrared radiation. Compared with pure SF aerogel
fibers, the surface temperature of the SF/GCA was increased by 2.6 °C after infrared
radiation for 30 s. At the same time, layered porous and hollow fiber structures reduced
heat conduction and inhibited thermal radiation, providing good thermal insulation of
SF/GCA fibers (Figure 18).
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Figure 18. Radiative heating properties of SF/GCA fibers [64].

In short, the introduction of graphene-based materials improves the thermal perfor-
mance of aerogel and provides a scheme to overcome the problem of energy consump-
tion [65], which gives it great application potential in thermal insulation materials, flame
retardant materials, and electronic devices.

4.4. Electrochemical Properties

The ultra-high electrical conductivity of graphene is one of its most attractive character-
istics, which can reach 107108 S/cm, and makes it possible to prepare GCA with excellent
electrical performance [66]. However, due to the contact resistance between graphene
nanosheets, the electrical conductivity of GCA usually decreases significantly. There are
two common methods to further increase the electrical properties of graphene aerogels. The
first method is to introduce conductive polymers or doping metal oxides into the aerogel,
and the synergistic effect between components can improve the electrical conductivity
and structural stability of the polymer/GCA. The second method is to uniformly coat
conductive polymer/GA materials on the substrate by spraying or spinning [67], which
will significantly improve the conductivity of the aerogel as a supercapacitor and energy
storage material.

Common metal oxides such as Fe; O3, Co(OH), Co304, MnO,, and MoS; increase the
electrical conductivity of GCA. For example, with the hydrothermal method, GCA was
obtained by doping nano-Fe,Oj3 into graphene aerogel, and its specific capacitance was
81.3 F-g~! at a constant current density of 1 A-g~! and working potential of —0.8-0.8 V.
GCA can also be functionalized by O, N, S, B, etc. [68]. Yun et al. [69] doped N into carbon
quantum dots (CQDs) and then combined them with rGO and different ratios of Fe;Os
to produce GCA by form N-CQDs/rGO/Fe;O3 composite, and the preparation process
is shown in Figure 19. The composite aerogel had excellent electrochemical performance
and ultra-high specific capacity due to its high surface area and porous layered structure,
as well as the synergistic effect of high-capacity Fe,O3 and stable high-conductivity N-
CQD/rGO. The proper doping proportion can further improve electrical conductivity [70].
Yang et al. [71] successfully prepared 3D MXene/rGO composite aerogel by the ice template
method and coating with carboxylated polyurethane (PU). This not only had excellent elec-
trochemical performance, but also good self-healing ability, and the capacitance retention
rate reached 91% in 15,000 cycles, providing a method for use in long-life multi-function
electronic devices. Therefore, the preparation of GCA with excellent electrochemical per-
formance, whether coated with polymer conductive materials or doped with inorganic
nanoparticles or multicomponent composites, mainly depends on the filler ratio, the inher-
ent electrical conductivity of the graphene-based nanosheets and materials used, and the
control of the micro-morphology.
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Figure 19. Schematic demonstration of GCA aerogel synthesis [67].

5. Application of GCA
5.1. Adsorption Removal of Contaminants from Water

Adsorption is a popular sewage treatment because of low cost, simple operation, large
adsorption capacity, and high removal rate [72]. GCA is an ideal adsorbent for sewage
treatment owing to its higher adsorption capacity and easy reuse [73]. Zang et al. found
that more porous CS/GCA had good adsorption and removal effects for Pb?*. When the
GO content in the aerogel was 5 wt%, the adsorption capacity of Pb?* increased from 68.5
to 100 mg-g~!. The adsorption mechanism of common metal ions Pb?>* and Cu?* may
consist of intergroup coordination and complexation (Figure 20) [74].

."’Q \\‘ Complexation

- 2= =

Figure 20. Complexation (red) and communication (blue) interactions of Pb (II) and Cu (II) adsorption
on GCA [74].

The surface properties of the adsorbent and the chemical properties (structure, hy-
drophobicity, polarity) of the aerogels [75] determine the types of pollutants that can be
adsorbed [76]. Preparation of GCA with high hydrophobicity and high specific surface
area provides a feasible solution for the removal of organic oil pollution. Yang et al. [77]
introduced fluoroalkyl-silane into GCA by gas-liquid deposition to obtain superhydropho-
bic graphene aerogels (SGAs) with super hydrophobicity, super lipophilicity, ultra-low
density, large specific surface area, excellent adsorption capacity, and adsorption recycling
(Figure 21), which has great potential in the field of oil-water separation.
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Table 3 lists the studies on the adsorption properties of GCA for heavy metals, organic
compounds, dyes, and other pollutants. In terms of recyclability, most studies have shown
that recovery and desorption efficiency were improved by selecting suitable desorbents
(acids, alkalis, and organic solvents), and the 3D structure of GA had a unique effect in
this regard [78]. This shows that GCA has broad prospects in adsorption treatment of
water pollution.
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Figure 21. Adsorption performance of SGAs for oil. (a) Snapshots showing the SGAs adsorbs
hexadecane (dyed by oil red) floating on the water; (b) Snapshots showing the SGAs adsorbs
chloroform (dyed by oil red) from the bottom of the water; (c) The adsorption capacity of the SGAs
for various kinds of organic solvents and oils; (d) The time-dependent sorption behaviour of various
oily compounds and water by the SGAs [77].

Table 3. Adsorption properties of different GCAs.

. . o Isotherm qm
Adsorbent Contaminants Adsorption Conditions Model (mg-g1) Reference
Ccv . 1714
RGO/ ZIF-67 MO pH3-9, T=298K,t=0-16h Langmuir 46 [79]
Cu?* _ _ . 318.47
MWCNT-PDA P2+ pH2-7, T=298K,t=0-10h Langmuir 35087 [74]
3D-Fe;04/GA As* pH7, T=298K,t=0-16h Langmuir 40.05 [80]
3D-SRGO Cdz* pH2-9, T=298K,t=0-24h Langmuir 234.8 [81]
GA/SiO, ngJr pH2-10,T=296K, t=0-1.5h Langmuir 500.0 [82]
Pb?* 643.62
3D 5-MnO, cd2* pH2-6, T=298K,t=0-3h Langmuir 250.31 [83]
Cu?* 228.46
3D GO/SA MB pH4-9, T=293K,t=0-24h Langmuir 4.25 [84]
PAM/GO Magenta pH26-89,T=303K,t=0-55h Langmuir 1034.3 [85]
GO-AL MB pH3.0,T=303K,t=04h Langmuir 1185.98 [86]
PPGA N-hexane, MO pH3.0,T=303K, t=0-4h Langmuir - [87]
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Table 3. Cont.

Adsorbent Contaminants Adsorption Conditions Isotherm qm71 Reference
Model (mg-g—1)

RGO/REMO RhB, t=0-24h Langmuir 243.4 [88]
phenol, 90

GAS-MS catechol, pH 3.0, T=298K, t=24h Langmuir&Freundlich 66 [28]
resorcinol, 22
hydroquinone 67

CNF/GO Tetracycline pH2-12, T=298K,t=24h Langmuir 454.6 [89]

3DG Methyl bromide pH75 T=298K,t=0-5h Langmuir 685 [90]

RGO/ZIF-67, three-dimensional rGO/zeolitic imidazolate framework-67 aerogel;, MWCNT-PDA,
graphene/polydopamine modified multiwalled carbon nanotube hybrid aerogel; 3D-SRGO, 3D sul-
fonated reduced GO aerogel; 3D 6-MnO,, 3D graphene/delta-MnO, aerogel; GO-AL, GO/alkali lignin
aerogel composite; PPGA, polydopamine and poly-ethylenimine co-functionalized GO aerogel; RGO/REMO,
RGO/rare earth-metal oxide aerogel; GAS-MS, 3D graphene aerogel-mesoporous silica; CNF/GO, cellulose
nanofibril/graphene oxide hybrid aerogel; 3DG, three-dimensional graphene aerogel.

5.2. Application of Sensors and Supercapacitors

The unique porous structure of GCA gives it good flexibility and elasticity, and
it has become the preferred material for piezoelectric resistance sensors. In addition,
GCA has great application potential in the field of energy storage and sensing, including
supercapacitors, lithium batteries, solar cells, and fuel cells, because of its high conductivity,
high electrochemical stability, and good mechanical stability [91].

Pressure sensitivity plays a key role in piezoelectric resistance materials, which de-
termines the sensitivity of resistance materials. Generally, a highly sensitive aerogel can
be obtained by controlling the composition of the GCA. Wei et al. [92] used borate as
a reinforcing material in a 3D graphene aerogel structure to obtain nitrogen and boron
co-modification (NBGC) aerogel with excellent elasticity and compressibility and good
electrochemical properties. This kind of aerogel provided a fast external stress change
current response with specific capacitance up to 336 F-g~!; when the stress increased from
0.05 N to 10 N, the response current varied from 0.44-2.89 mA to 10 N, so it could be
applied in high-performance stress sensors (Figure 22).

The application of GCA in energy storage is shown in Table 4. The introduction of
polymer or inorganic nano-active materials into the aerogel structure improves the elec-
trochemical energy storage of super capacitors [93]. For example, using high-conductivity
Cu/CuyO to modify the rGO network structure, C aerogel with high apparent conductivity
was obtained [94], which was two to three orders of magnitude higher than pure graphene
aerogel (0.1 S/m). Li et al. [88] designed a new type of PPy layer coated sulfur/GCA by
vapor deposition, which was used as the cathode of a lithium-sulfur battery. PPy as a
uniform coating ensures long-time, stable cycle performance of lithium-sulfur batteries,
and it also has excellent electrochemical properties, such as high specific capacity. The
discharge capacity at 0.2 C after 500 cycles reached 1167 mAh-g~! after 500 cycles. In
addition, Table 4 also shows that the electrochemical energy storage and conductivity of
GCA doped with heteroatoms N or B are greatly improved, and the active specific surface
area is increased. The synergistic effect of N and B co-doping promotes the charge transfer
between adjacent carbon atoms, improves the electrochemical performance of carbon-based
materials, and gives them excellent power density and charge-discharge rate, which makes
this a very promising super energy storage capacitor material [95]. This shows that 3D GCA
has great research value with regard to energy storage materials. In the future, designing
GCA with a porous structure and a larger specific surface area, while maintaining a good
conductive path for effective charge transfer, is a problem that researchers will need to pay
attention to.
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Figure 22. Electrochemical and pressure response performance of NBGC aerogel as supercapacitor
and stress sensor. (a) A schematic illustration of assembled NBGC aerogel as a supercapacitor stress
sensor; (b) The response currentetime (Iet) characteristic curves of the NBGC aerogel stress sensor at
different stress (T) of 0.05e10 N; (c) The EIS of the cell under different stress; (d) The stress sensor
cycle stability of device at different stress of 0.05 N, 0.5 N and 2 N, respectively; (e) The relationship
between the response current and the stress. [92].

Table 4. Energy storage performance of different GCA materials.

Specific

Composite . Energy Density . .
Aerogel Materials Ca(};:?;lﬁ?ce (Wh-kg1) Cyclic Behavior Electrolyte Reference
F-Fe,O;@MGA 1119@1 Ag~! 800 98.9% after 2000 cycles 3M KOH [96]
LMP/rGO 4645@0.5Ag_l 11.79 91.2% after 10,000 cycles 6M KOH [97]
PANI/CRGO/Co30, 1247@1 Ag*1 190 92% after 3500 cycles 6M KOH [90]
PPy/CRGO 304@0.5 Ag~! / 58% after 50 cycles 6M KOH [98]
GR-CNT 375@1 Ag*1 / 94.8% after 5000 cycles 6M KOH [99]
CA 467@20 Ag*1 22.75 90.9% after 10,000 cycles 1M KOH [100]
N,S-MGA 4929@2 Ag~! 686.7 98.7% after 5000 cycles 1M KOH [101]
SnO,-GA 541@5 Ag*1 160 97.3% after 10,000 cycles 3M KOH [102]
MnO, /P-RGO 645@1 Ag*1 59.2 94.6% after 10,000 cycles 1M NaySOy4 [103]

F-Fe,O3@MGA, flower-like Fe,O3@ multiple graphene aerogel; LMP/rGO, LiMnPO,/reduced GO aerogel;
PANI/CRGO/Co0304, self-assembled graphene/polyaniline/CozOy ternary hybrid aerogel; PPy /CRGO, conduc-
tive graphene/poly-pyrrole hybrid aerogel; GR-CNT, nitrogen-doped carbon aerogel; CA, nitrogen-doped carbon
aerogel; N,5-MGA, nitrogen and sulfur-functionalized multiple graphene; MnO, /P-RGO, phytic acid modified
manganese dioxide/GCA.

5.3. Application of Heat-Insulation and Flame-Retardant Materials

Aerogels have unparalleled advantages as thermal insulation materials. The reason
is that the ultra-high porosity of aerogel reduces heat conduction, and the pore walls
in the aerogel network can effectively restrain thermal radiation. When the aerogel has
smaller pore size, thermal convection will be reduced [104]. Some polymer aerogels, such
as PVA [105], cellulose [106], and pectin [107] aerogels, are excellent thermal insulation
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materials, but their application is limited because of poor thermal stability and flame
retardancy. Fortunately, carbon nanomaterials such as graphene materials can improve the
physical and thermal properties of polymer aerogels. Because the density, porosity, and
complex skeleton structure have an influence on the porous thermal insulation materials,
composite aerogel with low density, low thermal conductivity, and high strength prepared
by quartz fiber and nitrogen-doped graphene has great application potential in aviation for
thermal insulation.

In terms of flame-retardant materials, highly thermal stable graphene aerogel with
large porosity eliminates heat rapidly during combustion [108]. Hence, taking advantage
of the flame retardancy of graphene aerogel and the low thermal conductivity of com-
posite, aerogels prepared with phenolic resin have ultra-low thermal conductivity, high
thermal stability, and good flame retardancy [109]. Ceramic fillers with Al,O3 ceramic and
graphene have been designed with a layered honeycomb microstructure, showing a cou-
pling strengthening effect between the graphene skeleton and the Al,O3 ceramic nanolayer.
The composite aerogel not only has ultra-light density, reversible compressibility, and high
electrical conductivity, but also great application prospects in flame retardancy, thermal
insulation, and so on [110].

5.4. Biomedical Applications

In the biomedical field, some degrees of biocompatibility, biodegradability and an-
tibacterial properties of graphene-based materials are beneficial [111]. The toxicity of
graphene-based materials is related to many aspects such as content, size, surface chem-
istry, cell lines, morphologies, administration route, etc., and this is also applicable to
similar GCA studies [112]. For example, in the study of GCA used in in situ bone regener-
ation, the content of nano graphene-based materials can affect the biocompatibility and
biodegradability of GCA, and the content of GO is 0.10% aerogel is more conducive to cell
increment [113]. Nanoscale small-sized GO has a lower level of cytotoxicity so that it can be
used as a drug delivery carrier; the graphene aerogel nanoparticles (GANPs) were prepared
as drug delivery carriers with high pH sensitivity, and released after 5 days in vivo, and
are expected to be used in nanomedicine in the future [114]. The toxicity of graphene-based
materials is different in vivo and in vitro, which is affected by their physical and chem-
ical properties, such as functional groups, charges, sizes, stiffness, hydrophobicity and
structural defects [112]. Luo et al. synthesized three-dimensional multi-functional GCA
materials using tannic acid as raw material, which showed high porosity, low density, good
hydrophobicity, good mechanical properties, high thermal stability, strong antibacterial
properties, and sterilization rates of 58.12 and 99.99% for Escherichia coli and Staphylococci,
respectively [115]. Therefore, a large number of studies in the biomedical field have fo-
cused on its safety and reducing its cytotoxicity, such as through the introduction of some
biocompatible materials such as chitosan, collagen, gelatin, serum albumin and so on [116].
In addition, graphene-based nanosheets are used as structural reinforcement materials
to prevent cells from collapsing during growth, thus stabilizing the three-dimensional
structure, which is more obvious in the case of good dispersion of nanoparticles and good
affinity of polymer fillers. For example, a thin biocompatible coating can be formed on the
surface of three-dimensional graphene, which can be used as a high-strength biocompatible
scaffold material for nervous system regeneration and musculoskeletal tissue engineering.
This presented good tissue integrity renewal ability and inhibition of lesion expansion after
spinal cord injury [117].

Furthermore, these materials could also be applied as biosensors to provide a wealth
of information for early diagnosis of diseases and prevention of their evolution [118]. Com-
posite material modified with 3D GCA and nano-CuO, with high sensitivity, was exploited
as a biosensor for the detection of ascorbic acid [119]. Graphene aerogel was shown to
detect dopamine with high sensitivity (619.6 pA- uM~1.cm~2), which was attributed to the
highly conductive 3D multichannel, high charge transfer rate, and efficient transport guar-
anteed by the close interaction between dopamine and graphene [120]. The multifunctional
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silica/ GCA material can be used as a biosensor for the detection of insulin (INS) with high
selectivity and sensitivity [121]. The extensive research on GCA in the biomedical field is
focused on its convenience as a drug carrier, antibacterial, biological scaffold, sensor, and so
on. Designing GCA material with flexible biological and intelligent properties in the future
will broaden its application in the biomedical field. Research on GCA in biomedicine has
great potential, and is worth promoting further.

6. Conclusions and Outlook

This paper reviews the material composition, preparation methods, structural char-
acteristics, properties, and applications of GCA. Here we focus on several types of GCA,
including graphene-based /2D nanomaterial (MXenes) aerogel for sensors and superca-
pacitors, graphene-based /inorganic nanomaterial (5i0,, SnO;, SnO,, TiO;) aerogel and
heat-insulating flame-retardant materials, and graphene-based/synthetic polymer aerogel
and graphene-/natural sugar-based polymer aerogel used as adsorbents to remove metal
ions and dye contaminants in water.

In addition, this paper also describes the influence of differences in the morphological
structure (specific surface area, density, pore size, etc.) of GCA on its mechanical, ther-
mal, and electrochemical properties. At the same time, the commonly used methods for
preparing GCA are briefly described, including template method, self-assembly, chemical
vapor deposition, 3D printing, and performance improvement strategies (doping, coating,
cross-linking). GCA not only makes up for the deficiencies in the mechanical properties
of graphene aerogel, but also retains excellent electrical conductivity, good mechanical
flexibility, low thermal expansion coefficient, and other physical properties. It meets the
special requirements for material properties in new fields, such as environmental purifi-
cation, sensing, energy storage, biomedicine, heat insulation, and fire protection, and has
become a hot spot in the field of graphene research in recent years. However, at present,
the preparation method of graphene aerogel is relatively cumbersome, and it is necessary
to find a quick preparation method to realize large-scale industrial production, although
the chemical exfoliation method described in previous studies can be used to easily prepare
graphene and its derivatives on a large scale. This still needs to be optimized to control
the structure and size of materials. In terms of well-designed GCA, it is necessary to
further explore the relationship between its properties and microstructure and optimize
the preparation process parameters. For example, in the previous introduction, the pore
structure of the aerogel was adjusted by controlling the formation of ice crystals between
graphene sheets, but it is difficult to obtain uniform pore structure due to the existence of a
temperature gradient, so it is still a difficult problem to skillfully control the morphology
and size distribution of the product. In addition, most of the research has remained in
the laboratory stage. Researchers should combine studies with production demand and
broaden the scope of application.

In summary, the future research direction of GCA will move toward the design
and preparation of new graphene derivatives and their composite materials, with multi-
dimensionality and better performance. Compared with GCA, it is difficult to use other
materials in so many areas, especially energy storage, sensing, and adsorption, which are
based on the characteristics of graphene-based and aerogel materials. With the continuous
advancement of science and technology, GCA that is more environmentally friendly and
has excellent application performance and better structural properties will be prepared in
the future, which is both an opportunity and a challenge.
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Abstract: The detection of toxic gases has long been a priority in industrial manufacturing, envi-
ronmental monitoring, medical diagnosis, and national defense. The importance of gas sensing is
not only of high benefit to such industries but also to the daily lives of people. Graphene-based gas
sensors have elicited a lot of interest recently, due to the excellent physical properties of graphene
and its derivatives, such as graphene oxide (GO) and reduced graphene oxide (rGO). Graphene oxide
and rGO have been shown to offer large surface areas that extend their active sites for adsorbing
gas molecules, thereby improving the sensitivity of the sensor. There are several literature reports
on the promising functionalization of GO and rGO surfaces with metal oxide, for enhanced perfor-
mance with regard to selectivity and sensitivity in gas sensing. These synthetic and functionalization
methods provide the ideal combination/s required for enhanced gas sensors. In this review, the
functionalization of graphene, synthesis of heterostructured nanohybrids, and the assessment of their
collaborative performance towards gas-sensing applications are discussed.

Keywords: graphene; graphene oxide; reduced graphene oxide; surface functionalization; gas sensor;
metal oxide nanocomposites; gas sensing mechanism

1. Introduction

The globe has been faced with a burden of diseases linked to air pollution exposure
which has had a massive toll on human health. The effects caused by exposure to air
pollution have been estimated to cause millions of deaths and yearly losses of a healthy
lifestyle. This burden has been reported to be on a par with other major global health
risks, namely, unhealthy diets and tobacco smoking. Air pollutants are attributable as the
single main environmental threat to the human health [1]. Air pollutants may be either
released into the atmosphere, which may then be referred to as primary air pollutants,
or formed within the atmosphere as secondary air pollutants. Primary air pollutants are
composed of sulfur dioxide (SO;), oxides of nitrogen, carbon monoxide (CO), volatile
organic compounds (VOCs), and carbonaceous and non-carbonaceous primary particles.
Secondary air pollutants are formed from chemical reactions of primary air pollutants,
which may often involve natural environmental components such as oxygen and water.
These include ozone (O3), oxides of nitrogen, and secondary particulate matter (PM) [2].

Air pollution exposure is said to be largely determined by the concentration of air
pollutants disposed in the environment to which people are exposed and the amount of
time spent in that environment [2]. The World Health Organization (WHO) has, since
1987, periodically issued air quality guidelines (AQGs) based on health to better assist
governments and civil society to reduce exposure to air pollution and its adverse effects.
In 2005, WHO published AQGs for PM, Oz, NO,, and SO, [1]. Carbon monoxide was
assessed in 2000 and later, in 2010, as an indoor pollutant [3]. Table 1 shows the WHO
AQGs set for health protection based on air pollutant concentrations and average times
for short-term and long-term exposures. These were later updated, and the latest data
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showed that PM;jy had a 15 ug/ m> annual mean and a 45 ug/ m?> 24-h mean; PM, s,
a 5 pg/m3 annual mean and 15 pg/m? 24-h mean; O3, a 100 pg/m3 8-h daily maximum
and 60 ug/ m?3 8-h mean on a six-month basis; NO,,a10 ug/ m? annual mean and 25 ng/ m3
24-h mean; SOy, a 40 pg/ m?3 24-h mean [3].

Table 1. Summary of short-term and long-term exposures to air pollutants shown by their mean
concentrations and average exposures times following standards reported by WHO AQGs. Adapted
from ref. [4].

Short-Term Exposure Long-Term Exposure
Air Pollutant
Mean Concentration Average Time Mean Concentration Average Time
O3 100 pg/m3 8h - -
NO, 200 pg/ m?3 1h 40 ug/ m3 1 year
60 mg/m3 30 min
Cco 100 mg/m?3 15 min 30 mg/m3 1h
10 mg/ m? 8h
SO, 500 pg/ m> 10 min 20 pg/ m3 24 h
PM;g 50 pug/m?3 24h 20 pg/m?3 1 year
PMj; 5 25 ug/ m3 24 h 10 pug/ m3 1 year

The generation of toxic gases including nitrogen oxides (NOx), sulfur oxides (5Ox),
ammonia (NHj3), and CO has been stated as a major hazard to environmental security
and individual health protection [5]. The detection of NO, has generated substantial
attention as it is not only harmful for the respiratory system but also causes acid rain
formation [6]. Hydrogen sulfide (H;S), which is also a toxic gas produced from the process
of oil and natural gas production, is highly dangerous for the human body with reported
health effects following exposure including death and respiratory, ocular, neurological,
cardiovascular, metabolic, and reproductive effects [7]. Ammonia (NHj3) is an irritant and
corrosive gas, to the extent such that its low concentrations in air or liquid can lead to
severe irritations and coughing in the case of skin or eye contact [6]. Carbon monoxide (CO)
is also highly toxic to humans, amongst various gases, as it is an odorless, colorless, and
tasteless gas which appears to be slightly denser than air, therefore making it difficult to
recognize in a normal way [8]. Therefore, the detection of toxic gases and harmful chemical
vapors within a limited time is of the utmost importance.

The importance of gas sensors has long been apparent in different aspects of certain
fields since the first invention by Davy in 1815 [9,10] and a commercial catalytic combustion
gas detector by Johnson in 1926 [11], for which first substantial studies began in the early
1970s and later rapidly expanded since 2002. Hence, simple, and accurate detection of
toxic gas has become vital in our everyday lives, not only to industries but to all people [7].
Techniques such as optical, acoustic and gas chromatography, chemiluminescence ion chro-
matography, and spectrophotometry have been utilized for the detection toxic gases [12,13].
However, the methods mentioned are not cost-effective, complex, and are not suitable for
implementation for widespread, continuous monitoring in ambient conditions. As a result,
electrochemical sensing is the most widely used method for detecting dangerous gases.
Electrochemical detection has several advantages over other approaches, including strong
selectivity and repeatability, ppm level detection with high precision, low energy linear
output with high resolution, and lower cost. In recent years, electrochemical sensors made
of diverse functional materials have been the focus of harmful gas detection research [7].

Principles of Graphene-Based Gas Sensors

Graphene is described as a flat one-atom thick monolayer of sp?-hybridized carbon
atoms that are tightly stacked into a two-dimensional honeycomb lattice [14]. Its semimetal
nature allows charge carriers to behave like Dirac fermions which results in extraordinary
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effects such as improved intrinsic mobility of up to ~200,000 cm?-V~1.s~1, with unique
properties such as a higher thermal conductivity of ~5000 W-m~!-k~!, high mechanical
stiffness of ~1060 GPa, an excellent optical transmittance of ~97.7%, and a large specific
surface area of 2630 m?-g~! [15]. Graphene is a basic building block for graphitic materials
of all other dimensionalities [16].

Graphene oxide (GO) is an oxide form of graphene that is covered by a high density
of oxygen functional groups such as hydroxyl, epoxy, and carboxyl on its basal plane and
carboxyl on its edges, making it easy to suspend in water and other polar media [15].
Its carbon atoms are partially sp>-hybridized and they can move above or below the
graphene plane [17]. The ability of GO conduction depends on the degree of oxidation in
the compound and the synthetic route proposed. Graphene-like sheets are produced by
reduction of GO in which the oxygen functional groups are removed whilst recovering the
rt-conjugated network, which is the most fascinating property of GO [18].

A material related to GO is reduced graphene oxide (rGO), which possesses sheets
that are regarded as chemically derived graphene [18]. Measurements of elemental analysis
(atomic C/O ratio, ~10) for rGO performed by combustion reveal that a significant amount
of oxygen exists in the structure, which indicates that rGO is not the same as pristine
graphene (Park and Ruoff, 2009). Additionally, its conductance decreases by a magnitude
of three orders when cooled to lower temperatures, which makes it exhibit non-metallic
behavior whilst it is nearly metallic [19].

Graphene has emerged as a possible contender for sensing applications, among other
things. Experimental and theoretical research has reported on the demonstrated monolayer
graphene as a promising candidate to detect a variety of molecules, including gases, due
to its appealing advantages [20]. Graphene oxide is a popular precursor of graphene
because of its high water solubility, ease of functionalization, and simple processing [21].
In an as-oxidized state, GO has poor conductivity [22] as it is rendered too electrically
insulating as a conductance-based sensor due to the disruption of the 7r-conjugated system
by oxygen moieties [20,23]. Chemical reduction partially restores the conductivity by the
removal of oxygen which then recovers the aromatic carbon double bonds. Yet, this still
does not repair to pure graphene, as some oxygen groups remain in the network [24]. The
rGO has intermediate conductivity and defect sites which make it attractive for sensor
application [24].

Functional materials have been reported to be used in chemiresistive gas sensors.
Volanti et al. [25] report on the development of CuO-based nanostructured chemiresistive
gas sensors with different morphologies, which were exposed to oxidizing and reducing
gases in the same test chamber over a range of temperatures and gas concentrations
that were measured simultaneously [25]. However, chemiresistive gas sensors have been
reported to have drawbacks such as a lack of selectivity, flexibility, high power consumption,
safety risks, and a high operating temperature [26]. Nanostructured materials, such as
conductive polymers (CPs), have been studied extensively around the world because
they have unique and intriguing properties such as ease of synthesis, structural diversity,
environmental stability, low cost, flexibility, and a sensitive response to chemical molecules
at room temperature [27]. Conducting polymers possess a strong potential for producing
enhanced sensor performance in comparison to their bulky opposite [28]. However, they
lack stability at the nanoscale attributed to the nature of covalent bonds, also resulting in
an unstable nanostructure [26]. Due to this factor, progress in the synthesis of CPs has
been reported to be relatively slow with limited research when compared to inorganic
nanomaterials [29].

Metal oxides have been used as a sensing material in low-cost sensors. Due to their
good sensing capability, fast response, and recovery, gas sensing devices based on metal
oxide sensors have been thoroughly investigated. These sensors do, however, have an
operational limitation due to their failure to work at temperatures much higher than
room temperature. Complex circuitry and high power consumption are required for
operation or optimal response at higher temperatures [6]. There are some methods that
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have been successfully employed to enhance the selectivity of metal oxide sensors such as
the optimization of temperature, bulk/surface doping, and the use of molecular filters [30].
The exceptional properties of graphene, GO, and rGO pose them as highly useful materials
for various applications by the functionalization/doping of surfaces in a variety of ways
and hence are widely investigated by researchers [18,22]. In this work, the synthesis
and fabrication of GO/rGO/nanoscale metal oxide nanocomposites and assessing their
performance for gas/vapor-sensing applications are reviewed.

2. Synthesis of Graphene-Based Inorganic Nanostructured Composites

Graphene has been synthesized using various methods as shown in Figure 1. These
include mechanical exfoliation [31], chemical exfoliation [32], epitaxial growth on silicon
carbide (5iC) [33,34], and chemical vapor deposition (CVD) [35]. Mechanical exfoliation is
described as a simple peeling process involving a commercially available highly oriented
pyrolytic graphite (HOPG) sheet that is dry etched in oxygen. It may produce graphene
with exceptional properties, but it is limited by its low production which may not be
sufficient for specific applications [31]. Chemical oxidation of graphite and its subsequent
exfoliation lead to a greater amount of graphite monolayer, and the chemical treatment
inevitably results in structural defects. The graphene can be used in industrial applications
such as paint additives or composites [32,36].

Graphene
synthesis
methods
i
Top down Bottom up
Mechanical Chemical Chemical : Epitaxial Other
exfoliation exfoliation synthesis pyrolysis growth CVD methods
L] Adhesive =4 Sonication =4 Thermal
tape
Reduced
=1 AFMtips ={ graphene ={ plasma
oxide

Figure 1. Summary of the graphene synthesis methods [14].

In thermal decomposition of SiC, the compound is heated under an ultrahigh vacuum
(UHV) and the Si atoms sublimate from the substrate. The formed few-layer graphene
(FLG) typically needs a short period of time to anneal at a temperature of 1200 °C. The
graphene layers can be grown directly on a semiconducting substrate, but production is
still not producible [37]. In CVD, gas species are placed in a reactor and passed through
the hot zone in which hydrocarbon precursors are decomposed into carbon radicals at
the surface of a metal substrate, and, thereafter, a single-layer and few-layer graphene are
formed [35]. The method produces a large area and high-quality graphene, and it is also
inexpensive [38]. Chemically derived graphene is achieved by synthesis of GO and its
subsequent reduction into rGO [16]. In a typical procedure, graphite undergoes chemical
oxidation into GO using a modified Hummers’ method. The abundance of functional
groups in GO results in hydrophilic behavior which is strongly dependent on the level
of oxidation [39]. Reduction of GO follows thereafter to form rGO via several methods
such as thermal or chemical reduction and electrochemical reduction which produce mass
production of rGO [18]. Summary of the synthesis of graphene with different routes is
shown in Figure 2.
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Figure 2. Schematic of graphene hybrid nanocomposites’ fabrication into chemical sensors [39].

Graphene-semiconductor nanocomposites could open new possibilities for graphene-
based catalytic and photocatalytic reactions [40]. To improve the properties of graphene-
based composites, metal nanoparticles, metal oxides, and other inorganic compounds
have been made into a structure with graphene [41]. Metals such as Au [41], Ag [42],
Ni [43], Cu [44], Ru [41], Rh [45], and Co [46,47], along with metal oxides such as TiO; [48],
ZnO [49], MnO, [50], Co304 [51], NiO [52], and Fe304 [53], and metal organic framework
ZIF-8 [54] were among the materials used. There have also been graphene/MoS, and
graphene/silica nanocomposites created both of which have fascinating electrical charac-
teristics [55]. Coulombic charge transfer between noble metal NPs and graphene has been
demonstrated during their interaction [56,57]. Through excited-state electron transport,
graphene oxide interacts with NPs of semiconducting oxides [58,59]. Figure 2 shows a
graphical representation of the creation of chemical sensors using graphene derivatives
and metal NPs/metal oxides.

Inorganic nanostructures have been used to make graphene-based composites [42,49,51,60],
and graphene has been employed as a novel and promising platform for the synthesis of
graphene-based noble metal nanostructures [60,61]. Huge efforts have been undertaken in
recent decades to create inorganic nanostructures with regulated shapes, size, crystallinity,
and functionality [62,63]. Belts, tubes, rods, wires, particles, and polyhedrons are examples
of inorganic components with a variety of morphologies [64]. By combining graphene and
its derivatives with various types of functional materials in composites, it is possible to har-
ness their desirable qualities [20,65-69]. The production of unique noble metal nanocrystals
and their prospective applications in varied domains such as catalysis, electronics, sensing,
and medicine have made significant development [70-75]. A novel class of material sys-
tem for constructing unconventional inorganic electrical and optoelectronic devices is the
hybrid heterostructure, which is made up of inorganic nanostructures grown directly atop
graphene layers [15,76,77].

The high carrier mobility, radiative recombination rate, and long-term stability of inor-
ganic semiconductor nanostructures enable the creation of high-performance optoelectronic
and electrical devices [78-80]. Graphene-inorganic hybrid materials have been created in
the last few years by inserting inorganic nanostructures between graphene sheets using
the driving force of chemisorption interaction [81,82]. The methods for the synthesis of
graphene-based inorganic hybrid materials can be divided into two categories: (i) graphene
(oxides) assembly with generated inorganic nanostructures and (ii) graphene and inorganic
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nanostructure synthesis and assembly in one pot. The first method involves preparing
inorganic nanostructures before mixing them with graphene or GO dispersion. The second
technique, on the other hand, involves obtaining graphene and inorganic species in situ
and then assembling them in a single-pot synthesis [83].

Alfano et al. [84] developed a sensitive material in which graphene was created by
exfoliating graphite in its liquid phase, and then followed by microwave functionalization
with ZnO. In comparison to equivalent devices made of bare graphene, chemiresistor
devices made of hybrid materials showed that adding ZnO NPs to the graphene matrix
can increase the sensing platform by increasing the sensing response and enhancing the
selectivity. Wu et al. [85] created an inkjet-printed graphene-MOx-based sensor system that
can be integrated onto tiny CMOS-compatible platforms to measure NHj3 selectively and
accurately. Inkjet printing was employed to deposit ZnO-graphene functional inks directly
onto the interdigitated Au electrodes (IDEs) on the SisN4 membrane substrate (5 m finger
width and gap; 250 m diameter) of the CMOS HP during the sensor fabrication process. The
process described allowed for the automated manufacture of many devices at the same time.
Kim et al. [86] developed a method for producing graphene/SnO, nanocomposites via
explosive microwave synthesis for use in gas sensors. The fabrication technique was able
to achieve rapid and large-scale production thanks to the fast surface chemical reactions
enabled by microwave-generated plasmas, which could lead to the commercialization
of semiconductor-type gas sensors by lowering production costs and improving sensing
capabilities.

In comparison with graphene, GO presents advantages such as a low production cost,
large-scale production, and easy processing [17,87]. A variety of materials have been cre-
ated on GO or rGO nanosheets including inorganic nanostructures, organic crystals, polymers,
metal organic frameworks (MOFs), biomaterials, and carbon nanotubes (CNTs) [60,61,88-95].
Kavinkumar and Manivannan [96] used chemical reduction with vitamin C in GO suspen-
sion to make AgNPs—GO composites with various AgNOj3 concentrations. Following that,
an AgNPs—GO-coated fiber optic gas sensor for NHz detection was created. The composites
were proven to have superior sensitivity and sensing performances to rGO. Jiang et al. [97]
conducted a study in which nanoparticles and GO of SnO,/NiO were produced. The
GO/Sn0O; /NiO materials were created using a hydrothermal growth composition in a
neutral environment. A gas sensitivity test system was used to determine the composite’s
sensitivity, ideal working temperature, and selectivity.

Graphene oxide is typically used as a precursor in the preparation of rGO (Yu et al., 2020;
Dreyer et al., 2010). Li et al. [98] used a one-pot solution approach at room temperature
to successfully manufacture CuO/rGO nanohybrids, in which the reduction of GO and
the synthesis of CuO occurred simultaneously. The sheet-like CuO produced was found
to be consistently mixed with rGO nanosheets [98]. Gu et al. [99] stated that they have
effectively manufactured n-type InyO3-rGO nanocomposites using a simple hydrothermal
technique, with great selectivity, high response, and a quick response/recovery time.
The experimental results showed that the In,O3-rGO nanocomposite-based gas sensor
had a good chance of being a good candidate for NO, monitoring in the environment.
Karthik et al. [100] used a spray pyrolysis technique combined with an annealing process to
make rGO/TiO; thin films. The entire sensing nature of the rGO/TiO, sensor was allegedly
owing to the design component of rGO, which reduced TiO; nanoparticle accumulation
and advanced porosity and conductivity.

Zhang et al. [101] developed an rGO/SnO; / Au sensor in which rGO/SnO, nanocom-
posites were decorated with Au nanoparticles at high concentrations of a GO precursor,
which was obtained by adding HAuCly and SnCl, to the reaction system. Following that,
hybrid nanomaterials were used as gas sensors, and they performed well. Wang et al. [102]
successfully manufactured a gas sensor based on AgNPs-SnO,-rGO hybrids synthesized
using the hydrothermal synthesis approach. When compared to SnO,—rGO hybrids, the
gas-sensing results showed that adding AgNPs to the SnO,-rGO hybrids considerably im-
proved the gas-sensing capability at room temperature. Ifterkhar Uddin et al. [103] used a
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simple chemical approach to construct a gas sensor based on a Ag-loaded ZnO-rGO hybrid
to improve gas-sensing performance at low working temperatures. The as-synthesized
sensing material was characterized and found to have a homogeneously dispersed and
tightly adhered Ag—ZnO mixer on the surface of the reduced graphene oxide. The gas
sensor performed best at 150 °C, with three wt% Ag-loaded ZnO-Gr exhibiting improved
sensing properties as compared to individual equivalents.

3. Surface Functionalization of Graphene/GO/rGO with Metal Oxide Nanocomposites
towards Gas Sensing

In general, different gases possess molecules with electron-withdrawing or -donating
abilities that can adsorb onto the surface of graphene and thereby alter its conductivity.
The sensing platform of this nature has intrinsically high sensitivity. This can be attributed
to the conical band structure of graphene that ensures significant conductivity changes.
Nonetheless, selectivity is an issue for a sensitive chemiresistor where many gases can result
in large sensing responses. Therefore, functionalization of graphene surfaces has been
proposed as a solution to this issue [104]. Chemical functionalization is a powerful tool
for modifying structure and specific characteristics of graphene. This can be done via non-
covalent as well as covalent routes according to the operation between the ligands and the
sp2 carbonaceous lattice [105]. In the former, the extended 7-electron delocalization of the
graphene sheet remains intact, whereas the latter takes place via the formation of covalent
bonds between the graphene and different organic (inorganic) functional groups [105].
Combining graphene with newly added groups in the form of covalent bonds to improve
and increase its performance is known as covalent bond functionalization [17,106-108].
By interacting of hydrogen bonds and the electrostatic forces between graphene and
functional molecules, non-covalent bond functionalization of graphene or graphene oxide
results in the formation of a composite material with a specific function, the greatest
advantage of which is maintaining the bulk structure and excellent properties of graphene
or graphene oxide, as well as improving the dispersibility and stability of graphene or
graphene oxide [109,110].

Graphene on its own does not exhibit good sensing properties; however, derivatives
have shown exceptional sensing ability due to better optical, mechanical, electrical, and
chemical properties [99,111,112]. To combine different elements into graphene, element
doping modification typically uses annealing heat treatment, ion bombardment, arc dis-
charge, and other methods, resulting in the substitution of defects and vacancy defects in
graphene while maintaining the intrinsic two-dimensional structure of graphene [113-115].
Generally, when the electrical conductivity and large surface of graphene are required,
non-covalent modification methods are typically preferred. Likewise, when the stability
and the strong mechanical properties of modified graphene are expected, covalent methods
are ideal. Graphene sheets can be uniformly disseminated in aqueous and/or organic
(inorganic) fluids by selectively adding functions to their surfaces [108,110,113,116,117].
Graphene oxide lacks chemical reactivity, which can be attributed to its homogeneity and
highly delocalized electronic structure. In typical occurrence, chemical reactions are traced
at locations that exhibit weak or labile bonds, highly localized orbitals, dangling bonds, or
localized charges [117]. All these cannot be found in graphene, whilst in its honeycomb
lattice structure, each sp? atom of carbon is characterized by a 3-fold symmetric electronic
hybridization where the p-orbitals extend out of the atomic plane [118]. In this manner, a
self-passivating and highly delocalized network is formed [113]. Disruption of this chemi-
cal structure is not only thermodynamically unfavorable, it also requires the formation of
high-energy radicals on adjacent carbons which are difficult to support [117].

The oxides which are functionalized with various oxygen groups produce GO and
rGO, which provide more adsorption sites for gases and so improve the sensitivity of the
film. The presence of oxygen groups in GO renders it an insulating material [119] and
since it is difficult to control the content of these groups during oxidation, GO is not an
appropriate gas-sensing material. Hence, GO is reduced into rGO [120], and the generation
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of some oxygen functional groups that remain following reduction, coupled with some
defects and vacancies, prove beneficial for gas adsorption [121]. These lead to electron
transfer from rGO to the oxygen functional groups located at the surface of rGO. The
holes are the main charge carriers and thus make rGO act as a p-type semiconductor [122].
Graphene or its derivatives provides faster carrier transport through barrier by opening of
the sizable energy gap due to quantum confinement [123]. In this way, they can be exploited
as catalytic active centers for covalent/non-covalent modification design, depending on
the needs of particular application domains [17,32]. Furthermore, the presence of oxygen-
containing groups broadens the graphene oxide interlayer gap. Small molecules or polymer
intercalations can be used to functionalize it [124]. As a result, increasing the applications of
graphene and graphene oxide requires functional modification [17]. Kumar and Kaur [125]
described how thermal annealing reduced the electrical gas sensing of graphene oxide. The
number of graphitic domains, as well as the specific surface area and pore volume, were
found to increase the sample’s gas-sensing ability when exposed to SO,.

Chemical functionalization of graphene using synthetic chemistry methods allows
for the creation of p- and n-doped graphene by selecting electron-donating or electron-
withdrawing complexes that are covalently bound to the graphene carbon network. The
doping concentration could often control the electrical characteristics [126]. The bandgap
would open at the Fermi level of graphene as a result of successful doping, and graphene’s
‘metallic” character would be transformed to a ‘semiconductor” one [106,127-129]. For
n-type (p-type) doping, electrons must be released into (or extracted from) the graphene
layer, which is commonly accomplished by adsorbing atoms and/or molecules on its
surface, i.e., surface transfer doping [126,128,130-132]. P-type doping for graphene is a lot
more difficult [133]. For strong dimer bonds, many elements with a high electronegativity,
such as nitrogen, oxygen, or fluorine, are used. On the graphene surface, they are unlikely
to form a stable layer.

To generate p-type doping in graphene, several chemicals such as NO,, H,O, NHj3, or
charge transfer complexes have been utilized. However, NO,, HO, and NHj are highly
reactive compounds that should not be used in electronic materials [128,133-136]. The
heavier elements, which are less reactive than oxygen or fluorine, offer feasible options.
Bismuth and antimony, while having a lower electron affinity than atomic carbon, are
able to pull electrons from the graphene sheet, which is not immediately apparent. The
functionalization of graphene and graphene oxide is achieved by altering their intrinsic
structure further [137]. The correct functionalization of graphene and graphene oxide prevents
agglomeration and protects their inherent properties during the reduction process. The
functional modification of graphene and graphene oxide preserves their remarkable properties
while also introducing additional functional groups to offer them new properties [128].

Hybridization with metal oxide nanostructures improves graphene-based sensors
even more [123] by offering a higher surface-to-volume ratio with good adsorption of
gas molecules on the sensor surface at numerous active sites [6,138]. This causes vari-
ations in the carrier concentration of graphene-based metal oxide composite film and,
thus, the resistance of the film. The change in resistivity allows sensors to identify the
target gas as an electron donor or acceptor [99,103,111,112]. Furthermore, graphene’s
properties prevent metal oxide agglomeration, whilst in turn the metal oxides prevent
graphene fossilization [6]. There have been several reports on the functionalization of
graphene for gas-sensing applications throughout literature [139]. Graphene-based gas
sensors can overcome the limitations on which traditional sensors fall short, such as
sensitivity and selectivity coupled with power consumption, temperature-dependency
that is significantly large, and safety issues [140]. Wicaksono et al. [141] exhibited the
gas-sensing characteristics of graphene-TiO, / TiSiO-coated fabrics towards various gases.
Martinez-Orozco et al. [142] presented a study on the preparation of a hydrogen-gas sensor,
synthesized by the microwave method, based on Pd nanoparticles which were dispersed
and anchored on graphene layers. The methodology utilized allows for the synthesis of
functional Pd-graphene nanostructures.

84



Materials 2022, 15, 1326

A wet chemical route through Hummers’ method for the synthesis of functionalized
rGO was achieved by Panda et al. [8], for which the sensing properties (~71% sensitivity
against 30 ppm CO) were used to detect low-concentration CO at room temperature and
atmospheric pressure under ambient humidity. Muda et al. [143] also reported on the
fabrication of a gas sensor based on a vacuum method to achieve a homogenous and
uniform thin film of multi-layer rGO on a plastic substrate. The fabricated sensor was
used to detect NO,, and a sensitivity of ~25% over 50 ppm gas concentration was reported.
However, the recovery was slow as it took time to fully recover to its baseline resistance
before the exposure timescales were tested.

In regard to the response time, Jia and Wang [5] reported on a novel NO; gas sensor
where rGO adsorbs NO, gas molecules as well as transports electrical signals, and the
AgNPs act as catalysts to enhance the sensing response. Kang et al. [144] designed an
rGO gas sensor functionalized with SnO; nanoclusters in order to improve the recovery
performance. The sensor was used to measure NO, under UV illumination, and it was
discovered that the rGO device that was functional near the percolation threshold had the
best recovery and then the best sensitivity in subsequent cycles. The rGO-metal-oxide
semiconductor nanocomposites, however, were reported to be not suitable to detect other
gases, such as Hy, CO, and C,H50H, from a power consumption point of view and may
not be favorable due to their operation at high temperatures [141].

4. Morphological Influence of Graphene-Based Metal Oxide Nanocomposite in a Gas
Sensing Mechanism

Karthik et al. [100] studied the fabrication of rGO nanosheets functionalized with
titanium dioxide (TiO,) towards CO; gas. The gas-sensing mechanism involved CO
reacting when it came into contact with ionized oxygen. As reaction products, CO, and
surplus electrons were to be emitted and the extra electrons contributed to the material’s
increased conductivity. When compared to the air atmosphere, the nanocomposite material
showed a decrease in resistance, which led to an increase in conductivity owing to the
synergistic effect of GO and TiO, nanoparticles. This was attributed to the higher charge-
carrier density at the nanocomposite material surfaces due to adsorbed CO. When these
two come together, the n-n intersection is detected, and the charge carriers are transferred
from TiO, to GO. Due to the tall depletion layer of TiO,, handle electrons in GO were
rapidly incremented at the interface. The chemisorbed interaction between oxygen atoms
from GO and gas atoms was mostly responsible for the change in resistance. The sensing
nature of the rGO/TiO; sensors was attributed to the design component of rGO, which
reduces TiO; nanoparticle accumulation and therefore advances porosity and conductivity.

A technique used by Tadeusz Pisarkiewicz and co-workers [145] demonstrates Fe;O3
as an n-type semiconductor, but in the rGO/Fe;O3 hybrid structure it behaves similarly to p-
type rGO. Both chemisorbed O, and NO, act as electron traps, decreasing the concentration
of electrons, with a decrease of resistance (hole density increases). Pure Fe;Oj3 is nearly
insensitive to NO,, but, within an rGO/Fe;O3 composite, NO, reacts with 02~ adsorbed
on the Fe;O5 surface, resulting in the formation of an intermediate NO3 complex. The
unbalanced charges on the Fe,O3 surface are compensated by the transfer of additional
electrons from rGO to Fe,O3, which results in additional holes in the rGO and increased
conductivity, as shown in Figure 3. At the interface between rGO flakes and Fe,O3 grains,
the p-n heterojunctions can be formed. The concentration of holes in the accumulation
layer increases after interaction with NO,, leading to the increased conductivity of GO
flakes in the presence of NO; gas.

A tin oxide (SnO,)/rGO/polyaniline (PANI) sensor constructed by Zhang et al. [146]
displayed superior H,S-gas-detection capabilities. The SnO, /rGO/PANI nanocomposites,
with PANI, rGO, and SnO,, were tightly wrapped together to form a porous nanostructure.
In the heterostructure, two different types of depletion layers were seen during the gas
sensing process. The adsorption of oxygen (O) species at the surface of SnO, was attributed
to the first depletion layer, whereas the other depletion layer was linked to the SnO, and
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PANI heterojunction. The performance of chemiresistive gas sensors has been shown to
be influenced by the sensing properties of metal-oxide-based surface reactions between
chemically adsorbed oxygen species [147]. The electron depletion layer was formed on the
SnO; surface by the chemisorption of oxygen species [146,148]. Adsorbed oxygen species
(O?-(ads)) adhered to the SnO, surface of the SnO,/rGO/PANI film [149]. As a result, a
thicker electron depletion layer formed on the sensing film'’s surface, causing the sensor
to have a high resistance state in the air. A substantial number of electrons were liberated
into the conduction band of metal oxide when the adsorbed oxygen species reacted with
H,S. The sensor resistance was reduced when the thickness of the electron depletion layer
was reduced [150]. The porous nanostructure of the SnO, /rGO/PANI heterojunction was
shown to contribute significantly towards enhancing the H,S sensing properties [146].

& s
A, No, ‘ NO," 1 NO;

®® O;gas ©0 0, ads @ hole

Figure 3. Interaction of NO, gas with oxygen adsorbed on Fe;O3 surface can effectively increase the
concentration of holes in rGO [145].

To detect SO, gas, Zhang et al. [151] used TiO, /rGO nanocomposite metal organic
frameworks (MOFs) as sensor platforms. The sensing process involved SO, molecules
dissociating and adsorbing on the accessible apertures. O, around the sensing material
was surely adsorbed on the surface of the non-stoichiometric TiO, and transformed to an
O species by releasing a hole due to the gap of the oxygen atom [152]. When a significant
number of holes on the p-type TiO, surface were facilitated as the majority of carriers, the
resistance of the MOFs TiO, decreased. When the sensor was exposed to air, a portion of
the oxygen molecules decomposed into O ions, releasing holes (h*) inside the Debye length.
Upon exposure of the sensor in a SO, atmosphere, the amount of O ions on the surface of
the MOFs TiO; and its positive-charge hole (h*) were reduced compared to when the sensor
was in a dry gas, which resulted in a decrease in the majority carrier concentration, and
thus the resistance of the TiO, film climbed. When the sensor was exposed to SO,, O ions
adsorbed on the surface of the MOFs TiO; interacted with SO, (reducing gas), resulting
in the production of unstable SO; via trapping holes in the surface of the MOFs TiO;.
The number of positively charged carriers began to reduce, resulting in a decrease in the
majority carrier concentration, causing the resistance of the MOFs TiO, /rGO film sensor
to rapidly increase [153]. In the MOFs TiO, /rGO nanocomposite, p-type semiconductor
activity was observed. The resistance of p-type nanomaterials was affected by the thickness
of the hole accumulation layer (HAL), which resulted in poor resistance [151].
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Revolved around the discussed works, graphene-based resistive gas sensors possess
the advantages of rapid responsivity, outstanding sensitivity, excellent repeatability, and
stability. Zhang et al. [146] compared the H;S sensing properties of SnO,, SnO, /PANI,
SnO, /rGO, and in situ polymerized SnO,/rGO/PANI sensors at 25 °C, observing that
the responses of the in situ polymerized SnO,/rGO/PANI sensor were about 3.18%,
8.34%, 24.07%, 32.16%, 44.91%, 60.11%, 76.25%, and 91.11% toward the corresponding
H,S concentration of 50 ppb, 100 ppb, 200 ppb, 500 ppb, 1 ppm, 2 ppm, 5 ppm, and
10 ppm, indicating that the sensor can achieve a sub-ppm-level detection of 50 ppb H,S
gas. The sensor also showed long-term stability where it was measured every day over a
period of a month; the little change in response confirmed its good long-term stability. The
rGO/TiO; sensor outperformed the bare rGO and TiO; sensors in terms of sensitivity, with
the rGO/TiO; sensor having a maximum sensitivity of 77% compared to 38% for the bare
rGO and TiO, sensors with over 1500 ppm H;S, respectively. Similar results were achieved
for CO; gas sensitivities, which were 42% and 92% for the bare TiO, and rGO/TiO;
sensors, respectively, and these were also measured with a gas concentration of against
1500 ppm [100]. The MOF-derived rGO/TiO; sensor demonstrated good reproducibility
for SO, sensing at 1, 3, and 5 ppm over a time span of 0 to 1600 s [151]. Hence, graphene-
based gas sensors are considered to be among the most ideal for toxic gas detection. There
are however still the concerns of poor selectivity and high operating temperatures. To
reduce the working temperature of the resistive gas sensor, it is necessary to innovatively
develop high-performance, low-temperature gas-sensing materials and further clarify their
working mechanisms. Concomitantly, the causes of selective behavior are not completely
understood to date [6]. At present, to advance gas-sensing performances, the best option
is to optimize the gas-sensitive materials via doping, heterostructures, and composites.
These methods can adjust the grain size, porosity, and specific surface area of the material,
improve the electron transport characteristics, and increase the surface adsorption at the
active sites, thereby improving the sensitivity and selectivity of the gas sensors.

5. Conclusions

A major cause of the rising environmental hazards is toxins in the atmosphere. The sci-
entific community continually examines new sensing materials for environmental gases at
a laboratory level (concentrations at ppm and ppb scales; absorption of target gas molecules
at low and high ranges) which shows good performances. In this review, we focused on
the design and optimization strategies of graphene surfaces, in particular the synthesis of
graphene composites and the assessment of their performance potential towards their use
in resistive gas sensors. Functionalization aspects are discussed, highlighting the properties
of the graphene surface interaction with the target toxic gases, whilst also observing the
shortcomings regarding response time, full recovery to baseline of the gas sensor, power
consumption, and elevated temperatures. Modified graphene surfaces and their derivatives
achieved by doping/functionalization have been displayed to overcome these issues by
adopting metal oxide and/or heterostructured nanohybrids in effective synthetic routes
towards sensitive and selective gas sensing. The synergistic effect of the graphene-metal
oxide combination and proposed mechanisms have indicated that there are still more
investigations to be done towards developing the next generation of graphene-based gas
sensors. Therefore, it is pivotal for scientists to develop novel innovative materials which
are reported at the lab level to compete with existing commercial technology in terms of
good stability and the ability to operate for long times without any need for re-calibration.
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Abstract: Fe304 nanoparticles with average sizes of 3-8 nm were in-situ grown and self-assembled
as homogeneous clusters on reduced graphene oxide (RGO) via coprecipitation with some additives,
where RGO sheets were expanded from restacking and an increased surface area was obtained.
The crystallization, purity and growth evolution of as-prepared Fe3O,/RGO nanocomposites were
examined and discussed. Supercapacitor performance was investigated in a series of electrochem-
ical tests and compared with pure Fe3O4. In 1 M KOH electrolyte, a high specific capacitance of
317.4F g~ ! at current density of 0.5 A g~! was achieved, with the cycling stability remaining at 86.9%
after 5500 cycles. The improved electrochemical properties of Fe304/RGO nanocomposites can be
attributed to high electron transport, increased interfaces and positive synergistic effects between
Fe304 and RGO.

Keywords: magnetite; supercapacitors; graphene; coprecipitation; electrochemistry

1. Introduction

Since the last two decades, various energy devices, such as batteries, fuel cells and
supercapacitors, have been developed in order to alleviate the energy crisis and environ-
mental problems [1-3]. Among them, pseudocapacitors have intrigued much attention
due to their exceptional advantages, including higher power density, high rates of charge-
discharge, cost reduction and relative safety [4]. Transition metal oxides are considered
as ideal electrode materials for pseudocapacitors because of their high theoretical specific
capacitance and high electrochemical activity. RuO, has been revealed as the first pseudo-
capacitive electrode material with an excellent pseudocapacitance of about 720 F g~ [5].
However, its prohibitive cost and toxic nature has motivated the search for economical and
environment-friendly alternatives with equivalent performance. Other transition metal
oxides, such as Co3z04, NiO, MnO; and Fe;0y, have been studied extensively as substitutes
for Ru-based oxide electrodes [6-9]. Among them, Fe3O4 has been identified as the promis-
ing material, considering its high theoretical specific capacitance (2299 F g~1), low cost and
large potential window. In an early study, Fe3O4 hollow spheres possessed a capacity of
294 F g~ and 90.8% capacity retention after 500 cycles [9]. However, research on Fe3Oy
as electrodes have shown relatively low capacitances below 400 F g~ ! [9-11]. The reason
might be related to its limited electrical conductivity that hinders ion diffusions. So far,
exploring novel Fe;O4-based materials for supercapacitors application is still challenging.

Nanostructured Fe3;O4 composited with carbonaceous materials has been reported
as an effective strategy that may offer higher energy density with larger specific capaci-
tance. For instance, Fe304 composited with carbon nanotubes, exhibited improved cyclic
stability and energy density in contrast to those of pure Fe;O4 [12]. The specific capacity of
2759 F g~ ! was acquired at 0.5 A g~ ! in Na,SO4 aqueous solution for carbon-coated FezOy4
composites [13]. Recently, reduced graphene oxide (RGO) has attracted much attention
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on account of its tremendous electronic conductivity and high surface area. Considerable
efforts have been made to design and synthesize Fe30,/RGO composites for superca-
pacitor applications. Kumar et al. prepared 3D network of Fe30,/RGO composites by
one-pot microwave approach and acquired specific capacity of 297.0 F g~ ! at 4.4 A g~ 1 [14].
Another piece of research on Fe304 nanorods decorated on RGO surfaces in two-step
procedures achieved 95% specific capacity retention after 2000 cycles [15]. The improved
electrochemical performance with the presence of RGO is found to be prevalent and
strongly dependent on the synergistic effects between Fe3O4 and RGO [15]. Therefore, it is
highly desirable to design Fe;O4/RGO composites with combined interfaces for specific
capacitance enhancement.

In this paper, Fe30,4 /RGO nanocomposites with unique microstructures were prepared
by a facile coprecipitation process. By introducing certain additives, Fe3O4 nanoparticles
could be anchored on RGO surfaces and formed as nanoclusters without aggregation.
The interlayer spacing between RGO sheets was expanded by these Fe304 nanoclusters,
which contributed to ion transport in the electrolyte. In a series of electrochemical tests, the
as-prepared Fe;O4 /RGO nanocomposites exhibited high specific capacitance, good rate
capability and long cyclic stability.

2. Materials and Methods
2.1. Preparation of Fe304/RGO Nanocomposites

In a typical procedure, Fe304/RGO nanocomposites were synthesized as follows:
First, 0.20 g GO was dispersed into 200 mL distilled water and ultrasonicated for 5 h to
form a homogeneous suspension. Then, it was put into a five-neck flask with a thermostatic
water bath around 80 °C. Second, 5.56 g FeSO,4-7H,O was dissolved and added into the
flask with constant stirring while Ar was forced into the mixed solution to obtain an oxygen-
free environment. Subsequently, 14.47 g NH4Fe(5O4);-12H,0 and 20 mL polyethylene
glycol (PEG-400) were dissolved, respectively, and added into the flask successively. Third,
4.80 g NaOH dissolved in 100 mL distilled water was dropwised into the flask for 1 h,
while the resultant solution was maintained for another 1 h to complete the coprecipitation.
Corresponding reactions can be described as:

Fe>* + 2NaOH = Fe(OH), ]+ 2Na* 1)
Fe* + 3NaOH = Fe(OH)3 )+ 3Na* 2)
Fe(OH)2 + 2Fe(OH)3 = Fe3O4 +4H,0O (3)

Finally, 4 mL NyoHy4-HO (85%) was dropwised into the flask for 1 h. Then, the reaction
system was kept for 3 h to accomplish the reduction from GO to RGO. After the reaction
was completed, the black products were washed several times, then dried at 50 °C for 9 h.
According to the above synthesis procedures, the molar ratio of Fe304 to RGO in the as-
prepared composites was estimated to be 2:1. The schematic for synthesizing Fe;O, /RGO
nanocomposites was illustrated in Figure 1. For comparison, Fe3sO4 nanoparticles were
prepared under the similar experimental condition where GO was removed from the flask.

2.2. Material Characterization

The as-prepared GO, Fe304 nanoparticles, and Fe304/RGO nanocomposites were
examined by X-ray diffraction (XRD, Rigaku D/max 2500PC, Tokyo, Japan) and Fourier
transform infrared (FT-IR, Bruker Tensor 27, Billerica, MA, USA) spectroscopy, respec-
tively. Microstructure and morphology analysis were conducted on transmission electron
microscope and high-resolution transmission electron microscopy (TEM & HRTEM, FEI
TecnaiG2F20, Lincoln, NE, USA). To quantify the chemical compositions, X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi, Waltham, MA, USA) measure-
ments were performed by using 300 W Al K« radiations as the X-ray source for excitation.
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Figure 1. Schematic illustration of the synthesis process and growth evolution of Fe3Oy/
RGO nanocomposites.

2.3. Electrochemical Measurements

The working electrodes were prepared by mixing 80 wt.% active material, 10 wt.%
acetylene black and 10 wt.% polyvinylidene fluoride dissolved to form a slurry and coated
on nickel foam (10 mm x 15 mm). The electrochemical investigations were employed
in 1 M KOH electrolyte. Platinum and Hg/HgO were used as counter and reference
electrodes, respectively. Electrochemical performances were detected by Chi660e electro-
chemical workstation.

3. Results and Discussion

XRD results of as-prepared GO, Fe304 nanoparticles and Fe304 /RGO nanocomposites
are shown in Figure 2a. The as-prepared GO presents a strong diffraction peak around
20 =10.5°, corresponding to its characteristic (001) plane. The layer-to-layer distance of GO
is calculated to be 0.83 nm by Scherrer equation, which is much larger than that of graphite.
The introduction of the oxygen-containing functional groups between GO sheets should be
responsible for it [14]. For Fe304 nanoparticles, their sharp and strong diffraction peaks
are indexed to spinel phase (JCPDS: No.65-3107), indicating a preferable crystallization
and high purity. The diffraction peak positions of Fe304/RGO nanocomposites are well-
matched with Fe304 nanoparticle, where the decreased peak intensities and relatively
broadened peaks suggest their reduced crystallinity [16]. FT-IR analysis results of the
as-prepared samples were collected by attenuated total reflection method and preprocessed
by OMNIC software (version number 9.2). As is shown in Figure 2b, distinct peaks around
3430 cm ! are prevalent in all spectra, which is related to the stretching vibrations of O-H
bands. The other three characteristic peaks in the spectrum of GO should be ascribed to
C=C (1643 cm~!), CO-H (1388 cm ') and C-O (1082 cm™!) stretching vibrations [17]. In
the spectra of Fe304 nanoparticles and Fe304 /RGO nanocomposites, stretching vibrations
of Fe-O bands around 580 cm ™! are conspicuous [15]. For Fe304 /RGO nanocomposites,
another peak around 1646 cm ! is accurate and confirmed the existence of RGO. Compared
with GO, the spectrum of Fe304/RGO has no infrared peaks around 1082 cm ™!, implying
that GO has been completely reduced into RGO after hydrothermal processes.
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Figure 2. (a) XRD patterns and (b) FT-IR spectrum of as-prepared GO, Fe3O4 nanoparticles and
Fe304/RGO nanocomposites.

Chemical compositions and oxidation states of as-prepared GO and FezO4/RGO
nanocomposites were determined by XPS analysis. C 1s spectrum of GO in Figure 3a can
be deconvoluted into three different peaks. The peaks centered at 284.7 eV, 286.7 eV and
288.7 eV should be indexed to C-C/C=C, C-O and C=0 groups, respectively [18]. The
survey spectrum of Fe304/RGO nanocomposites in Figure 3b confirms the existence of
Fe, C, and O elements, while no other elemental signals can be detected. Compared with
Figure 3a, the peak of sp? hybridized C-C /C=C bonds is increased, while the peaks of
both C-O and C=0 bonds are significantly decreased in Figure 3c, implying the adequate
reduction from GO to RGO. For Fe 2p spectrum in Figure 3d, two major peaks at 711.5 eV
and 724.7 eV were identified as Fe 2p3,, and Fe 2p; , respectively, demonstrating Fe?*
and Fe®* ions in Fe;0, [16].

Figure 4 displays the TEM images of Fe3O4 nanoparticles prepared without the addi-
tion of GO. All the particles are approximately spherical with uniform sizes around 10 nm
while agglomeration among these nanoparticles is inevitable. Similar experimental results
have been reported in previous studies [18]. The TEM & HRTEM images of Fe30,4/RGO
nanocomposites are given in Figure 5. From relatively low magnification, it can be seen that
Fe304 nanoclusters with irregular ellipsoid shapes are dispersed uniformly and wrapped
by RGO sheets, where the sizes of nanoclusters are in range of 45-110 nm. Accordingly,
the interlayer spacing between RGO sheets is expanded by these magnetite nanoclusters,
which avoids RGO from restacking. Figure 5c,d indicate that each Fe304 nanocluster is com-
posed of dozens of tiny Fe;O, nanoparticles without agglomeration. These self-assembled
nanoparticles are anchored on RGO sheets with sizes around 3-8 nm, and some foldings
can be observed at the edges of RGO sheets, which increase the surface area. Figure 5e
illustrates the distinct interfaces between Fe3O4 nanoparticles and RGO sheets. HRTEM
lattice fringes with d-spacing distances of 0.25 nm and 0.29 nm were determined from
the top and bottom right corners of Figure 5e, corresponding to (311) and (220) planes of
Fe30y, respectively. Some RGO sheets are overlapped and corrugated due to the embedded
and stabilized Fe30O4 nanoclusters on RGO support. Such unique microstructures could
hinder the agglomeration of Fe304 nanoparticles and facilitate ion transport inside RGO
sheets. Therefore, improved electrochemical performance of Fe304/RGO nanocomposites
is anticipated in the following studies.
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Figure 3. XPS spectrum of (a) C 1s for as-prepared GO, (b) wide scanning for Fe304/RGO nanocom-
posites with (c¢) C 1s and (d) Fe 2p spectral profiles.

Figure 4. TEM images in (a) low and (b) high magnifications of Fe;O4 nanoparticles.
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Figure 5. (a—d) TEM and (e) HRTEM images of Fe30, /RGO nanocomposites where the selected
areas in (e) are enlarged and shown in the top and bottom right corners, respectively.

The growth evolution of Fe304/RGO nanocomposites is based on the synthesis pro-
cesses with the effects of additives. GO sheets achieved from the expanded graphite
generally contain abundant hydroxyl, epoxy, carboxyl and carbonyl functional groups [18].
Fe** and Fe?* ions added into GO suspension tend to be attached by these functional
groups owing to electrostatic attraction, which might be served as nucleation centers in
coprecipitation reactions. The introduction of NH** and PEG-400 makes Fe3Oy4 nucleus
grow selectively and inhibits agglomeration [19,20]. After the reduction from GO to RGO
by hydrazine hydrate, Fe304/RGO nanocomposites with unique microstructures could
be obtained. Compared with hydrothermal [21] and sol-gel routes [22], coprecipitation
processes in this study have several advantages, including high yield, simple equipment,
relative low temperature and efficiency.
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Figure 6a illustrates the cyclic voltammetry (CV) curves of Fe304 /RGO nanocompos-
ites at various scan speeds. A lack of symmetry in the pairs of cathodic and anodic peaks
is evident, which demonstrates pseudocapacitance. These redox peaks are assigned to
reversible faradic reactions between Fe?* and Fe®* [23]. By increasing scan rates, distance
between oxidation peak and reduction peak increases, which is due to the resistance of
electrode. Additionally, the well-preserved shapes of CV curves at various scan rates imply
the efficient electrochemical transportation and reversibility [24]. For comparison, the CV
curves of Fe30O4 nanoparticles (Figure 6b) indicate much lower specific capacitance than that
of the Fe304 /RGO nanocomposites. The specific capacitance (Cs) of Fe;O4 nanoparticles
and Fe30,4 /RGO nanocomposites can be calculated by the following equation:

1 v
Cs = T V) /vb idv )

where s is scan rate, 7 is mass of electrode materials, i is respond current density, V; and
Vp, are the integration limits of the voltammetric curves, respectively. At the scanning
speed of 5 mV s~ the calculated specific capacitance of Fe304/RGO nanocomposites
and Fe3Oy4 nanoparticles are 572.8 F g~ ! and 418.3 F g1, respectively. The higher specific
capacitance of Fe304 /RGO nanocomposites is attributed to the existence of RGO providing
high electrical conductivity and inhibiting the aggregation of Fe;O4 nanoparticles [25].
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Figure 6. CV curves of (a) Fe304/RGO nanocomposites and (b) Fe304 nanoparticles at various scan
rates in 1 M KOH solution.

Typical galvanostatic charge—discharge (GCD) curves of Fe304/RGO nanocompos-
ites and Fe3O4 nanoparticles are shown in Figure 7a,b, respectively. The charge and
discharge curves of both electrode materials are approximately symmetrical in shape
with a slight curvature, indicating a pseudocapacitor characteristic [26]. In contrast to
Fe;04 nanoparticles, Fe30,4 /RGO nanocomposites have much longer discharge times at
the same current density, which illustrates improved capacitive performance. The specific
capacity can also be calculated by following equation: C's = IAt/mAv, where I, At and Av
referred to discharge current, discharge time and voltage window, respectively. C's value
of Fe30, /RGO nanocomposites is calculated to be 317.4 F g~! at scan rate of 0.5 A g1,
which is almost twice that of Fe3O4 nanoparticles (169.1 F g’l). The specific capacitances
of Fe304/RGO nanocomposites are 264.5, 223.7 and 198.1 F g_l, respectively, at current
densities of 1.0,2.0 and 5.0 A g~ !. Even with a 10-fold increase in current density, 62.4% of
the initial specific capacitance can still be maintained, showing the good rate performance
of Fe30,4/RGO nanocomposites.
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Figure 7. GCD curves of (a) Fe30, /RGO nanocomposites and (b) Fe30,4 nanoparticles at various
discharge current densities in 1 M KOH solution.

The charge transport and ionic diffusion characteristics of Fe304 /RGO nanocompos-
ites and Fe3O4 nanoparticles were determined by electrochemical impedance spectroscopy
(EIS) measurements. As shown in Figure 8a, Nyquist plots of both electrode materials
include semicircle parts at higher frequencies and straight-lined parts in lower frequencies.
Generally, the semicircle parts represent charge transfer resistance (Rc) while the straight-
lined parts attribute to Warburg impedance [27]. Corresponding circuit diagrams were
matched with the help of Zview software and given in the inset of Figure 8a. Fe304/RGO
nanocomposites exhibit a smaller semicircle in higher frequency ranges due to the existence
of RGO [28]. Accordingly, R¢; values for Fe30,4 /RGO nanocomposites is around 1.45 (),
much lower than that of Fe;O, particles (2.57 (1), demonstrating their preferable electron
transference. The straight line at lower frequencies close to 90° indicates ideal capacitive
behavior. The oblique line of the Fe;0, /RGO nanocomposites is more vertical than Fe;O4
particles, revealing more efficient access of electrolyte ions. The intrinsic resistance (Rs)
of Fe304/RGO nanocomposites is about 1.18 (), lower than that of the Fe3O4 particles
(1.41 ©3), which confirms the improved ion transport [28]. The cycling stability of both
Fe304/GO nanocomposites and Fe3O4 nanoparticles were examined at the current density
of 5.0 A g1 for 5500 cycles, and the results were presented in Figure 8b. It can be figured
out that the capacitance of both materials drops rapidly within 1000 cycles, then for Fe3O4
nanoparticles it maintains about 69.2% of their initial capacitance after 5500 cycles, while
the capacitance retention of Fe30, /RGO nanocomposite is as high as 86.9%.
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Figure 8. (a) Nyquist impedance plots of Fe3O, nanoparticles and Fe;04 /RGO nanocomposites
with insets of high-frequency regions and matched circuit diagram, (b) Cyclic performance of Fe30,
nanoparticles and Fe304 /RGO nanocomposites in 1 M KOH solution at a current density of 5.0 A g_l.
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Table 1 lists the electrochemical performance of Fe;O, and related carbonaceous com-
posites as supercapacitor electrodes in the present study and literature survey. It can be
seen that pure Fe;O4 [9-11] has limited specific capacitance and cycle stability than its
carbonaceous composites, owing to its limited electrical conductivity and agglomeration
characteristics. Moreover, Fe;O4 composited with RGO [14,15,21,26] generally exhibits
better performance, since RGO possesses a larger specific surface area than other carbona-
ceous forms [12,13]. Considering the complicated procedures to synthesize samples in the
literature, the as-prepared Fe304 /RGO nanocomposites are easy to obtain with comparable
capacitance and stability.

Table 1. Comparisons on electrochemical performance of Fe30,4 and related carbonaceous composites
as supercapacitor electrodes in the present study and literature survey.

Specific

Materials Morphology Capacitance (F g~ 1) Electrolyte Stability Ref.
Fe304 Hollow microspheres 294 (0.5A g™ 1) 8 M KOH 90.8% after 500 cycles [9]
Fe304 Microflowers 183 (1.0 A gfl) 0.5 M Na,SO3 65.0% after 5000 cycles [10]
Fe304 Nanoparticles 383.2 (0.5 A gfl) 1 M NaySO3 83.6% after 2000 cycles [11]
Fe30y4 Nanoparticles 169.1 (0.5 A g~ 1) 1M KOH 69.2% after 5500 cycles This work

Fe304/C Nanoparticles/Nanotubes 187.1 (1.0 A g_l) 1 M NaySOj3 80.2% after 1000 cycles [12]

Fe304/C Nanorods/Nanoparticles 275.9 (0.5 A gfl) 1 M NaySOs3 81.2% after 500 cycles [13]

Fe304/RGO Nanosheets/Nanosheets 297.0 (44 A g™ 2 M KOH 91.4% after 9600 cycles [14]
Fe;04/RGO Nanorods/Nanosheets 315 (5.0 A g_l) 1M KOH 95.0% after 2000 cycles [15]
Fe304/RGO Nanodiscs/Nanosheets 1149 (1.5 A gfl) 6 M KOH 97.5% after 10,000 cycles [21]
Fe304/RGO  Nanoflowers/Nanosheets 4543 (1.0 A g1 2 M KOH 94.0% after 10,000 cycles [26]
Fe304/RGO  Nanoparticles/Nanosheets 3174 (05A g™ 1) 1M KOH 86.9% after 5500 cycles This work

Based on the above discussions, the improved electrochemical properties of as-prepared
Fe304/RGO nanocomposites can be ascribed to the following aspects. Firstly, the existence
of RGO not only provides plenty of electron transport channels for supercapacitor elec-
trode but also partially accommodates the volume change during cycling. Secondly, the
dispersion and intercalation of Fe3O4 nanoclusters separate RGO sheets and inhibit their
restacking, leading to an increased surface area and ensuring the utilization of magnetite.
Finally, the unique microstructures of Fe3O4 can shorten the diffusion path of electrolyte
ions and contribute the synergistic effects to RGO. Therefore, the as-prepared Fe;0,/RGO
nanocomposites are considered as prospective candidates for future electrode materials in
energy storage.

4. Conclusions

In this paper, Fe3O4/RGO nanocomposites were prepared by coprecipitation in
an oxygen-free environment with some additives. Fe;O4 nanoparticles were dispersed
homogeneously with average sizes of 3-8 nm, which were self-assembled as irregular
oval-shaped nanoclusters and wrapped by RGO sheets. XRD and XPS analysis confirmed
their preferable crystallization and high purity. Compared with pure Fe3O4, Fe304/RGO
nanocomposites deliver improved specific capacitance of 572.8 F g~ ! at the scan rate of
5 mV s~! and better cycling stability remaining 86.9% after 5500 cycles. The excellent
electrochemical properties were ascribed to high electron transport, increased interfaces
and positive synergistic effects between Fe;O4 and RGO, which enlightened an effective
strategy in producing supercapacitor electrodes for energy storage devices.
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Abstract: The reduced form of graphene oxide (r-GO) represents a versatile precursor to obtain
graphene derivatives. Graphene oxide (GO) consists of a layered material based on a carbon skeleton
functionalized by different oxygen-containing groups, while r-GO is obtained by the almost complete
removal of these oxygen-containing functional groups. The r-GO has mechanical, electrical, and
optical properties quite similar to graphene, thus, it proves to be a convenient 2D material useful for
many technological applications. Nowadays, the most important aspects to consider in producing
r-GO are: (i) the possibility of obtaining the highest reduction grade; (ii) the possibility of improving
the dispersion stability of the resulting graphene using surfactants; (iii) the use of environmentally
friendly and inexpensive reducing agents. Consequently, the availability of effective soft-chemistry
approaches based on a green reducing agent for converting GO to r-GO are strongly needed. Among
the green reductants, the most suitable is L-ascorbic acid (L-aa). Different studies have revealed that
L-aa can achieve C/O ratio and conductivity values comparable to those obtained by hydrazine,
a typical reducing agent. These aspects could promote an effective application strategy, and for
this reason, this review summarizes and analyzes, in some detail, the up-to date literature on the
reduction of GO by L-aa. The results are organized according to the two most important approaches,
which are the reduction in liquid-phase, and the reduction in gel-phase. Reaction mechanisms and
different experimental parameters affecting the processes were also compared.

Keywords: graphene oxide; reduced graphene oxide; L-ascorbic acid; liquid-phase reduction;
gel-phase reduction

1. Introduction

Nowadays, the development of new advanced devices is strictly related to the availabil-
ity of 2D materials, such as graphene-based materials, because of their unique mechanical,
electrical, thermal, and optical properties [1-10]. Therefore, there is a strong need to develop
new schemes for a massive synthesis of these materials, characterized by low-cost and
sustainability [11]. Consequently, there is a growing interest in graphene oxide (GO) and its
reduced form (r-GO), which is an inexpensive, versatile, printable, and biocompatible pre-
cursor of graphene-like materials [12]. GO consists of a layered material based on a carbon
skeleton functionalized by different oxygen-containing groups (typically the C/O atomic
ratio is less than 3) [13], having physical and chemical properties depending on different
parameters, such as the type of oxygen-containing groups, the oxidation level, and the type
of graphite used as precursor [14]. The most acceptable structural model proposed for GO
is the Lerf-Klinowski model in which the basal planes of GO are decorated by hydroxyl
and epoxide groups, whereas the edges are mainly occupied by carboxyl and carbonyl
groups in a random manner [14-16]. The reduced graphene oxide (r-GO) obtained from
the almost complete removal of the oxygen functional groups has mechanical, electrical,
and optical properties quite similar to graphene, thus, resulting in a convenient 2D material
useful for many technological applications [17-26].
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According to the chemical structures of these layered materials, it is understood that
interactions between GO or r-GO sheets and the environment (i.e., molecules, solvents, sub-
strates, embedding polymers, etc.) are strictly related to the presence of oxygen-containing
groups and their interaction (i.e., Van der Waals and electrostatic forces). Clearly, GO is
predominantly hydrophilic while r-GO is hydrophobic, and the electrostatic interactions
are stronger for GO, whereas the Van der Waals interactions play a major role in the case of
r-GO because of the increase in unfunctionalized regions [27]. Moreover, the - stacking
is another important interaction type among the sheets. In fact, each carbon atom of the
basal plane bonds with three adjacent carbon atoms with sp? hybridized orbitals forming
robust ¢ bonds, and the remaining electrons in the p atomic orbitals are delocalized all
over the basal plane of the sheet forming a strong 7w bond, which makes possible the -
stacking interaction [28].

Generally, the conversion from GO to r-GO requires some reducing agents [29-32],
thermal treatment [33-36], laser-radiation [37-46], or bacterial methods [47-49]. Nowadays,
different aspects are taken into consideration when selecting the best way to develop a mas-
sive and low-cost production of r-GO. Among the most important aspects, we can include
the following: (i) the prospect of obtaining the highest reduction grade, (ii) the possibility
of improving the dispersion stability of the resulting graphene using surfactants, (iii) the
use of environmentally friendly and inexpensive reducing agents and solvents. So far, it
has been proven that commonly used chemical reductants, such as hydrazine or hydrazine
hydrate, are highly toxic and explosive, which can potentially induce environmental and
safety risks [31-33,50]. Consequently, the availability of effective soft-chemistry approaches
using a green reducing agent for converting GO to r-GO are strongly needed. Recently,
green reductants, such as L-ascorbic acid (L-aa) [51-54], L-cysteine [55-57], glycine [58,59],
green tea [60-62], various plant extracts [63-65], etc., have been studied as reductants
for GO. Different studies have revealed that among all cited green chemical reductants,
L-aa appears to be the outstanding candidate for achieving a C/O ratio and conductivity
values that are comparable to those produced by hydrazine [54], having a mild activity
and non-toxic properties. L-aa has proven to have a broad range of applications not only in
bio-medical devices but also in electronic devices [51-54].

In summary, the advantages obtained by using L-aa as a reductant are the following:

an environmentally friendly and non-toxic reductant;

a highly efficient removal of the oxygen-groups;

a low risk of introducing heteroatoms in the reaction products, because L-aa is com-
posed only of carbon, oxygen, and hydrogen atoms.

In addition, preserving the environmentally friendly condition, the reduction process
can be carried out in water, the most common and eco-friendly solvent [51]. However, this
approach has the disadvantage of the irreversible formation of graphene agglomerates that
are not useful for technological applications, and it is difficult to separate r-GO from the
solvent and the by-products. Nevertheless, it is well known that a large amount of L-aa
can stabilize the r-GO, thus, avoiding the addition of polymeric surface stabilizers and/or
surfactants [66].

Recently, an innovative gel-phase technique has been developed to reduce a thin film
of GO deposited on a substrate using the L-aa as reductant with the important advantages
of avoiding the use of surfactants and being easily available for technological applica-
tions [67-70]. This approach overcomes the limitation of thermal reduction in the presence
of a substrate. This limitation is represented by the operating temperature to be applied,
which is dependent on the thermal stability of the substrate.

This review analyzes recent studies available in the literature concerning the reduction
of GO by the use of an efficient and inexpensive green reductant (L-aa) under different
experimental conditions. In addition, some possible mechanisms for the reduction of GO
were also discussed. This review could be a useful reference for those scholars involved in
this research area proposing its application as the most convenient new green method to
reduce GO.
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2. Reaction Conditions of Reduction of Graphene Oxide by L-aa

This section presents a concise description of the most important experimental results
obtained for the reduction of GO by L-aa, their interpretation, as well as the possible filed
application of the obtained material. To describe the evolution of this study clearly, the
experimental results are presented chronologically and gathered according to the technique
used for reduction.

2.1. Liquid-Phase Reduction

Zhang et al. (2009) first verified the possibility of developing the reduction of GO
via L-aa [51]. The method developed was performed in an aqueous solution at room
temperature under vigorous stirring. The study showed the monitoring of the reduction
progress by optical absorption spectroscopy. The UV-vis spectrum of GO is typically
characterized by the typical m—m* transition peak at 233 nm from the C=C bond, and the
n—7t* transition peak at around 300 nm from the C=0 bond [34]. The red-shift of the 7—m*
transition of GO originates related to the extension of its 7-conjugated structure in the r-GO
and the decreasing intensity of peaks centered at 300 nm, which is caused by the decrease
in the C=0 bond, allowing analysis of the reduction. The reduction that occurred was
confirmed by FT-IR, Raman, and AFM results. The obtained r-GO, which showed a strongly
restacked sheet arrangement with a wrinkled texture, provided a low specific surface area
of 11.8 m? /g and specific capacity of 128 F/g at a current density of 50 mA /g [51].

In the same period, Gao et al. (2010) presented a “green” reduction of GO using L-aa,
analyzing the possible use of L-tryptophan as a stabilizer, to produce a stable dispersion of
r-GO in an aqueous solution [66]. In brief, an aqueous solution of GO, L-aa, L-tryptophan,
and NaOH was treated by ultrasonication at 80 °C for 24 h. After that, the mixture was
cooled to room temperature, followed by another 1 h of ultrasonication. Thus, a large
amount of stably dispersed aqueous r-GO was easily obtained. The experimental results
showed the efficiency of L-tryptophan as a stabilizer to avoid the agglomeration and
precipitation of the resulting r-GO sheets. L-tryptophan contains an electron-rich aromatic
group that can function as an electron donor and be absorbed onto the r-GO sheet, based
on the m—m interaction. In the meantime, the terminal carboxylic acid can supply enough
negative charge, and the electrostatic repulsion can make the r-GO dispersions stable [66].

Successively, Fernandez-Merino et al. (2010) [54] verified the use of L-aa to obtain
stable suspensions of highly reduced r-GO in some common organic solvents, such as
N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolydone (NMP). In addition, the
comparison of the deoxygenation efficiency of GO by different reductants (i.e., hydrazine,
sodium borohydride, and pyrogallol) showed that only L-aa was found to yield highly
reduced suspensions in a way that was comparable to those provided by hydrazine [54].

Sui et al. (2011) analyzed the effect of the amount of L-aa to reduced GO hydrogel and
demonstrated that the mass ratio of L-aa to GO, temperature, and pH value of the reaction
mixtures play a significant role in the formation of irreversible r-GO agglomerates in the
form of hydrogels [71]. The hydrogels consist of a 3D cross-linked network of r-GO sheets
self-assembling into a well-defined and interconnected 3D porous network through 7—m
interaction during gelation. Furthermore, this study demonstrated that r-GO in the form of
a hydrogel with an excess of L-aa as a bioactive component can easily be used to release it
in a diffusion-controlled manner. After the complete release of L-aa, the hydrogel exhibits
excellent mechanical and electrical properties, and for this reason, it can be advantageously
used in the fields of tissue engineering, drug delivery, soft machines, regenerative medicine,
biosensors, etc. [71].

A complete study about the pH effect on the morphology of the as-prepared hydrogel
r-GO was presented by Ha et al. (2019) [72]. This work shows that the reduction of GO in
the liquid phase was completed in 1 h. The morphological characterization performed by
scanning electron microscopy (SEM) demonstrated the formation of the 3D cross-linked
spherical structure of r-GO by the hydrogel process with a diameter from 4 to 2 um and with
a specific surface area of 150 m?/g, when the pH of the solution was 2. The experimental
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measurement showed that more spherical and compact structures were obtained at pH 10
with an improved specific surface area of 216 m?/g.

The effect of pH on the degree of dispersion, packed with r-GO, can be explained by zeta
potential analysis. The colloid of GO dispersion has a zeta potential —43 mV when the pH is
10[73]. Itis well kwon that Zeta potential values greater than —30 mV are generally considered
to exhibit sufficient mutual repulsion to ensure the stability of dispersion [74]. When the
droplets are generated from the GO colloid fabricated at pH 10, a more densely compacted
structure of r-GO can be formed by the capillary-force-driven self-assembly of well dispersed
GO sheets in the droplet during the solvent evaporation. Similar experimental results for the
formation of the r-GO hydrogels were confirmed by Kondratowicz et al. (2017) [75]. This
study explained that the by-products of reduction, such as dehydroascorbic acid and water
molecules, may form additional hydrogen bonds with residual carboxylic groups on r-GO
planes and contribute to the final structure of hydrogels [75].

Successively, the influence of pH and surfactants used for reduction by L-aa on the
adsorption mechanism of organic contaminants, such as phenanthrene (a representative
nonpolar, nonionic, and aromatic contaminant) and 1-naphthol (a representative polar,
aromatic contaminant) was studied by Wang et al. in 2019 [76]. The study shows that the
pH of the solution had a negligible effect on phenanthrene adsorption for both GO and
r-GO, and it inhibited 1-naphthol adsorption at high pH because of the electronic repulsion.
This was mainly attributed to the hydrophobic interaction, - interaction, and H-bonding
between graphene sheets and organic contaminants. The same study shows that the use of
the surfactants had different effects on the adsorption of polar and nonpolar aromatics onto
graphene materials. For sodium dodecyl benzene sulfonate (SDBS), the exfoliation effect
could enhance the adsorption affinity; thus, it could counteract the inhibition effect caused
by competition. Cetyltrimethylammonium bromide (CTAB) could form hemimicelles on
reduced graphene oxide, which may provide a favorable media for organic contaminant
partitioning. In addition, this study shows that the r-GO could be regenerated and reused
with high recyclability over five cycles. These findings could provide a promising material
for wastewater treatment and the understanding of the fate and transport of organic
contaminants in aquatic environments.

De Silva et al. (2018) [77] monitored the reduction of GO by L-aa in an aqueous solution
in 10-min intervals up to 1 h in order to study how structural and morphological changes
would take place. The reduced products obtained at different time periods were charac-
terized in detail by UV-visible spectroscopy, X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), attenuated total reflectance Fourier transform infrared (ATR-FI-IR) spec-
troscopy, Raman spectroscopy, thermogravimetric analysis (TGA), atomic force microscopy
(AFM), and scanning electron microscopy (SEM). The UV-visible spectra displayed a com-
plete removal of the GO peak by 50 min, while other characterization techniques revealed
the presence of residual oxygen functionalities. In particular, the XPS results showed that
the decline in the oxygen atomic percentage was mainly due to the removal of the hydroxyl
and epoxy groups located at the basal planes of the GO sheets and, to a small extent, due
to edge carbonyl groups. AFM characterization indicated that at the intermediate stages of
reduction, both GO and r-GO coexist in the material, as confirmed by XRD results.

The study of the impact of ultrasounds on the rate of GO reduction in L-aa aqueous
solutions was carried out by Abulizi et al., 2014 [78]. They found that the r-GO formation
under ultrasound treatment was accelerated in comparison with the conventional mechani-
cal mixing treatment. To understand the effects of ultrasound, the authors compared the
experimental results on the trend rates of r-GO formation, as a function of temperature, un-
der ultrasound and mixing treatment, showing that this rate was increased by ultrasound
treatment. The authors proposed that physical effects such as shear forces, microjets, and
shock waves during acoustic cavitation enhanced the mass transfer and reaction of L-aa
with GO to form r-GO, as well as the change in the surface morphology of GO. Furthermore,
the rates of r-GO formation were suggested to be affected by local high temperatures of
cavitation bubbles [78].
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Similarly, the increase in kinetics and in the GO reduction degree under UV irradiation
were analyzed by Go et al., 2018 [79]. They demonstrated that when the reactant solution
was placed under UV irradiation (254 nm), L-aa improved its chemical activity caused
by its UV-sensitive oxidation property [80]. In particular, the reduction was performed
under various conditions, (i) without any reducing agent, (ii) using L-aa, (iii) using L-aa
under UV irradiation (254 nm), and monitored by using UV-visible spectroscopy up to 24
h to explore the effect of UV irradiation on the reduction of GO by L-aa. The evolution of
UV-Visible spectra for these different conditions, confirmed that the UV irradiation (254
nm) improves the activity of L-aa.

In fact, the UV—visible spectrum of GO showed the typical m—mr* transition peak at
233 nm from the C=C bond, and the n—* transition peak at around 300 nm from the
C=0 bond [33]. The red-shift of the GO 7—t* transition can be used as an indicator of
its reduction [51]. Consequently, analyzing the trend of this shift for all three different
reduction conditions, it is possible to deduce the advantageous effect of UV radiation on a
reduction of GO [79,80].

To further understand the commonality of the procedures developed and presented in
this review, Table 1 lists the main information about the parameters used in all reported
studies. In particular, Table 1 lists the solvent used, the weight ratio between GO and L-aa,
the pH value of solution, the presence of a stabilizer, the temperature and time of reaction,
and the main experimental characterizations.

Table 1. Summary of the principal parameters used in the cited methods of the liquid-phase reduction
of GO.

Solvent GO = L-aa LEES Stabilizer Temper.a ture Characterization: Reference
for pH and Time
o UV-Visible,
water 0.05 = 50 _ — ii dcrfﬁé?nh AFM, TEM, 2288;5 ["Stl‘i‘l"
er surrmg Raman, FT-IR
water 0.2>10 pH 9-10 with L-tryptophan uigerc sf)(;fiCZ:ti}clm AFM, XPS, Gaoetal.,
: NaOH yptop Raman 2010 [66]
for 0.5 h
water, NMP, B “;;?;ffé Vv‘;it}‘:'r N 95 °C for ATR-FTIR, XPS, Fel\r/;‘;ri‘jsz'
DMF 25% NH,OH 15, 30, 180, 240 min TGA, UV-Vis et al. [54]
From 1:832 seI:/I;'Zl_dSr‘gltshof Without stirring,
water ) P — for a few hours, XPS, SEM Sui et al. [71]
To 8:1 0.1 M HC1 o .
. from 25 °C to 80 °C
solution
pH 2-10 was reactiZirtlicr);lZs of 5
water 1.2 adjusted using . SEM, UV-Vis Ha et al. [72]
NHx-H,0O 15, 30, and 60 min,
37 T95°C
stirred at 500 rpm XPS,
water — — SDBS, CTAB for 72 h FT-IR, Raman Wang et al. [76]
o pH to 10 with o Under stirring, De Silva et al.,
water NH;-H,0 65°C,1h XRD, SEM, XPS 5018 7]
High-power
water o pH to 11 with o horn-type UV-Vis, Abulizi et al.,
NaOH ultrasound FT-IR, SEM 2014 [78]
sonicator
UV light (254 nm)
water . pH to 10 with . was irradiated at UV-Vis, FT-IR, Goetal.,
NH3-H,O 2 mW/cm? power Raman, XPS 2018 [79]

for24 h
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In many cases, the approach to reduce GO in an aqueous solution by L-aa was used to
prepare functional and advantageous nanocomposite materials based on r-GO for many
application fields. A few examples are shown below.

Ding et al. in 2015 [81] used L-aa to realize r-GO-TiO, composite films as a photoanode
in DSSC. The experimental results demonstrated a 30% increase in conversion efficiency
compared to that of the pure TiO, photoanode [81].

Dan et al. in 2018 [82] examined three types of r-GO/polyhydroxy butyrate (PHB)
composites by employing three reducing agents: sodium borohydride, hydrazine, and
L-ascorbic acid. The electrical properties of the r-GO/PHB composites achieved by L-aa
were comparable to the best values known in the bio-composite field.

As far as we know, studies associated with the utilization of r-GO in osteogenesis
indices by electrical stimulation have rarely been reported. Xiong et al. in 2017 [83]
presented the study on the preparation of reduced graphene oxide/zinc silicate/calcium
silicate (r-GO/ZS/CS) by L-aa with an optimal surface electroconductivity. The conductive
biocomposite obtained was analyzed in vitro osteogenesis of mouse bone mesenchymal
stem cells.

2.2. Gel-Phase Reduction

Recently, a gel-phase technique has achieved a growing interest. This technique is
based on the reduction of a thin film of GO deposited on a substrate by the diffusion of L-aa
molecules in it. The peculiarity of this approach is that GO is not dispersed in a solvent, but
it is swollen by water, and it persists in the form of coating stacked to the substrate, and the
chemical interaction with L-aa takes place by permeation of the reductant in these lamellar
structures. This approach represents an important technological breakthrough because the
development of many functional devices can be made directly by the reduction of a large
area of GO coating deposited on selected substrates (i.e., polymers, glass, etc.) [52,68-70,84].
In addition, considering that this approach allows the GO reduction by L-aa at a low
temperature, it is possible to overcome the temperature limitation due to the thermal
stability of the substrate. This method preserves the properties of substrates, and it avoids
the use of surfactants.

According to the literature, only a few methods have been developed for the reduction
of GO thin films. Two approaches for reducing GO film deposited on a substrate were
described: the first one is based on the dipping of supported GO in a reducing L-aa solution,
and the second method requires the exposure of supported GO to vapors of a reducing
L-aa solution. Both procedures, which could need a controlled temperature, are shown in
Figure 1.

a) 1 b)
I
Reduction for exposure to vapours of
L-aa aqueous solution

Reduction for dipping
in L-aa aqueous solution

Substrate

Substratés—
N

1
|
1
I
1
I
1
1
: A A R vapours
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L-aa | solution
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! solution
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1
|
1
I
1
1
|
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Figure 1. Scheme of the reduction of a GO film deposited on a substrate (a) by dipping; (b) by
exposure to vapors of a L-aa solution.
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Liu et al. in 2015 [52] first reported the use of L-ascorbic acid/water vapor as a
reducing agent for GO films. In this paper, GO on cellulose was placed on the top of a glass
bottle in a Teflon-lined autoclave containing different concentrations of an aqueous solution
of L-aa. Finally, the autoclave was heated at 100 °C for 48 h. The same procedure was used
to prepare r-GO-Ag composites that can be used for active substrate surface-enhanced
Raman scattering and as antibacterial material.

In 2016, Li et al. [70] published one article concerning the preparation of porous r-GO
membranes reducing GO on copper hydroxide nano-strand freestanding membranes by
dipping in a 60 mL L-aa aqueous solution heated at 90 °C for 4 h. The results confirmed
that a porous r-GO membrane, fabricated from a graphene oxide sheet via etching copper
hydroxide nano-strands by L-aa reduction, provides an effective structural configuration
for enhancing its gauge factor.

Tas et al. in 2019 [69] proposed the reduction of graphene oxide thin films deposited
on glass by dipping in an opportune solution of the L-aa at low-temperature. To compare
the effectiveness of the reduction process, hydrazine hydrate was also used as a chemical
reducing agent following the same method. The results have shown that this reduction
process, which does not contain heavy toxic chemicals and does not require nitrogen, argon,
etc., is more successful.

Chen et al. in 2020 [84] reported on the preparation of cellulose/r-GO aerogels for the
development of chemical vapor sensors. For the GO reduction, the cellulose/GO hydrogels
were put in an aqueous solution of L-aa at 95 °C for 2 h. Sensors based on these aerogels
exhibited fast response, good recovery, high sensitivity, and excellent reproducibility. The
inexpensive, easy, green, and scalable preparation of this new type of vapor sensor could
be expected to lead to new sensing and biomedical applications.

In the same year, Longo et al. [67,68] published a new method for a green gel-state
chemical reduction of GO supported on cellulose substrates. The possibility of having
an effective mass transport of the reductant inside the swollen GO deposit was ensured
by spraying a reducing solution of L-aa on the GO film, allowing it to reflux for 48 hin a
closed microenvironment at 50 °C. A scheme of the apparatus used for reduction is shown
in Figure 2.

Reduction for spraying of L-aa aqueous solution

== |

spray nozzle |

L-aa/water I
droplets

Figure 2. Scheme of the reduction of GO film deposited on paper/substrate by spraying of a L-aa
aqueous solution [67].

The principal information on the parameters selected in the above-described gel-phase
approach are summarized in Table 2. In particular, the method used to reduce the GO on
the substrate, the concentration of the L-aa in water, the selected substrate, the temperature
and time of reaction, and the characterization techniques are given.
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Table 2. Summary of principal parameters used in the cited methods of the gel-phase reduction

of GO.
Methods CoTEEE O 6 Substrate Temper.a ture Characterizations Reference
L-aa and Time
Exposure to Different o UV-Visible, FT-IR, .

vapors concentrations Cellulose 100 °C for 48 h Raman, AFM, XPS Lui et al., 2015 [52]

Dipping 30mg/mL ofL-aa  Freestanding 90 °C for4h UV-Vis Li et al., 2016 [70]
in water membrane
. Different o .

Dipping concentrations Glass 95 °C for 15 min XRD, Raman, XPS Tas et al. [69]
Dipping 30 mi{rx;s: L-aa Paper 95°Cfor2h XRD, Raman, XPS Chen et al. [84]
Spraying Paper 50 °C for 48 h XRD, FT.IR, SEM 0N etal, 2020 [67]

Palomba et al., 2021 [68]

The Reduction of GO Film Deposited on Paper/Substrate Spraying of L-aa
Aqueous Solution

This gel-state reduction technique, based on spraying an L-aa aqueous solution, rep-
resents a convenient approach for a complete reduction of the GO layers supported on
thermally unstable substrates [67,68]. The most important experimental results published
in previous manuscripts [67,68] can be summarized as follows. In addition, in order to
improve the previous results, a quantitative analysis of the degree of oxidation of GO
before and after the reduction is presented.

According to the thermogravimetric investigation, the process temperature selected
(i.e., 50 °C) is necessary to increase the mobility of the water and L-aa molecules in the
GO inter-layers [68]. The SEM investigation confirmed a structural modification of the
GO coating after the treatment, mainly consisting of an increase in the coating flatness. In
addition, SEM confirmed a strong interfacial adhesion between the GO/r-GO coating and
the fibrous substrate. This micro-structural characteristic, due to an excellent adhesion at
the GO—paper interface, is relevant for achieving a highly flexible r-GO layer supported on
paper, and it is vitally necessary for industrial exploitation [68].

The XRD results of r-GO/paper show the presence of the main peaks of the r-GO
pattern combined with the XRD signals of residual GO. In particular, the results showed
that the obtained r-GO coating is composed of platelets with an average thickness of ca.
27 nm and a width of ca. 40 nm, which are aligned parallel to the interfacial plane and show
good graphitic quality [67]. These experimental results confirmed the obtained reduction
of GO on paper only qualitatively.

To establish the degree of oxidation of GO before and after the reduction, the Fourier
transform infra-red spectroscopy was recorded in attenuated total reflectance (ATR) mode
in the 4000-700 cm ! range by using a spectrophotometer (PerkinElmer Frontier NIR,
Milan, Italy).

The ATR spectra (see Figure 3) showed that most of the peaks referring to oxygen-
containing groups are present in the GO layer. In addition, the broad peak in the spectra
in the region 3740-3100 cm~'and the peak at 21640 cm ™! can be referring to the water
molecules absorbed on the interlayers of GO. Table 3 details the main peaks measured
by spectra.

To perform a quantitative analysis of the degree of oxidation of GO before and
after the reduction by ATR spectra, the following procedure proposed by Guerrero-
Contreras et al. [85,86] was used:

e A polynomial baseline was calculated and subtracted from the raw spectra.
e  The resulting spectra were multiplied by —1 in order to have positive bands.
e  The peak deconvolution was obtained by Gaussian fit to achieve the peak area.

112



Materials 2022, 15, 6456

4000 3500 3000 2500 2000 1500 1000

2500
Wavenumber (cm')

Figure 3. FT-IR spectrum of GO on paper/substrate (a) and r-GO on paper/substrate (b).

Table 3. ATR peaks assignments for GO and r-GO on paper.

T GO r-GO
Vb E b il Position Position
O-H stretching, water molecules 3740-3100 3740-3100
C-H stretching 2800-2600 2766
C=0 stretching carbonyl functional
groups
located on the edge of the sheets (yet }ZZ; 128
COOH and C=0);
C=C aromatic skeletal stretching
CH, deformation stretching 1433 1415
C-OH stretching bending mode of 1431 1404
hydroxyl groups
C-OH stretching 1239 1227
C-O-C stretching epoxy groups 1150 1147
C-H bending aromatic skeletal 971 965

The comparison between the spectrum before and after reduction shows a general
decrease in intensity of the peaks related to oxygen functional groups. At this point, the
degree of oxidation of GO was evaluated by calculating the relative percentage of oxygen-
containing functional groups (RPox) compared to the presence of all functional groups
observed in the wavenumber range of 900—1850 cm ! (for all peaks in Figure 3 [85,86]).
RPox was calculated using the following formula:

sum of area of all peaks — area od C = C peak

RPox =
% sum of area of all peaks

100 1)

The analysis reveals that the RPox decreases from 68% to 37% after the reduction.

3. Reduction of GO by L-aa

Nowadays, the mechanism of the chemical reaction between GO and L-aa is not
completely understood. This section provides a detailed description of the mechanism
given in the literature for the GO reduction by L-aa and describes the effect of UV light on
this mechanism.
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3.1. Possible Mechanism of Reduction

According to the literature [29,66], two different reactions are involved in the reduction
of GO steps. The first reaction involves the reduction of GO vicinal-hydroxyls by L-a. The
second one involves the reduction of epoxy groups by L-aa. Both reaction pathways
are shown in Figure 4. In particular, the electron density withdrawing from the five-
membered ring of L-aa makes the hydroxyls contained in this molecule much more acidic,
consequently the L-aa can dissociate, providing two protons, which are transferred to GO,
while nucleophilic species (i.e., the oxyanion of L-aa: C4¢HyOg ™) are generated. Figure 4
shows that both reacting sites require the formation of a good leaving group, which is a
hydroxyl group in the case of epoxies and a water molecule in the case of vicinal-hydroxyl
groups. These types of leaving group are generated by protonation of the cited GO
reactive groups (i.e., vicinal hydroxyls and epoxy groups). After this preliminary acid-base
reaction, a SN2 reaction step follows. In this reaction, the nucleophilic agent attacks the
Sp*-carbon of the epoxy group or the «-Sp3-carbon of the alcoholic groups, and hydroxyl
or water results as a by-product, respectively. In the case of the reaction involving epoxy, a
further condensation by the SN2 mechanism follows. Then, this intermediate undergoes
a thermally induced red-ox reaction, which leads to the formation of: reduced graphene
oxide (r-GO), and as by-products, dehydroascorbic acid and water molecules [29,66]. Some
studies report that dehydroascorbic acid (C¢HgOg) can be further converted to guluronic
and oxalic acids [59,86], and then CO,, CO, and water are generated during GO reduction

to r-GO.
Reduction of GO by L- ascorbic acid
Graphene Oxide I ascoibicracid rez.lcc)e)d-Graphene Oxide Deydrosascorbic acid
-
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g Ho, cl Lo 0
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- reactingsite: e
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Figure 4. Schematic representation of the reaction pathway [67].

A similar chemical mechanism, proposed by Longo et al., 2020 [67], took place when
a L-aa aqueous solution is sprayed on a GO thin film. The presence of a large amount
of oxygenated functional groups on GO makes the material very hydrophilic and, thus,
provides it with the capability to absorb water and swell [87,88]. In fact, the absorption of
water molecules on the GO layer by physical interaction with the epoxide and/or hydroxyl
groups is a well-known phenomenon (see Figure 5). This absorption gives the layered
stacked GO a natural tendency to swell as a consequence of the enlarged inter-layer spacing.
At room temperature, a slow diffusion rate of L-aa molecules, which always characterizes a
gel-phase reduction, and consequently, a lower value of the reaction rate, is expected. To
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increase both the mobility of water and the corresponding mobility of L-aa molecules in
the GO channels, the process temperature was increased to 50 °C.

Figure 5. Representation of swollen GO and the diffusion pathway of a L-aa aqueous solution.

3.2. Possible Influence of UV-Irradiation

This eco-friendly approach can be improved by using L-aa as a photosensitive reducing
agent. Go et al. demonstrated that when L-aa was excited by UV irradiation at 254 nm, it
oxidized with simultaneous deprotonation and this proton-coupled electron transfer was
capable of inducing a chemical reduction of GO [79,88]. Therefore, UV irradiation of L-aa
is expected to accelerate the reduction of GO. This method can be advantageously used for
developing eco-friendly and scalable processes [79,88].

4. Discussion, Conclusions, and Future Perspectives

The aim of this review is to highlight the potential for using L-aa as a green reducing
agent to improve eco-friendly and large-scale production of r-GO. Liquid-phase and gel-
phase reductions were briefly discussed here. As far as the first approach is concerned,
experimental results have demonstrated the advantageous use of some factors in improving
the reduction process shown in Figure 6. Higher temperature, the use of sonication, and
exposure under UV radiation are factors that (separately or simultaneously) allow an
increase in reduction. Furthermore, this review presents an analysis of the role of the pH
of the reaction mixture on the formation of irreversible r-GO agglomerates and the use of
surfactants to modify the adsorption properties of r-GO. Many studies have demonstrated
that this approach can be advantageously used to obtained functional nanomaterials based
on r-GO

More recently, there has been a growing interest in the potential for developing
reduction processes in the gel-phase. This approach overcomes some limitations of the
reduction of GO in the liquid-phase, such as the isolation of r-GO from the solution. In
addition, this approach can be used to reduce a large area of the GO coating deposited
on selected substrates (i.e., polymers, glasses, etc.), and for this reason, the approach may
provide many technological breakthroughs.

Table 4 compares the two approaches by outlining and summarizing the pros and
cons for both.

Finally, the review shows the efficiency of L-aa as a reductant agent. In the future,
this green reduction method of GO may provide fascinating results in terms of graphene
quality, size, and also production.

The aim of this review was to collect all the literature papers concerning the most
important approach for the GO reduction based on the use of L-aa. The achieved r-GO
quality allows for the technological exploitation of this nanostructure in a variety of forms
(coating, self-supported, embedded in a polymer, etc.). These factional materials have
potential applications for flexible electronics, sensing applications, optics applications,
etc. In particular, the use of this green chemical method is an emerging technology of
a fundamental importance for the production of large-area, lightweight, low cost, and
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mechanically stable devices. The knowledge of all aspects related to the synthesis and
properties of r-GO obtained by the L-aa reduction technique is a critical point for bringing
this process to mass production.

Table 4. Summary of principal advantages and disadvantages of liquid-phase and gel-phase approaches.

Liquid-Phase Reduction Gel-Phase Reduction

Advantage Disadvantage Advantage Disadvantage

e Need to control the
diffusion of L-aa to have
a uniform degree of
reduction in the coating

v' Uniform degrees ° Separation of r-GO

i Treatment of a large area
of reduction from solvent v eatment o ge are

e  Re-dispersion of r-GO in
v" Control of morphology selected matrix to
possible applications

V' Preparation of --GO
coating in one-step

v' Use of thermally
unstable substrates

Parameters that modify
the morphology

Under
UV-radiation

N

Use of
Sonication

temperature

\y

Figure 6. Parameters that act on the reduction mechanism.
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Abstract: The importance of gas sensors is apparent as the detection of gases and pollutants is crucial
for environmental monitoring and human safety. Gas sensing devices also hold the potential for
medical applications as health monitoring and disease diagnostic tools. Gas sensors fabricated from
graphene-based fibers present a promising advancement in the field of sensing technology due
to their enhanced sensitivity and selectivity. The diverse chemical and mechanical properties of
graphene-based fibers—such as high surface area, flexibility, and structural stability—establish them
as ideal gas-sensing materials. Most significantly, graphene fibers can be readily tuned to detect a
wide range of gases, making them highly versatile in gas-sensing technologies. This review focuses
on graphene-based composite fibers for gas sensors, with an emphasis on the preparation processes
used to achieve these fibers and the gas sensing mechanisms involved in their sensors. Graphene
fiber gas sensors are presented based on the chemical composition of their target gases, with detailed
discussions on their sensitivity and performance. This review reveals that graphene-based fibers can
be prepared through various methods and can be effectively integrated into gas-sensing devices for a
diverse range of applications. By presenting an overview of developments in this field over the past
decade, this review highlights the potential of graphene-based fiber sensors and their prospective
integration into future technologies.

Keywords: gas sensor; fiber; nanofiber; fiber composite; graphene oxide; reduced graphene oxide;
electrospinning; wet-spinning; gas sensing mechanism; flexible electronics

1. Introduction

Gas sensors, devices designed to detect gases in a chosen environment, play a critical
role in applications ranging from environmental monitoring to industrial systems moni-
toring and healthcare diagnostics [1-5]. Gas detection must be highly efficient, reliable,
and accurate, especially when concerning the safety of both the individual and the envi-
ronment [6]. For example, an occurrence such as a gas leak in an industrial setting can
quickly become catastrophic and require immediate action [7], while the rapid detection
and assessment of biomarkers must be precise for proper medical treatment [8]. Gas
sensing of pollutants is also crucial in maintaining human health and safety, as well as
ecosystem preservation and enabling effective regulation of harmful emissions [9-12]. The
need for gas sensors in these settings has resulted in increasing sophistication in both gas
sensor design and nanofabrication approaches [13]. In addition, as automated and remotely
operated equipment becomes more widely adopted, gas sensors have been proposed to
act as an electronic “nose” for these systems [14,15], underscoring the importance of the
continued development of these sensors and their place in modern technologies [16].

Gas sensors can be categorized as physical and chemical sensors or have elements of
both. Physical sensors rely on measurements of physical quantities, such as light or heat,
while chemical sensors rely on measurement of chemical interactions at the gas—sensor
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interface [17]. Although the change in resistance is a physical measurement, the mechanism
driving this effect may be physical absorption or chemical reaction, depending on the
interactions between the gas and the sensing material [18,19]. Gas sensor performance
can be influenced by the dimensionality of the sensor and the loading of the sensing
materials [20,21]. A higher specific surface area of a sensing material leads to higher
sensitivity, and several different fabrication techniques have been employed with the aim
of producing sensors with intricate and fine structures to maximize surface area [22,23].
Many factors affect the gas sensing mechanism of a sensor, including the reactivity and
atomicity of the gas, and the conductivity and morphology of the sensing material. Gas
molecules can influence the response of a gas sensor due to the rate of diffusion of gas
and the kinetics of collision between gas and surface [24,25]. Larger gas molecules may
exhibit higher reactivity due to their greater collision diameters, enhancing interactions
with the sensing material and generating a stronger response [26-28]. Conversely, smaller
gas molecules can more easily penetrate the pores of the sensing material and diffuse more
rapidly, resulting in faster response times [25,27,29]. These effects have led to efforts to tailor
sensing materials by modifying surface properties [30-32] and tuning pore sizes to target
specific gases based on molecular size [25,33-35]. As other areas of technology evolve, there
is great interest in developing sensors with efficient sensing materials that are suited to these
new technological landscapes [36,37]. A prominent example of this is the development of
sensors that follow the design tenets of flexible and wearable electronics [38].

Challenges in developing flexible gas sensing platforms often involve selecting suit-
able sensing materials that can maintain their structure and functionality when strained [39].
Research focuses on optimizing these sensors to achieve comparable sensitivity to rigid
substrates, along with high selectivity, fast response and recovery, and durability, ensur-
ing consistent performance under repeated bending or stretching without damage [40].
Carbon-based materials offer mechanical stability and electronic properties and have been
demonstrated to be promising sensitive materials for sensing applications [41]. Among
these materials, graphene, defined as a single layer of sp? carbon atoms, exhibits desirable
characteristics and has been thoroughly investigated for use in sensors [42—44]. Many
of the properties of graphene, including high conductivity, excellent chemical stability
at ambient temperature, flexibility, intrinsic high surface area, and low fabrication costs
make it an ideal candidate in gas sensing applications [45]. The large surface-to-volume
ratio of graphene offers numerous active sites for gas adsorption, while its exceptional
electrical conductivity enables fast response times, contributing to the sensitivity of the
sensor. The sensitivity of graphene is such that it has been shown to be able to sense a
single gas molecule [46].

Graphene materials, including pristine graphene, graphene oxide (GO), and reduced
graphene oxide (RGO) [47], also demonstrate distinct gas detection capabilities that can be
exploited in sensor fabrication [43]. GO can be produced at a low cost by chemically exfoli-
ating graphite in the presence of a suitable oxidant [48]. GO has semiconducting properties
superior to raw graphite and can be enhanced significantly by reduction to RGO using
chemical, thermal, or UV reduction processes [43,48]. RGO is particularly advantageous as
it possesses a defined band gap and has accessible functional groups capable of selectively
binding gas molecules [48]. The implementation of graphene materials in composite fibers
for gas sensing has garnered the most significant interest, as graphene and its derivatives
have been proven to be robust nanofillers [49].

Graphene-based composite fibers can be fabricated with a wide range of materials
including polymers, metal oxide nanoparticles, and even other 2D materials and synthetic
fibers [17,50]. Combining graphene with other semiconducting materials, such as con-
ductive polymers and metal oxides, often enhances sensing capabilities by increasing the
surface available for gas interaction [3,51]. Graphene is a competitive gas sensing material
due to its tolerance to humidity, unlike many polymers, and its broader operating tempera-
ture range, compared to some metal oxides [3]. Graphene-based fibers are advantageous
functional materials as they benefit from the high sensitivity and stability of graphene,
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along with their good electrical and mechanical properties [3,43,52]. While harnessing the
beneficial characteristics of graphene, graphene fibers provide increased flexibility and
structural integrity, making them well-suited for sensor fabrication. With the growing
interest in micro and nano gas sensors, graphene-based fibers are strong contenders owing
to their conductivity, compatibility, conformability, and ease of integration into lightweight,
flexible devices [53,54].

A popular method to fabricate nanofiber gas sensors is electrospinning, where an elec-
trostatic force is employed to draw threads from a composite solution to form nanofibers [55].
Electrospinning offers an advantage over other nanofiber fabrication methods, such as
chemical vapor deposition, sol-gel methods, and template-assisted fabrication, due to its
simplicity, cost-effectiveness, and versatility relative to these competing nanofabrication
techniques [17]. Another emerging technique for the fabrication of fibers is wet-spinning,
whereby a composite material is extruded through a spinneret into a coagulation bath
composed of a non-solvent [56,57]. In the coagulation bath, the material undergoes rapid
drawing, resulting in fiber formation through phase inversion [57,58]. Electrospinning
allows for more precise control of fiber diameter while wet-spinning can be more easily
scalable [59,60]. Fibers produced through spinning methods are distinguished by their
exceptionally high aspect ratio and surface area, as well as the ease with which graphene
materials can be uniformly integrated throughout the fiber, enhancing the performance of
the resulting sensor [61].

This review aims to provide an overview of the state-of-the-art graphene-based fiber
materials for gas detection sensors, focusing on advancements from the past decade. This
review will discuss both gas sensing systems designed to detect specific gases and those
capable of detecting multiple gases. It will cover the synthesis and processing methods for
these fiber sensors and delve into the sensing mechanisms, including response dynamics
and modes of detection. To demonstrate the scope and selectivity of these gas sensors, the
application of graphene-based fibers in sensing gases with varying atomicity (diatomic,
triatomic, and polyatomic gases) is described to illustrate the various modes to target
these different gases. Additionally, sensors designed to detect volatile organic compounds
(VOCs), at times termed gas vapors, are discussed. In addition to sensors fabricated to sense
one gas, detection systems for two or more gases are reviewed. These gases represent an
extensive range of gases with respect to their molecular size, atomic composition, thermal
conductivity, and oxidizing or reducing potential. This review distinguishes gas sensors
designed for various target gases, to spotlight the range of sensing capabilities of graphene
fibers and highlight their applicability in diverse settings and applications.

This review will focus on sensing systems that incorporate graphene and gas sensors
with a graphene fiber component, examining how graphene was integrated and how it
enhanced the overall performance of each system. This work will emphasize sensing
systems that utilize graphene fibers; however, in some cases, gas sensing performance relies
on the combination of graphene with other materials, such as metal oxides and polymers. In
these instances, we will focus on the role of graphene, while briefly discussing its interaction
with these materials in relation to sensor sensitivity. Throughout this review, research trends
in this field will be revealed and breakthrough findings will be highlighted. By examining
recent literature, it aims to showcase the potential of graphene-based composite fibers in
gas sensing systems and illustrate how these advances set a foundation for their integration
into diverse applications, including medical diagnosis, health management, environmental
monitoring, and wearable electronics.

2. Graphene-Based Fiber Sensors for Diatomic Gases

It is imperative to detect diatomic gases, such as hydrogen (H;) and carbon monoxide
(CO), for a plethora of reasons related to safety concerns that endanger human health
and the environment. H; is a non-toxic, colorless, odorless gas; however, it is primarily
produced by fossil fuels and is highly flammable [17,62]. This is due to its low ignition
energy, where even an Hj volume fraction of 4% in the air can trigger explosions [63,64].
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Hj; gas is also susceptible to leakage into the atmosphere, making its safe transportation
and storage very challenging, especially in industrial settings [64]. Similarly to Hp, COis a
colorless, odorless, and flammable gas generated from fossil fuels and industrial processes,
as well as vehicle exhaust emissions and wildfires [17,65]. However, CO exposure is toxic to
humans and can be lethal in high concentrations, while lower concentrations exposure can
lead to adverse symptoms, including headache, nausea, and dizziness [65]. This occurs as
CO binds to hemoglobin in blood with high affinity, competing with oxygen and reducing
its capacity to carry oxygen by displacing it [66]. In addition to being colorless and odorless,
both H; and CO gas are less dense than air, which enables their accumulation in enclosed
spaces; therefore, efficient sensors for these gases are essential [64,66].

2.1. H Gas Sensor

While graphene alone has demonstrated effective gas-sensing properties, numerous
studies are focused on optimizing these capabilities by combining graphene with other
sensing materials [46,52,67]. Extensive research has focused on enhancing the sensitivity
and selectivity of gas sensors by incorporating graphene and its derivatives with metal
oxides, forming nanocomposite materials [50,68]. Kim et al. employed reduced graphene
oxide to enhance the gas sensing capabilities of zinc oxide (ZnO) nanofibers for the selective
detection of hydrogen gas [69]. The electrospun nanofibers were constructed from RGO-
loaded ZnO, produced by incorporating RGO nanosheets with zinc acetate, and had an
average diameter of 190 nm. The sensor exhibited the highest response of 2542 (R, /Ry,
where R, is the resistance in the absence and Ry is the resistance in the presence of hydrogen)
to 10 ppm H; gas at 400 °C (Table 1). At the lowest concentration of Hy of 100 ppb, a
response of 866 is shown by the sensor. The study suggests that there are electrical potential
barriers at the interfaces of RGO/ZnO, RGO/Zn, and Zn/ZnO at equilibrium (Figure 1a).
When introducing H, gas to RGO-ZnO nanofibers, ZnO became n-type and was reduced to
metallic Zn at the surface of the nanofiber, as hydrogen atoms reacted with surface oxygen
ions of bulk ZnO. An energy potential barrier at the RGO/Zn interface prevented the flow
of electrons into RGO, thus the addition and removal of H, is a resistance modulation and
generates a sensing signal. The high sensitivity of RGO-loaded ZnO nanofibers stands in
contrast to SnO, nanofibers fabricated in the same study, which are less responsive than
the ZnO counterparts. Following similar methodologies, the same research group also
fabricated RGO-ZnO nanofibers for sensing various other gases and reported their findings
in a separate paper [70].

2.2. CO Gas Sensor

Incorporating graphene into a sensing system can amplify the overall electrical
properties of the sensor, increasing its conductivity due to the high electron mobility of
graphene [20,71]. Additionally, doping a graphene-based system with other semiconduct-
ing materials, or doping graphene itself, can further elevate the sensitivity and response
time of the sensor, enabling more accurate and rapid detection of target gases [52,72].
Shams et al. electrospun cadmium-doped tin oxide and reduced graphene oxide composite
nanofibers to function as a carbon monoxide gas sensor [73]. They reported the best-
performing sensor, containing 1.6% cadmium, had a band gap of 2.80 eV and a diameter
of 200.57 nm. In the presence of CO gas, the Cd-doped RGO-5nO, nanofibers were able
to respond after 25 s at 100 °C, while the nanofibers consisting of SnO, alone showed a
delayed response at 35 s (Table 1). The sensing mechanism of this system is enhanced
by RGO due to its energy level, which lies between the LUMO orbital of CO and the
conduction band of SnO,, and it exhibits p-type behavior relative to SnO, (Figure 1b). This
facilitates the transfer of electrons and decreases the resistance. In addition, the authors
note that doping with Cd allowed for more sites for oxygen adsorption, which promoted
the oxidation of Cd and generated more electrons back to the nanofiber. Therefore, a
combination of RGO with Cd dopant further optimized the adsorption and desorption
kinetics of the gas sensing system. To promote personal safety by minimizing potential
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hazards, this study presents a method for the rapid detection of toxic gases using sensors
based on graphene-enhanced composites.
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Figure 1. Examples of graphene-based fiber sensors for diatomic gases: (a) Schematic illustration of
RGO-ZnO sensing mechanism for H, gas [69]; (b) Schematic diagram of Cd/RGO/SnO, sensing
mechanism to CO gas [73].

Table 1. Summary of graphene-based fiber gas sensors for Hy and CO gas.

Gas Conc. Material Response Temp. Ref.
Hygjlo)ge“ 100 ppm RGO-ZnO 2542 400 °C [69]
2
Carbon
Monoxide 100 ppm Cd/SnO, /RGO 25s 100 °C [73]
(CO)

3. Graphene-Based Fiber Sensors for Triatomic Gases

Triatomic gases like carbon dioxide (CO,), hydrogen sulfide (H;,S), and nitrogen
dioxide (NO,) are gases that can come from anthropogenic sources, and high concentrations
of each gas in the atmosphere are considered undesirable [74,75]. CO; is a colourless and
odourless gas and is the most prevalent greenhouse gas in our atmosphere [17]. The
absorption of infrared radiation from the sun by atmospheric CO; is understood to be the
primary driver of climate change [76]. On a smaller scale, control of CO; concentration
in systems, enabled by quick and accurate measurements, is important in air quality,
food preservation, and early fire detection [77]. Atmospheric CO, levels remained at
approximately 250 ppm from human evolution until the Industrial Revolution but doubled
between the years 1813 and 2019 [78]. Prolonged exposure to CO; levels up to 1000 ppm
poses health risks to humans [79], making the detection and management of CO; essential
both indoors and outdoors. H;S is a highly toxic and flammable gas, largely generated from
petroleum refineries and oil and gas drilling operations [17,80-82]. Exposure to H,S at low
concentrations of 10 ppm should not exceed more than 10 min, while exposure to 100 ppm
can cause instantons death [83]. Additionally, the distinct “rotten egg” odor of H,S is
unpleasant; however, anosmia, or olfactory desensitization, can sometimes prevent the
human olfactory system from detecting this gas. [84-86]. NO; is a particularly important
gas to detect as it is one of the primary emissions from the manufacturing and automobile
industries [17]. Global average NO, levels are on the rise, with motor vehicle exhaust
contributing up to 80% of NO, emissions in certain cities [87,88]. NO; is associated with
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smog, and while not a greenhouse gas, it is toxic to humans, with the lethal dose being only
174 ppm [89]. NO, gas detection is thus critical, especially in densely populated urban
areas [77]. Given these factors, it is therefore essential to rapidly detect any present in the
environment for the protection of individuals and the Earth. The presence of hazardous
gases in the atmosphere, such as CO,, NO,, and H;S, necessitates constant environmental
monitoring and emphasizes the need for high-performing gas sensors [90].

3.1. CO, Gas Sensor

Al-Thani et al. reported CO; sensors composed of polyaniline (PANI)-coated and RGO-
PANI-coated electrospun polystyrene (PS) nanofibers, respectively [91]. The PS nanofibers
underwent a plasma treatment, followed by coating with GO and PANI, whereby PANI was
directly polymerized onto the fibers (Figure 2). The sensors containing GO were subjected to
hydrogen reduction to convert to RGO with PANI-coated PS nanofibers. Although both sets
of sensors showed sensitivity towards CO, gas, the sensors containing RGO showed higher
sensitivity, with a more distinct change in resistance, when exposed to 60 ppm of CO; gas at
room temperature. This behavior is credited to the broad electrochemical potential window
and fast electron transfer rate of graphene [92]. The repeatability of the nanofiber sensors
was examined, where the sensors exhibited a CO, gas sensing response and recovery time
of 65 s (Table 2). Furthermore, the selectivity of the nanofibers was investigated, where
the RGO/PANI/PS sensor exhibited a high response of 0.8 ((R¢ — R;)/R,, where Ry and
R, are resistance in the presence of an analyte gas and Ny, respectively) to CO, and lower
responses towards methanol, ethanol, and ammonia.

I PS mat Plasma treatment ‘/RF generator

L]
A
(L[]

Syringe Pump

Aluminum foil

.

High PS nanofiber

voltage

PS mat

. Collector
(GND)
PS-PANI-GO mat l
Polymerization process
\ <
\ Cut in cicles

PS-PANI mat ]

x>

N === - ==~

Figure 2. Schematic illustration of graphene/PANI/PS nanofibers preparation steps [91].

3.2. H»S Gas Sensor

Kim et al. fabricated HjS sensors using electrospun RGO-CuO nanofibers [93]. By
testing RGO loadings ranging from 0.05 wt% to 1.5 wt%, they identified 0.5 wt% RGO-
CuO as the optimal composition, which exhibited the highest sensitivity of 1.95 (R¢/R,,
where R, is resistance in air and Ry is resistance in the presence of target gas) to 10 ppm
of HS at 300 °C. The RGO-CuO nanofibers also demonstrated selectivity for HyS when
tested against other gases, including CO, C¢Hg, and C7Hg, where the interfering gases
showed minimal activity. The gas sensing efficiency was considerably influenced by the
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morphology of these nanofibers, which consist of nanoscale grains [94]. These nanograins
play a critical role in determining the gas-sensing mechanism and enlarging the surface
area of the fiber sensor. In the case of RGO-CuO, the varying RGO loadings alter the surface
structure of the nanograins, leading to a distinct sensing response (Figure 3).

Figure 3. Field-emission scanning electron microscopy images of: (a) Pristine CuO nanofibers,
and RGO-CuO nanofibers with different amounts of RGO; (b) 0.05 wt% RGO, (c¢) 0.1 wt% RGO,
(d) 0.2 wt% RGO, (e) 0.3 wt% RGO, (f) 0.5 wt% RGO, (g) 1 wt% RGO, and (h) 1.5 wt RGO% [93].

Kim et al. reported nanofibers for H,S detection based on non-oxidized graphene
(NOGR), whereby pore size and distribution were controlled by a polymeric templating ap-
proach [95]. In the fabrication of their sensors, a composite containing colloidal polystyrene
with tungsten precursor was electrospun, and the resulting nanofibers underwent a calci-
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nation procedure (Figure 4). In the process, the W precursor was oxidized, and PS colloids
were decomposed. By tuning the size of the PS colloids, the size and distribution of pores
can be controlled within the nanofibers as the PS colloids act as sacrificial templates and
become void domains following the thermal treatment. In parallel, NOGR flakes were
obtained through the chemical exfoliation of graphite intercalation compounds and subse-
quently combined with the PS-WOj; nanofibers. The resulting PS/WO3;/NOGR nanofibers
exhibited a sensitivity of 65.6 (R,j;/Rgas) to 5 ppm of H,S gas at 300 °C (Table 2), and this
was achieved with only 0.1 wt% loading of NOGR flakes. The selectivity of sensors was
also examined by exposing the nanofibers to various gases, including acetone, NO, toluene,
ethanol, NHj3, CO, and pentane, where the sensor showed the highest response towards
H5S. The conductivity of NOGR contributes to the sensing performance as it facilitates the
transport of charge carriers, as well as the pores on the nanofibers that allow for higher
surface area and gas penetration [96,97].

CH,COCH,

(a) Electrospinning of PS- (b) As-spun PS colloid (c) Porosity and pore (d) Porous WO; NFs

colloid-decorated W decorated W distribution controlled functionalized with NOGR
precursor/PVP composite precursor/PVP composite WO; NFs

Figure 4. Schematic illustration of the fabrication process for PS-WO3 /NOGR nanofibers, whereby
controlled pore distribution on the nanofiber is achieved [95].

Hieu et al. developed RGO/ ZnFe,O4 nanofiber sensors for HyS gas detection. The prepa-
ration of the sensors involved an on-chip electrospinning technique, wherein nanofibers were
directly collected and assembled onto a microelectrode chip equipped with interdigitated
electrodes [86]. The nanofiber sensors achieved a response of 147 (R;/Rq, where R, and
Rq were the resistances of the sensors in the air and H;S, respectively) to 1 ppm of H,S
at 350 °C (Table 2) [98]. The gas detection mechanism was attributed to the movement
of electrons from RGO to ZnFe;O4 and the multi-porous structure of the sensor. The
nanofibers were composed of nanograins, which induce the formation of depletion regions
and potential barriers: one at the heterojunction between RGO and ZnFe;O4, and another
at the boundaries between ZnFe,O4 nanograins (Figure 5). In the presence of air, oxygen
molecules adsorb onto the surface of the nanofiber, capturing electrons from the conduction
band to form oxygen ions. Upon exposure to H;S, the gas molecules react with these oxy-
gen ions, generating the electrons back into the conduction band. This interaction reduces
the heterojunction and grain boundary barriers, leading to a decrease in the resistance of
the sensor. The response of the sensor occurs owing to the heterojunction between RGO
and ZnFe,O4 within the nanofiber.

Hieu et al. extended their work on H;S gas sensors by fabricating RGO/ x-Fe;O3
nanofiber sensors employing their previous on-chip electrospinning method [99]. The
RGO/ a-Fe;O3 nanocomposite was synthesized using poly(vinyl alcohol), a ferric salt
precursor, and RGO reduced from GO. The nanofiber morphology was revealed to be
significantly affected by changes in precursor concentration and annealing temperature
while being independent of changes to the graphene content. The optimal sensor config-
uration, which yielded the highest response of 9.2 to 1 ppm Hj,S gas at 350 °C (Table 2),
consisted of nanofibers containing 1.0 wt% RGO, 11 wt% PVA, and 4 wt% Fe(NOs3)3-9H,0,
and was annealed at 600 °C. The sensitivity of the sensor was attributed to the morphology
of the RGO/ x-Fe;O3 nanofibers and the presence of nanograins, along with the large
surface-to-volume ratio provided by the RGO. It was noted that the sensing mechanism
involved potential barriers at both heterojunctions and homojunctions, consistent with the
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mechanisms described in their previous work [98]. This study presents a straightforward
approach for the detection of toxic gases and environmental monitoring.
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Figure 5. Schematic depicting the gas sensing mechanism of RGO-ZnFe,O4 nanofibers: (a) Band
diagram of RGO and ZFO; (b) At equilibrium; (c) In air; (d) H,S gas exposure [98].

Given rising concerns about air quality in our environment, accurate gas detection is
critical in a multitude of settings. However, advancements must also focus on designing
environmentally conscious sensing systems that can monitor gas in the environment
without causing further harm to it. The environmental impact of graphene production
itself must, therefore, also be evaluated. There are ongoing efforts to explore the production
of graphite from biomass waste and the recycling of graphite from batteries to meet the
demand for graphene [100,101]. With this, the lifespan of graphene-based sensors must be
evaluated in future studies to ensure that they not only maintain optimal performance over
their intended use but also that their materials can be reused to reduce the need for new
production at the end of their operational life.

3.3. NO, Gas Sensor

Promising improvements in sensor performance have been made by extending the
investigation of polymeric substrates and polymer composites to electrospun nanofiber-
based gas sensors [102,103]. Shi et al. reported reduced graphene oxide and polymer
composite nanofibers for the fabrication of nitrogen dioxide gas sensors [104]. The elec-
trospun nanofibers were composed of a poly(vinyl alcohol) (PVA) and poly(ether imide)
(PEI) polymer mixture and deposited onto an interdigitated electrode. The nanofibers were
then dip-coated in a GO nanosheet solution, enabling the self-assembly of GO onto the
nanofibers and were subsequently reduced to form RGO-polymer nanofiber gas sensors.
The sensor showed repeatability over multiple cycles with exposure to NO, gas and Ny,
where it reached 90% of the maximum response (AG/ Gy, the ratio of conductance change
of sensor in target gas to Np) upon exposure to 500 ppb of NO,. At the highest NO, concen-
tration of 5 ppm, the conductance increased by 159.4%, demonstrating that a higher NO,
concentration resulted in a greater sensing response. This trend was primarily attributed to
the accessibility of the RGO surface to NO, gas molecules [105,106].

Lee et al. also employed polymeric nanocomposites for the development of stretchable
devices for the detection of NO; gas [107]. They described sensors fabricated from RGO,
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where GO was chemically reduced with hydrazine, layered onto electrospun polyurethane
(PU) nanofibers, and assembled on polydimethylsiloxane (PDMS). During the electrospin-
ning process, the collected fibers were rotated to form nanofibers in orthogonal directions
with varied electrospinning times and number of fiber layers. The mechanical stability of
the sensors was tested by stretching at 50% elongation up to 10,000 cycles. When consider-
ing both stretchability and gas sensitivity, the overall best-performing sensor exhibited a
response of 176% (Al/1, where I is the dynamic current intensity measured under stretching
tests) to 5 ppm of NO, gas at room temperature (Table 2) and was comprised of five layers
that were electrospun for 8, 3, 3, 3, and 1 min. This study illustrated an approach toward
high-performing wearable gas sensors that maintain sensing capabilities under high strains.

As previously mentioned, a widely popular approach to obtaining gas-sensing materi-
als is through the formation of nanocomposites with graphene derivatives and metal ox-
ides [108-110]. Wang et al. demonstrated this with the fabrication of RGO-In, O3 nanofiber
gas sensors for NO, detection [111]. These nanofibers were produced via electrospinning,
incorporating In,O; with RGO to form a composite material. The sensors containing
2.2 wt% RGO exhibited an enhanced gas response, with a sensitivity of 42 (Ry/R,, where
Rq is the resistance of the sensor in NO, and the R, is the sensor resistance in the air) to
5 ppm NO; at 50 °C. The sensing mechanism of RGO-In,O3 nanofibers was influenced by
the high surface area, structural defects, and functional groups of RGO, which provided
ample adsorption sites for NO, gas molecules [112,113]. Additionally, RGO enhances the
resistance modulation of the sensor through the formation of RGO-In,O3 heterojunctions
(Figure 6). When the sensor is in the open air, oxygen molecules are adsorbed at the surface
and between the juncture of adjacent In,O3; nanoparticles at the nanograin boundaries.
Potential barriers and depletion layers are formed at the nanograin boundaries between
In,O3 nanoparticles, as well as between In;O3 and RGO heterojunctions when oxygen
species are generated. When the nanofiber is exposed to NO;, the gas reacts with the
adsorbed oxygen and expends electrons from the conduction band. This results in the
expansion of the depletion layer, thereby altering the resistance of the sensor and producing
a sensing signal.

The research group of Kim et al. are recognized for their work on RGO-loaded metal
oxide electrospun nanofibers for gas sensing applications [69,70,93,114]. In two separate
studies, the authors examined the gas sensing properties of electrospun RGO-5nO, and
RGO-ZnO nanofibers, evaluating their response to various oxidizing gases (NOy, SO;, Oy)
and reducing gases (CO, C¢Hg, CoH50H) [70,114]. Although both nanofibers demonstrated
sensitivity to a range of gases, the studies primarily focused on NO, due to the notably
high response observed. The high response was attributed to the inherent high reactivity
of NO, molecules as opposed to the selectivity of the nanofibers for NO, [70,114].

In their investigations, nanofibers with RGO concentrations ranging from 0.04 to
1.04 wt% were evaluated. It was found that nanofibers with 0.44 wt% RGO exhibited the
optimal sensing performance for both SnO, and ZnO [70,114]. The authors suggest that
increasing RGO concentrations beyond this optimal level reduced gas sensing performance
due to percolation effects, wherein RGO forms conducting networks that interfere with
the sensor. The optimal RGO concentration in the preparation of RGO-5nO, nanofibers
resulted in the most pronounced resistance modulation and a response of approximately
100 (Rg /R,, where Rg is the resistance of the sensor in NO, and R, is the resistance in the
air) when exposed to 5 ppm NO, at 200 °C (Figure 7a, Table 2) [114]. Similarly, in the RGO-
ZnO study, nanofibers with the same RGO loading exhibited the highest response, with a
maximum response of 150 when exposed to 5 ppm NO, at 400 °C (Figure 7b, Table 2) [70].

Scaling up the production of graphene-based fibers presents several challenges, partic-
ularly in transitioning spinning techniques to industrial-scale manufacturing. The studies
discussed thus far all fabricated nanofibers using electrospinning methods, underlining
the popularity of this technique for producing graphene fibers [49,115,116]. Despite the
successful employment of this technique in the literature, it has been less widely adopted
at an industrial scale due to its relatively slow production rates and challenges with main-
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taining consistency [117,118]. Wet-spinning fabrication techniques are currently regarded
as a promising approach for the scalable production of microscale graphene composite
fibers [57,119]. Although wet-spinning has been employed in the production of textiles
such as viscose rayon fibers [120], adapting this technique for more complex functional
materials remains an area of active research [60,121]. Further efforts are needed to optimize
spinning techniques, enabling large-scale production while achieving precise control over
fiber morphology and ensuring the functional performance of the fibers.
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Figure 6. Schematic illustration of the sensing mechanism of (a) InyO3 compared to (b) RGO-In,O3
towards NO, gas [111].
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Figure 7. (a) Response of RGO-SnO, nanofibers to NO,, Oy, and SO, gases, where the concentration
was set to of 1, 2, and 5 ppm, respectively [114]; (b) Response of RGO-ZnO nanofibers, with varying
RGO concentrations, to 5 ppm of NO, gas [70].
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Han et al. used a continuous wet-spinning technique to synthesize Cu-CuyO and Ni-
NiO graphene fibers [122]. In this process, a GO dispersion was extruded into a coagulation
bath containing a catalytic solution with Cu or Ni ions, followed by thermal treatment
of the fibers (Figure 8). The metal cations aid in binding the GO into fiber assemblies,
making the wet-spinning technique suitable due to the even dispersion of cations in the
coagulation bath. In addition, this preparation method allowed for sensors with flexibility
and compatibility, enabling the fibers to be integrated into other fabrics. The resulting
Cu/Cuy;0O/RGO and Ni/NiO/RGO fiber sensors demonstrated sensitivities of 18.90% and
0.82% ((Rgir — Rgas/Ryir) x 100) respectively, to exposure of 5 ppm of NO, gas at 150 °C
(Table 2). Although the Ni/NiO/RGO fibers exhibited lower sensitivity compared to the
Cu/Cuy0/RGO fibers, they outperformed other Ni-containing graphene fibers, showing
double the response of NiO-graphene fibers. The gas sensing mechanism of the fibers
involves the spillover effect, whereby adsorbed gas molecules are dissociated by metal into
more reactive species and subsequently dispersed onto the adjacent surface [123,124].

Spinneret

Thermal treatment

GO solution .
i - — 750 °C, Argon
Spinneret containing Metal cations M/MO/GF

Figure 8. Schematic illustration of Cu/Cu,O/graphene and Ni/NiO/graphene fiber (M/MO/GF)
fabrication, involving wet-spinning and thermal treatment of fibers [122].

Kim et al. also utilized the wet-spinning technique to fabricate graphene fibers, in-
corporating tunicate cellulose nanofiber (TCNF) with GO to create TCNF-GO fibers [125].
These wet-spun fibers were then treated with a tungsten (W) precursor and subjected to ther-
mal processing, resulting in reduction and calcination to produce porous RGO/WQO3; /TCNF
fibers. The inclusion of TCNF facilitated the formation of mesopores and created a wrinkled
surface morphology, which increased the surface area of the fiber. The maximum response
observed by the sensor was a sensitivity of 9.67% ((R;;» — Rgas/Rgir) % 100) towards 5 ppm
of NO; at 100 °C (Table 2), although they remained functional at room temperature. To
further demonstrate the practical application of these fibers, the authors integrated them
into wearable devices, showcasing the potential of the fibers in wearable sensing systems
(Figure 9).

Graphene can be utilized to elevate existing commercially available fiber materials,
presenting straightforward approaches to high performance composites [126,127]. These
graphene fiber composites not only offer cost-effective and widely accessible fabrication
methodologies, but also have the potential to support large-scale production of wearable
electronics [128,129]. Ren et al. developed RGO-enhanced mesoporous ZnO nanosheet
hybrid fibers using cotton and elastic thread and evaluated their sensing response to
NO, gas [128]. The synthetic process involved treating the cotton and elastic treads
with an adhesive and annealing treatment, followed by immersion in GO, a chemical
reduction reaction, and subsequent coating with ZnO to produce RGO/ZnO/thread sensors
(Figure 10a). These hybrid fibers demonstrated effective gas sensing capabilities, exhibiting
a 44% response (R (%) = (Rg — R;z)/R, x 100, where R, is the initial resistance value in air
and Ry is the resistance value in NO,) to 15 ppm of NO; at room temperature, with response
and recovery times of 140 and 630 s, respectively (Table 2). To explore practical applications,
the RGO/ZnO sensors were integrated into fabric, forming a wearable multi-sensor array
network, which was successfully tested for NO, detection (Figure 10b).
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Figure 9. Images of RGO/WO3/TCNF fibers integrated into various objects: (a) A wristwatch (the
area highlighted in yellow is where the fiber was integrated); (b) A pair of safety goggles; (c) Sown
onto Kimtech paper; (d) A wearable sensing module. NO, gas monitoring from the portable sensing

device (d) is depicted in (e) [125].
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Figure 10. (a) Schematic illustration depicting the multi-step fabrication of RGO/ZnO/thread sensors;
(b) Image of sensor array network of RGO/ZnO/thread and its integration onto wearable fabric [128].
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The group of Lee et al. carried out extensive studies using commercially available
fiber materials and coating them with graphene for various applications [129-131]. They
reported the development of RGO-decorated cotton and polyester yarns [129]. The yarns
were dip-coated in GO, which self-assembled onto the fibers. Subsequently, the GO-
coated yarns were reduced to RGO through a low-temperature chemical reduction process.
Utilizing these RGO fibers, they constructed devices capable of selectively detecting NO,
gas at concentrations as low as 0.25 ppm at room temperature. The RGO-cotton yarn sensors
exhibited a response of —7.0% (R (%) = (Rg — R,;)/R,; x 100, where R and R, denote the
electrical resistance upon exposure of NO, and air, respectively), whereas RGO-polyester
yarn sensors yielded a response —6.0% (Figure 11a, Table 2). When RGO-yarn sensors are
exposed to NO;, the resistance of the sensors decreases. This decline was attributed to an
increase in hole concentrations, resulting in the observed negative response.

Following their initial report, they investigated the use of cotton yarn coated with
RGO and MoS,, utilizing similar processing methods [130]. This study revealed that
incorporating MoS; into RGO-containing fibers increased their sensitivity to NO, by a
factor of four compared to fibers containing only RGO. When exposed to 0.45 ppm of NOy,
RGO/MoS; /yarn had a response of 28% (AR/Rg (%) = (Rg — Ro)/Ro x 100, where Ry and
Rg are resistances of the yarn sensor before and after exposure to NO,, respectively), while
fibers without MoS, only exhibited a response of 6% (Figure 11b, Table 2). This improved
sensitivity was ascribed to the large surface area of the RGO-MoS; composite and the
synergistic interaction between RGO and MoS, [132,133].

Building on their previous reporting, Lee et al. further examined the use of elastic yarn
coated with RGO, employing techniques consistent with earlier studies (Figure 11c) [131].
In this investigation, the sensors demonstrated a response of 50-55% (R (%) = (Ry —
R;)/R, x 100, where Ry and R, denote the electrical resistance upon exposure to NO,
and air, respectively) to 5 ppm of NO, even under 200% strain (Table 2). Leveraging this
performance, they fabricated wearable gas-sensing wristbands, thereby highlighting the
potential of these RGO-coated fibers for integration into wearable electronics.

In another study led by Yun et al., nylon-6, a widely used industrial synthetic polymer,
was fabricated into a mesh fabric through electrospinning [134]. This technique resulted in
the fabrication of nanofibers, which were subsequently functionalized with GO using a self-
assembly dip-coating method. Following this coating process, a chemical reduction was
applied, converting the GO to RGO, thereby creating RGO /nylon-6 nanofibers (Figure 11d).
The resulting nanofibers demonstrated sensitivity to NO, gas, detecting concentrations at
1 ppm and exhibiting a response of 13.6% (| R; — Ro | /Ro, where Ry and R, are resistances
of the gas sensor before and after exposure to NO,, respectively) at room temperature
(Table 2). This response was attributed to the swelling of the hydrophilic and porous
polymer, along with the high surface area of the nanofiber [135,136]. The bendability of the
nanofibers was also examined, where a negligible change in response was observed for the
sensors in flat and bent positions. These findings set a stage for the use of RGO-containing
nanofibers in flexible electronics and electronic textiles applications.
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Figure 11. Examples of gas sensors using commercially available fibers: (a) Gas sensing performance
of RGO-cotton yarn and RGO-polyester yarn exposed to 0.25 ppm and 1.25 ppm of NO, at room
temperature [129]; (b) Gas sensing performance of RGO-cotton yarn and RGO-cotton yarn with
MoS, exposed to 0.45 ppm, 2.5 ppm, and 4.5 ppm NO; gas at room temperature [130]; (c) Schematic
illustration of the fabrication process for RGO-elastic yarn [131]; (d) Schematic illustration of the
fabrication process of RGO/nylon-6 [134].

Table 2. Summary of graphene-based fiber gas sensors for CO,, NO,, and H,S gas.

Gas Conc. Material Response Temp. Ref.

Carbon dioxide 60 ppm RGO/PANI/PS 0.8 RT [91]
(COz)

10 ppm RGO-CuO 1.95 300 °C [93]

Hydrogen Sulfide 5 ppm PS/WO3;/NOGR 65.5 300 °C [95]

(H,S) 1 ppm RGO-ZnFe,O4 147 350 °C [98]

1 ppm RGO/ «-Fe; O3 9.2 350 °C [99]

5 ppm RGO/PVA/PEI 159.4% RT [104]

5 ppm RGO-PU 176% RT [107]

5 ppm Cu/CuO/RGO 18.90% 150 °C [122]

5 ppm Ni/NiO/RGO 0.82% 150 °C [122]

5 ppm RGO/WO3/TCNF 9.67% 100 °C [125]

5 ppm RGO-In, O3 42 50 °C [111]

Nitrogen Dioxide 5 ppm RGO-5n0O, 100 200 °C [114]

(NOy) 5 ppm RGO-ZnO 150 400 °C [70]

15 ppm RGO/ZnO/thread 44% RT [128]

0.25 ppm RGO-cotton yarn —7.0% RT [129]

0.25 ppm RGO-polyester yarn —6.0% RT [129]

0.45 ppm RGO/MoS, /yarn 28% RT [130]

5 ppm RGO-elastic yarn 55% RT [131]

1 ppm RGO/nylon-6 13.6% RT [134]
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4. Graphene-Based Fiber Sensors for Polyatomic Gases

The polyatomic gas, ammonia (NH3), is an important feedstock for fertilizer, energy,
and fine chemicals [137]. NHj is toxic and exposure to the gas should be restricted to
35 ppm for 10 min [138]. Other polyatomic gases, such as methane (CHy) and propyl
radical (C3Hy), which are components of natural gas, have thermal conductivities that
differ significantly from that of air, making calorimetric gas sensors highly effective for
detecting these gases [139,140]. However, the thermal conductivity of NHj is similar to
that of air, and detection of this gas by measuring thermal conductivity is difficult [139].
Substantial efforts have therefore been dedicated to the gas sensing of NHj3 gas using
alternative methods [139,141]. In addition, as the normal concentration of NHj in a healthy
person ranges from 0.5 to 2 ppm, NH3 in human breath has been explored as a biomarker,
showing considerable potential for liver and kidney disease screening [141,142].

NH3 Gas Sensor

Gaskov et al. developed NHj3 gas sensors by encapsulating Co3O4 nanocrystals within
a matrix of RGO [143]. The nanofibers were synthesized by combining cobalt, GO, and
polyvinyl pyrrolidone (PVP). During the electrospinning process, GO enveloped cobalt
ions, while PVP formed the nanofiber structure (Figure 12). Subsequent calcination resulted
in the reduction of GO to RGO, carbonization of PVP into amorphous carbon, and the
aggregation of cobalt oxide into larger crystals, ultimately forming RGO-Co304 nanofibers.
The sensor demonstrated a sensitivity of 53.6% (Ry — R;)/Rg) to 50 ppm of NH3 at room
temperature (Table 3). The strong affinity of RGO for NHj contributed to the response of
the sensor [144,145]. When NHj is adsorbed onto the nanofiber surface, it donates electron
density in the relatively high energy lone pair orbital to the sp? carbon of graphene, which
increases resistance by reducing the number of electron holes.

rGO-\CiJ3O4 Nanofibers \
S
@ &

Amorphous Cabon
N
Electrospinning & Calcination ‘

Figure 12. Schematic illustration of the fabrication process for RGO-Co30, nanofibers involving
electrospinning and calcination process [143].

Expanding on this work, Wang et al. reported nanofibers of amorphous carbon and
Co304 encapsulated graphene for NHj sensing [146]. In their study, a mixture containing
GO, Co304, PVP, and a cobalt salt precursor was electrospun to form nanofibers. These
nanofibers were then calcined, followed by an additional thermal treatment. The nanofibers
subsequently underwent a carbon exfoliation process for varying durations, ranging from
0 to 580 s, during which amorphous carbon and RGO aggregated around the cobalt ions,
forming carbon/RGO/Co304 nanofibers. It was observed that the sensor thermally etched
for 250 s exhibited the highest response, with a 123% (Rg — R;)/R,) sensitivity to 50 ppm
of NHj3 at room temperature (Table 3). Compared to the earlier work by Gaskov et al., the
carbon/RGO/Co30, sensors demonstrated a significant improvement in performance,
with over a 50% increase in sensitivity achieved through optimized carbon exfoliation.

Wau et al. developed nanofiber sensors for NHj gas based on polyaniline, nitrogen-
doped graphene quantum dots (N-GQD), and Iny,O3 [147]. The N-GQDs were synthesized
through a hydrothermal process, while hollow InpO3 nanofibers were fabricated via elec-
trospinning (Figure 13). The N-GQDs were subsequently combined with In,O3 nanofibers
through electrostatic interaction, and PANI/N-GQD/In,O3 nanofibers were prepared
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through in-situ chemical oxidative polymerization. The assembly of the nanofiber sensors
was completed by depositing them onto gold-interdigitated electrodes. In assessing the
effect of N-GQD loading, it was found that sensors with 20 wt% N-GQD exhibited the
highest response, achieving a sensitivity of 15.2 (R¢/R,) to 1 ppm NHj3 at room temper-
ature (Table 3). This enhanced sensitivity was attributed to the increased surface area
provided by the N-GQDs and hollow In,O3 nanofibers, which facilitate greater interaction
with PANI and offer numerous adsorption sites for NH3 gas. Notably, the sensor demon-
strated effective NHj gas detection at room temperature concentrations ranging from 0.6
ppm to 2.0 ppm, the range in which kidney or liver diseases can be identified in human
breath [148,149].
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Figure 13. Schematic illustration of (a) The preparation of hollow In,O3 nanofibers, N-GQDs, and
PANI/N-GQD/In, O3 nanofibers, and (b) nanofiber sensor fabrication [147].

Correa et al. also employed In;Oj3 in their preparation of sensors for NHj3 detec-
tion [150]. In their study, In,O3 nanofibers were fabricated via electrospinning, followed
by a calcination procedure, while RGO was synthesized by partial chemical reduction of
GO using sodium citrate. RGO was combined with In,O3 via ultrasonication to obtain
RGO-In;,03 nanofibers, which were then cast onto gold interdigitated electrodes to form
gas sensing devices. The sensors displayed a sensitivity of 95% ([(R, — Rg)/Rg] x 100,
where R, is the sensor resistance in air while Ry is the sensor resistance after being exposed
to the gas) in response to 15 ppm of NHj3 gas at room temperature (Table 3). The sensors
demonstrated selectivity for NH3, showing a higher response to it compared to other gases
such as acetone, ethanol, methanol, triethylamine, trimethylamine, and monomethylamine.
The gas sensing performance is attributed to the formation of a depletion layer and p-n
heterojunction between RGO and In;O3, where oxygen molecules from the air are adsorbed
onto the surface of the nanofiber and electronics flow from n-type In,O3 to p-type RGO
until equilibrium is reached (Figure 14). When exposed to NHj3, gas molecules react with
the oxygen species, which generate electrons and eject them back into the nanofiber, thereby
decreasing the resistance of the sensor and providing a sensing signal. RGO contributes to
this response as it inherently provides the sensor with active sites at the surface and allows
for more gas adsorption as it creates an interconnected structure with In,O3 [151,152].
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Figure 14. Schematic representation of RGO-In,O3 gas sensing mechanism, depicting depletion layer
in air (i) and in NHj3 gas (ii) [150].

Han et al. also contributed advancements in NH;3 gas sensors through their work on
wet-spun RGO/ Ti3C,Tx MXene hybrid fibers [153]. In addition to previously mentioned

137



Materials 2024, 17, 5825

metal oxides, Ti3CoTx MXene, an emerging class of 2D material, is also recognized for its fa-
cilitation of gas adsorption [154,155]. The TizC,Tx was synthesized by etching Ti3 AIC, and
combined with GO, then the resulting composite was wet-spun into fibers and subjected
to thermal reduction (Figure 15a). MXene and GO undergo galvanic displacement, where
oxygen atoms from GO transfer to the MXene surface, while electrons of MXene reduce GO,
driven by the difference in their relative potentials [156,157]. The sensors demonstrated a
sensitivity of 6.77% (AR/Ryp) in response to 50 ppm of NHj at room temperature (Table 3).
When tested for selectivity, the fibers demonstrated a notably higher response to NH3,
while sensitivity to other gases remained low at approximately 1%. (Figure 15b). The
potential of these fibers as wearable sensors was further explored by integrating them into
a lab coat. The woven RGO/ TizCyTx MXene sensor demonstrated a response of 7.21%
when exposed to 100 ppm of NHj3 gas, underscoring the promise of these fibers for use in
wearable and flexible sensing devices.
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Figure 15. (a) Schematic illustration of MXene/GO via wet-spinning; (b) Selectivity of RGO/ TizC,Tx
MXene to NHj3 in comparison to other gases [153].

Dong et al. introduced an innovative approach to fabricating coatings for a quartz
crystal microbalance (QCM), a technique used to determine the mass of an analyte ab-
sorbed by measuring the frequency changes related to adsorption activity on a quartz
crystal [158,159]. They developed an NHj3 gas sensor by utilizing electrospun nanofibers
made from polystyrene doped with carboxyl graphene (G-COOH) as the QCM coating [158].
G-COOH was specifically chosen for its high surface area and porosity, which serve to
enhance the mass loading of NH3 molecules onto the QCM [160,161]. The G-COOH
and PS composite was electrospun and directly deposited onto the QCM, forming a G-
COOH/PS/QCM sensor. When tested with NHj3 concentrations ranging from 1 to 40 ppm
at room temperature, the sensor exhibited a decrease in frequency as ammonia concen-
tration increased (Figure 16a). The sensor, exhibiting an inherent frequency of 5 MHz,
achieved a sensitivity of 17.67 ng Hz L.

This work was further expanded upon by Li et al., as they proposed that improved
dispersibility of graphene could enhance the response of the sensor [162]. They described
their approach as an electrostatic layer-by-layer self-assembly technique, whereby negatively-
charged electrospun cellulose acetate (CA) nanofibers were encased with a layer of positively-
charged poly(ether imide) and a layer of negatively-charged GO. The resulting nanofiber
membrane was utilized as sensing coatings for QCM to form CA /PEI/GO/QCM NH3 gas
sensors. With this modified method, the inherent frequency of the sensor was 5 MHz and the
sensitivity of the sensor increased to 53.01 ng Hz ! (Figure 16b). When exposed to 1 ppm of
NH3, the sensor observed a higher response of 0.9 Hz, compared to a response of 0.3 Hz by
the previously reported G-COOH/PS QCM sensor (Table 3) [158]. This effect was attributed
to the improved uniformity of GO, which was more evenly distributed on the nanofiber as a
coating, rather than being mixed into a spinning solution. The authors also attributed this
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Figure 16. (a) Frequency shifts of G-COOH/PS QCM sensors upon exposure to increasing NHj
concentrations [158]; (b) Frequency shifts of CA/PEI/GO QCM sensors upon exposure to increasing
NHj; concentrations [162].

Table 3. Summary of graphene-based fiber gas sensors for NH3 gas.

Gas Conc. Material Response Temp. Ref.

50 ppm RGO-Co304 53.6% RT [143]

50 ppm Carbon/RGO/Co304 123% RT [146]

. 1 ppm PANI/N-GQD/In,O3 15.2 RT [147]
Al(lll\ln;?r)“a 15 ppm RGO-InyO;, 95% RT [150]
3 50 ppm TisC, Tx MXene/RGO 6.77% RT [153]

1 ppm G-COOH/PS/QCM 0.3Hz RT [158]

1 ppm CA/PEI/GO/QCM 0.9 Hz RT [162]

5. Graphene-Based Fiber Sensors for Volatile Organic Compounds

Volatile organic compounds (VOCs) are a class of organic compounds that vaporize
and aerosolize readily due to a relatively high vapor pressure at standard temperature
and pressure [163]. VOCs are emitted from both natural and anthropogenic sources, with
several being acutely toxic to humans [164]. Their release into the atmosphere can also
lead to the formation of harmful secondary pollutants [165], thus there is a need to monitor
levels of these compounds to assess indoor and outdoor air quality. Formaldehyde is a
toxic VOC found in common products like paint and preservatives, while chlorobenzene,
although less prevalent, is associated with carcinogenic effects [166,167]. Additionally, the
emerging interest in using certain gases as biomarkers for human health highlights the
importance of detecting and quantifying these gases [168-171]. Analyzing breath samples
for the presence or absence of VOCs, such as acetone and ethanol, has shown that they are
useful indicators of disease and adverse health conditions [172].

5.1. Acetone

Wang et al. realized porous GO-WO3 electrospun nanofibers for the gas sensing
of acetone [173]. In this study, various volumes of GO ranging from 0 to 1.5 mL were
added to a tungsten precursor solution and processed using electrospinning. The resulting
nanofibers were calcined to obtain CO-WOj3; nanofiber sensors. The sensor exhibiting the
highest response contained nanofibers fabricated from 1 mL of GO-WOj3, with a sensitivity
of 35.9 (R;/Ry) to 100 ppm of acetone vapor at 375 °C (Table 4). The enhanced sensing
performance of GO-WOj3 nanofibers is primarily due to the formation of ohmic contact
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between conductive GO nanosheets and WO3; nanograins, which facilitates electron mi-
gration and resistance modulation [174]. The morphology of the nanofibers, including
high surface area and porosity, enables better adsorption and faster diffusion of acetone
molecules, leading to quicker response and recovery times [175].

Ghafarinia et al. developed RGO-ZnO nanofibers for the detection of acetone gas via
electrospinning [176]. The nanofibers were prepared with different ratios of zinc acetate
and GO, facilitated by PVA, followed by a calcination treatment (Figure 17). The sensors
were fabricated by depositing the nanofibers onto a silicon wafer. It was determined
that the sensor containing a zinc acetate concentration of 4 weight fractions and a GO
concentration of 0.07 weight fractions performed the best. The sensor exhibited a sensitivity
of 4 (Ryir/Rgas) to 200 ppm of acetone at 200 °C (Table 4). Interestingly, a study of the
sensors containing ZnO without RGO revealed that the addition of graphene decreased the
optimal operating temperature from 400 °C to 200 °C. This improvement was attributed to
the efficient charge transfer capabilities of RGO that refine electrical conductivity [177].
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Figure 17. Schematic illustration of the preparation of RGO-ZnO nanofiber sensors [176].

Lu et al. reported RGO/ a-Fe;O3 nanofibers for acetone gas detection [178]. The
nanofibers were fabricated with different loadings of RGO via electrospinning. The optimal
sensor, containing 1 wt% of RGO/ «-Fe;O3 nanofibers, reached a maximum of 8.9 (R;/Ry)
to 100 ppm acetone at 375 °C (Table 4), which was 4.5 times higher than the sensors
without RGO. The formation of RGO and Fe,O3 heterojunctions generated ohmic contacts,
enhancing the sensing signal, while defects and functional groups in RGO provided strong
adsorption sites for gas molecules. The sensing mechanism is also influenced by the
catalytic effect of RGO in adsorption, where the pores between layers of RGO nanosheets
are efficient gas diffusion channels, offering active sites for acetone gas molecules [51].

Shen et al. recognized the potential of RGO-poly(vinylidene fluoride) (PVDF) nanofibers
for sensing and energy storage applications [179]. The nanofibers were fabricated by elec-
trospinning a composite of PVDF and GO, followed by the reduction of GO to RGO using
hydrazine, resulting in RGO-PVDF nanofibers. These nanofibers were employed in the
fabrication of three sensor types, including pressure, photodetector, and gas sensors, as well
as three micro-supercapacitors. For each sensor, nickel film electrodes were placed on two
ends of the nanofibers at different distances between the electrodes, depending on the type
of sensor. All device types were integrated onto a single PDMS substrate with thermally
evaporated Ni and Ag tape electrodes serving as electrical interconnections. The entire
structure was then encapsulated with an additional PDMS layer, exposing only the sensing
materials to air, to create a self-powered multifunctional electronic skin system. The gas
sensing function of the electronic skin (e-skin) demonstrated a response of 0.25 (S = Al /Iy,
where Al is the difference current between in the air and in the target gas, Ij is the current
in the air) to 500 ppm of acetone at room temperature (Table 4), with rapid response and
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recovery times of 5.5 and 30 s, respectively (Figure 18). This work establishes a promising
platform for advancing e-skin technologies and integrating sensors into wearable devices.
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Figure 18. Gas sensor on e-skin device: (a) Response of gas sensor to different concentrations of
acetone vapor; (b) Response of gas sensor to increasing acetone concentrations; (c¢) Response and
recovery time of gas sensor; (d) sensing stability of device under different bending states in 500 ppm
of acetone vapor (each color on the plot represents the response for different bending states) [179].

5.2. Chlorobenzene

Park et al. described chlorobenzene gas sensors made from RGO fibers embedded
with copper iodide and metallic copper, developed using an innovative wet-spinning
method [180]. They began with a GO liquid crystal dispersion, extruding it into a CuCl,-
ethylene glycol coagulation solution where the GO aligned due to shear forces and formed
fibers with Cu cations through ionic and van der Waals interactions (Figure 19). A portion
of the Cu cations is converted to copper hydroxide, which was subsequently reduced to
metallic Cu via a redox reaction with hydrogen iodide and acetic acid. This process led to
the formation of Cul alloys, with any residual iodine rinsed away. The resulting RGO-Cu
fibers served dual purposes as both gas and temperature sensors, where the response
of the sensors was measured by the change in conductance (AG) upon varying rates of
chlorobenzene evaporation. As gas sensors, the fibers showed increased conductance in
response to rising chlorobenzene evaporation rates, with sensors containing higher Cu
concentrations displaying greater conductance change at 20 °C. The conductance of the
sensor reached 12.5 x 10-® G when exposed to chlorobenzene vapor, with response and
recovery times of approximately 70 s (Table 4). The gas sensitivity of RGO-Cu fibers is likely
due to the activation of surface oxygen ions in the encapsulated oxidized Cu particles. The
change in conductance results from gas molecules absorbed on the surface of Cu, which
increase hole conductivity by accepting electrons from the oxygen ions. Additionally, these
electrical properties and large accessible surface area for gas activity are promoted by RGO
in the fiber sensor [181].
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Figure 19. Schematic depicting RGO-Cu fiber preparation illustrating the content of Cu in the
fiber [180].

5.3. Ethanol

In et al. reported the fabrication of GO-SnO; nanofibers for the detection of ethanol
gas [182]. The process of preparing GO-S5nO, nanofibers involved electrospinning SnO,
nanofibers, followed by GO dip-coating and thermal annealing. The optimal operating
temperature of the sensors was determined to be 300 °C, with a response of 85.3 (R;/Ry) to
100 ppm of ethanol vapor (Table 4). Additionally, the functionality of the sensors persisted
under high relative humidity conditions of 96%, showing a response of 51.75 to 100 ppm
ethanol gas (Figure 20a). This impact from humidity decreases the response of the sensor
by affecting conductivity, as water molecules compete with the target gas for adsorption
sites [183]. The selectivity of the sensor for ethanol vapor was also demonstrated by testing
against other gases such as ammonia, acetone, methanol, and ammonia acetate (Figure 20b).
The interaction between graphene and SnO; was proposed to contribute to the gas sensing
mechanism, as electron transfer from SnO, to graphene increases the number of active sites
that are available for ethanol molecule adsorption [184,185].
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Figure 20. (a) Response of GO-5SnO, nanofibers (II) and SnO, without GO (I); (b) Selectivity of
GO-SnO; nanofibers (II) and SnO, without GO (I) to ethanol gas compared to other gases [182].

Gases

5.4. Formaldehyde

Yang et al. investigated electrospun hollow SnO; nanofibers with carbon materials,
including graphene, carbon nanotubes, and graphene oxide, and the resulting nanofibers
were examined as gas sensors for formaldehyde [186]. The study found that the GO-
SnO; sensors demonstrated superior gas response and selectivity to formaldehyde vapor,
compared to SnO; nanofiber sensors and SnO, with other nanocarbons (Figure 21a). The
optimal operating temperature was 120 °C, where the sensors containing 1 wt% GO
achieved a response value of 32 (R;/Rg) to 100 ppm of formaldehyde (Table 4), which is
four times higher than that of nanofibers without GO (Figure 21b). The sensing mechanism
of GO-5n0O, involves the interaction of gas molecules with the surface of metal oxides,
leading to changes in electrical conductivity [187]. Hollow SnO, nanofibers with porous
morphology allow gas molecules to permeate, facilitating gas adsorption and electron
transfer. With the addition of GO, the selectivity and sensitivity of the sensor are enhanced
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by lowering the energy barrier for electron transfer and providing active sites for oxygen
species generation [188].
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Figure 21. (a) Response of RGO-SnO, sensor compared to RGO with other nanocarbons to 100 ppm
of formaldehyde as a function of temperature; (b) Response of RGO-5nO; sensor containing different
RGO concentrations as a function of temperature [186].

Table 4. Summary of graphene-based fiber gas sensors for VOCs.

Gas Conc. Material Response Temp. Ref.
100 ppm GO-WO3 35.9 375°C [173]
Acetone 200 ppm RGO-ZnO 4 200 °C [176]
(C3HeO) 100 ppm RGO/ «-Fe;O3 8.9 375°C [178]
500 ppm RGO-PVDF 0.25 RT [179]
Chlorobenzene 6 o
(CeHsCl) 4.72 ug/s RGO-Cu 125 x107° G 20°C [180]
Ethanol
100 ppm GO-5nO 85.3 300 °C 182
(C,H(O) PP 2 [182]
Formaldehyde °
(CH,O) 100 ppm GO-5n0, 32 120°C [186]

6. Graphene-Based Fiber Sensors for Detection of Multiple Gases

Thus far in this review, the focus has been placed on gas sensors specifically designed
for the detection of individual gases. However, gas sensing systems capable of detecting
two or more gasses are also extremely advantageous in real-world, complex environments.
Similarly to single gas detection systems, sensing systems for multiple gases can be useful
for different scenarios where it is desirable to detect many gases, such as environmental
monitoring for air pollutants [189]. Furthermore, multi-gas sensors have been increasingly
used in human health diagnoses based on breath, which can contain many trace gases,
several of which are biomarkers for disease and adverse health conditions [190-192].

Kim et al. reported a gas-sensing system capable of detecting H»S and acetone with
RGO-5nO; nanofibers [193]. SnO, nanofibers were obtained via electrospinning and
subsequently calcined via thermal treatment. The resulting nanofibers were combined
with GO, followed by a thermal reduction to achieve an RGO-5nO, nanofiber composite
(Figure 22). Sensors containing 0.01 wt% of RGO exhibited a response of 34 (R;;;/ Rgas) to
5 ppm of H,S at 200 °C, while sensors containing 5 wt% RGO displayed a response of 10 to
5 ppm of acetone at 350 °C (Table 5). It was found that at low RGO loading concentrations,
the sensing properties were predominately influenced by the SnO, component, whereas the
RGO component determined the electrical transport at higher RGO concentrations. Notably,
the sensors were examined in a humid atmosphere at the respective optimal operating
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temperatures to investigate the interference of water vapor. As the sensors were able to
detect the gases in humid air, this shows the potential of these sensors for breath analyzers
that use acetone and H,S as biomarkers for the diagnosis of diabetes and halitosis [194,195].
This gas sensing system is notable as the loading of RGO in the nanofiber composite results
in greater sensitivity to one gas, rather than the other. In addition, it underscores the
challenges of gas sensing in the presence of interfering substances.

3 Calcination Homogeneously T'P;elmal redu:“(iun
I Syringe pump 3¢50 € mixig bl
Graphene oxide(GO) & SnO, Reduced GO & SnO,
nanofibers mixing nancfibers composite

Electrospinning SnO, nanofibers

Figure 22. Schematic illustration of the preparation of RGO-SnO, nanofiber composite [193].

Fabricating gas sensors often encounter problems related to susceptibility to envi-
ronmental changes, such as humidity and temperature [196]. A primary limitation of gas
sensors is achieving high selectivity to detect a specific gas amid interfering substances, as
cross-sensitivity remains a persistent challenge in both single-gas and multi-gas sensors,
affecting accuracy in real-world conditions [197]. Addressing this problem involves con-
trolling the morphology of sensing materials to enhance the detection of particular gases.
It is necessary to optimize the sensing material by fine-tuning its surface properties and
nanostructure to achieve better interaction with gases while taking into account the chemi-
cal composition, molecular size, and reactivity of the target gas molecule. It is significant
to note that ongoing research involving gas sensors, including electronic nose technology,
is exploring artificial intelligence and machine learning algorithms in sensing systems to
enhance the accuracy and precision of gas detection and differentiation [15,198]. Further
research is required to mitigate cross-sensitivity issues and facilitate precise discrimination
between gases in multi-gas sensing applications.

Ren et al. also fabricated electrospun RGO-SnO; nanofibers and studied their sens-
ing behavior to NO, and sulfur dioxide (SO,) under different intensities of UV light
illumination [199]. RGO-SnO, sensors were prepared through electrospinning, follow-
ing calcination, and ultrasonic treatments, where different concentrations of SnO, were
combined with RGO, and the resulting sensors were investigated from dark to UV light
irradiation with different light intensities. The sensor containing a mass ratio of RGO:5nO,
at 1:40 showed relatively similar responses of 23% and 22% ((Ry — R;)/R, % 100%, where
R¢ and R, are the resistance values in the gas and air, respectively) to 3 ppm of NO, and
30 ppm SO;, respectively, in a dark environment at room temperature (Table 5). Interest-
ingly, under 97 mW /cm? of UV illumination, the sensor exhibited the highest response of
102% to NO; but also the lowest response of 11% to SO;,. In the presence of UV light, SnO,
absorbs UV light and collects photo-electrons, whereas RGO accepts these photo-electrons
and facilitates charge transport. The enhanced selectivity is likely due to photocatalytic
oxidation and photochemical desorption effects, leading to varied responses depending on
the gas [200]. The findings of this study suggest that sensor selectivity can be improved by
optimizing the intensity of excitation light, presenting the role of UV light in improving
gas detection for specific gases.

Kim et al. presented nanofibers composed of RGO and SnO;, loaded with platinum
(Pt) or palladium (Pd), for the selective detection of benzene and toluene, respectively [201].
Unlike the previously discussed study that modulates graphene to target different gases,
this approach optimized the gas-sensing properties of the sensor by varying the type of
metal used. The sensors were fabricated by incorporating either Pt or Pd nanoparticles,
grown via UV irradiation, into a SnO; and RGO composite, which was then processed
into nanofibers using electrospinning. The RGO/Pd/SnO; sensors exhibited the highest
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sensitivity to benzene, with a response of 12.3 (R = R;/R,, where R, and R, are the
resistances in the presence of air and target gas) at 5 ppm at 200 °C. In contrast, the
RGO/Pt/SnO, nanofibers demonstrated the strongest response to toluene, achieving
a sensitivity of 16.0 at 5 ppm, which is 255% greater than their response to benzene
(Table 5). This behavior can be attributed to toluene generating more hydrogen molecules
than benzene, enabling Pt to dissociate toluene more efficiently, resulting in a stronger
response in Pt-loaded sensors [202,203]. In the case of Pd-loaded sensors, Pd nanoparticles
demonstrate higher catalytic activity for benzene decomposition owing to their lower
adsorption energy [204,205]. Conversely, the adsorption of toluene by Pt is electronically
favorable, while benzene dehydrogenation is thermodynamically unfavorable [205]. RGO
also contributes to the gas sensing mechanism by absorbing electrons from adjacent SnO;,
which increases the resistivity within the nanofibers, thereby reducing their conductivity
and intensifying resistance modulation [124]. Electron flow through the connected SnO,
nanograins and p-n junctions at the SnO, and RGO interfaces alters resistance as the
depletion region contracts upon gas exposure (Figure 23).
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Figure 23. Schematic illustration of gas sensing mechanism of RGO/ (Pt or Pd)/SnO, (the change in
the potential barrier is presented by the black and red curves) [201].

The same research group also reported RGO and ZnO nanofiber sensors following
similar methodologies for the gas sensing of CO and benzene [206]. The preparation of
the sensors involved the synthesis of Au and Pd nanoparticles through UV radiation and
incorporation with RGO and ZnO (Figure 24). The resulting composite solution formed
nanofibers via electrospinning, and the as-spun nanofibers were subjected to a calcination
treatment. The nanofibers containing Au exhibited a higher response to CO, whereas
the sensors with Pd demonstrated a greater sensitivity to benzene. The RGO/Au/ZnO
sensor showed a response of 23.5 to 1 ppm of CO, while RGO/Pd/ZnO had a response
of 11.8 to 1 ppm of benzene at 400 °C (Table 5). This sensitivity is due in part to the
high catalytic efficiency of Au nanoparticles for CO oxidation by lowering the oxidation
barrier and the small kinetic diameter of CO, which allows molecules to permeate into
the sensor and result in an amplified response. This gas sensing system is notable for its
ability to achieve a stronger response to one gas over another by adjusting the type of metal
nanoparticle employed.
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Figure 24. Schematic illustration of the synthesis of RGO/(Au or Pd)/ZnO [206].
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Ruiz-Valdepefias et al. also realized the sensing properties of graphene-doped SnO;
nanofibers, utilizing graphene synthesized through a liquid phase exfoliation process,
whereby direct exfoliation of graphite was achieved in water-based solutions without the
use of stabilizing agents [207,208]. The sensors consisted of electrospun nanofibers with a
diameter of around 50 nm and nanoribbons approximately 1 um in diameter deposited onto
interdigitated electrodes. When exposed to various gases, the sensor exhibited responses
exceeding 35% ((R; — R) x 100/R, where R, and R are sensor resistance under exposure to
air and selected gas, respectively) for acetone and ethanol gases at temperatures ranging
from 25-300 °C, with peak responses of approximately 85% to 4 ppm of acetone and 90%
to 2 ppm of ethanol at 300 °C (Table 5). The sensor demonstrated negligible responses for
CO and NO gases, thereby displaying a preference for acetone and ethanol. This behavior
does not indicate selectivity for specific gases but rather shows a stronger sensitivity to
certain gases compared to others. Although sensitivity is optimal at higher temperatures,
varying the temperature allows for different sensor responses, facilitating their use in
multi-sensor systems. It was proposed that the presence of graphene increases both the
detection of the sensors at low temperatures and the response to gases. This enhancement
was attributed to the existence of n-p heterojunctions that form potential barriers influenced
by gas adsorption, while the porous structure of the nanofibers and nanoribbons improves
gas penetration, thereby increasing sensitivity [209].

Cheng et al. investigated the effects of varying types of RGO on gas sensitivity
performance by fabricating nanofibers from polyaniline, camphorsulfonic acid (HCSA),
polyethylene oxide (PEO), and different RGO forms, including thermally reduced (trGO),
chemically reduced (crGO), chemically reduced for 6 h (crGO-6), and chemically reduced
for 24 h (crGO-24) [210]. These electrospun nanofibers were deposited onto interdigitated
microelectrodes to fabricate sensors, which were then tested for responses to aliphatic
alcohol vapors: methanol, ethanol, and 1-propanol. The sensor with crGO-6 exhibited the
highest resistance modulation, showing the strongest response to 1-propanol, followed
by methanol and ethanol. It exhibited responses of 22.6, 7.9, and 2.1 (AR/R,, where Rg
is baseline resistance and AR is change in resistance upon exposure to analyte vapor) to
200 ppm of 1-propanol, methanol, and ethanol, respectively, at room temperature (Table 5),
outperforming the other sensors containing differing RGO variants. Upon adsorption of
vapor molecules, the nanofiber swells, increasing the separation between PANI chains,
widening the electron transport gap, and increasing the resistance, with larger analytes
amplifying this effect. The enhanced response of crGO-6 compared to crGO-24 suggests that
hydrogen bonding between vapor molecules and RGO plays a role in resistance modulation
and contributes to the overall sensing mechanism [211]. This study not only examines the
impact of various reduction methods but also points to the effects of gas molecule size on
the gas-sensing response.

He et al. developed an RGO-MoS, composite fiber with NO, and NHj gas-sensing
properties [212]. The synthetic approach involved wet-spinning a composite containing
GO and sodium molybdate, followed by treatment with L-cysteine, hydrothermal process,
then thermal annealing. The resulting RGO-MoS, fiber consists of MoS, domains anchored
onto the surface of graphene. It is observed that the sensor displayed a sensitivity of —85%
(5 (%) =100 x AR/Rg =100 x Ry — Ro/Rg, where R, is the resistance under target gas
exposure and R is the initial resistance under N; exposure) to 100 ppm of NO; and 100%
to 100 ppm of NHj3 gas (Table 5). RGO-MoS, conjugates facilitate rapid charge transfer,
leading to fast resistance fluctuations. When the sensor is exposed to NO; gas, the p-type
dopant accepts electrons from MoS;, resulting in a decrease in the resistance of the sensor
(Figure 25a). When exposed to NHj gas, an n-type dopant, electrons are donated to MoS,,
resulting in an increase in the resistance (Figure 25b). This study demonstrates a gas-sensing
system achieved by a singular fiber material that exhibits an inverse response to either
NO, or NH3. It should be noted that while selectivity between these two gases is high,
the detection of either of these gases from the ambient atmosphere, where cross-selectivity
poses challenges, was not tested in this study. However, these findings, particularly the
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sensitivity measured by resistance changes, warrant further study to identify potential
response patterns that could enable differentiation between gases from the sensor. As
demonstrated in this study, different gases interact uniquely with the sensing material,
resulting in characteristic resistance changes. This distinction can be employed in sensors
to improve pattern recognition and enhance the selectivity of sensing systems [213,214].
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Figure 25. (a) Schematic illustrating the gas sensing mechanism of RGO-MoS; composite fiber to
(a) NO; and (b) NHj3 gas [212].

Yoo et al. reported fiber sensors composed of RGO and ZnO composites with the
ability to sense NO; and HjS gas [215]. The preparation of the fibers involved the wet-
spinning of GO suspension into a coagulation bath containing calcium chloride, followed
by hydrothermal treatment with zinc nitrate to obtain RGO-ZnO fibers (Figure 26a). The
sensors were constructed by depositing the fibers onto interdigitated gold electrodes and
adhering them with tape. The fiber sensor exhibited a sensitivity of 1.65 ((R; — Rg)/Rg] X
100 (%), where R, and R are the resistances of the sensor material when air and gas were
injected into the sensor, respectively) when exposed to 4 ppm of NO, and 2.68 to 20 ppm
of H,S at room temperature, respectively (Table 5). When exposed to CO, and H; gases,
the sensor showed low sensitivity, thus demonstrating greater responses towards NO,
and H,S. The stability of the sensor was evaluated by subjecting the sensor to continuous
NO, and H,S exposure for 10 days, where the sensor performance was observed to be
constant for both gases. The fiber sensor possesses p-type semiconductor characteristics,
which causes the formation of a hole accumulation layer in the open air (Figure 26b).
Electron transfer from the fiber increases hole concentration upon exposure to NO,. In
contrast, exposure to H,S causes electrons to be transferred to the fiber and reduces the
hole concentration, thereby inducing n-type behavior in the fiber [216,217]. The sensing
mechanism is further influenced by the morphology of ZnO and RGO, which possess a
high surface area of catalytic sites for gas adsorption and desorption. This work presents a
promising platform for real-time human health monitoring, leveraging H,S as a biomarker,
as well as in environmental monitoring, as NO; is considered a hazardous gas. Crucially,
the stability of these nanocomposites is demonstrated, marking a significant advancement
towards the development of lightweight and robust sensors with potential applications in
wearable electronics and automated portable devices.

Although graphene itself is known for its chemical stability and mechanical durability,
the longevity of graphene-based fibers is influenced by interfacial properties between
graphene and fiber-forming composite materials [218,219]. Ensuring long-term operational
stability under various conditions is crucial for sensor performance reliability. While
graphene itself demonstrates mechanical and chemical stability, the long-term stability of
graphene-based composite fibers often depends on the non-graphene components, such
as metal oxides or polymers [113,218]. In the case of polymer-containing composites, the
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durability of these fibers is influenced by the interaction between graphene sheets and the
polymer matrix, which serves as the fiber-forming framework [218]. Therefore, the strain
on this matrix plays a critical role in determining the overall stability and performance of
the fiber. However, in composites consisting of metal oxides, graphene can enhance the
structural integrity and improve the stability of the overall network owing to synergistic
effects [220]. Continued research into these composite materials will aid in developing
graphene fibers with optimal stability to achieve the best performance.
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Figure 26. (a) Schematic illustration of wet-spinning of GO fiber and fiber sensor; (b) Schematic
illustrating the sensing mechanism of RGO-ZnO fiber [215].

It is evident that sensor systems for multiple gases demonstrate significant potential
across various applications, owing to their ability to target a wide range of gases. As
mentioned, this versatility enables their use in diverse fields such as environmental moni-
toring, industrial safety, and medical diagnostics, where the detection of multiple gases
simultaneously is crucial for accurate assessments and timely responses. The examples
presented in this review showcase the current framework and obstacles to overcome for
the expansion of more sophisticated systems with high sensitivity and selectivity.

148



Materials 2024, 17, 5825

Table 5. Summary of gas sensing systems for multiple gases.

Material Gas Conc. Response Temp. Ref.
H,S 34 200 °C
RGO-5n0, Acetone >ppm 10 350 °C (193]
g . NGO, 3 ppm 102%
RGO-5nO, I UV light S0, 20 ppm 1% RT [199]
RGO/Pd/SnO, Benzene 12.3 o
RGO/Pt/SnO, Toluene > ppm 16.0 200°¢C [201]
RGO/Au/ZnO CcO 35.8 R
RGO/Pd/ZnO Benzene 5ppm 22.8 400°C [206]
: Acetone 4 ppm 85% o
Graphene-SnO, Ethanol 2 ppm 90% 300 °C [207]
1-propanol 22.6
RGO/PANI/HCSA /PEO Methanol 200 ppm 7.9 RT [210]
Ethanol 2.1
NO, —85%
RGO-MoS, NH; 100 ppm 100% RT [212]
NO, 1.86
RGO-ZnO H,S 8 ppm 0.87 RT [215]

7. Conclusions and Perspectives

This review highlights a decade of advancements in graphene-based composite fibers
for gas sensing applications. It explores their preparation, fabrication into sensors, and gas
sensing mechanisms, emphasizing graphene’s ability to enhance sensitivity and selectiv-
ity through its high surface area, electrical conductivity, and chemical tunability. These
fibers also offer flexibility and mechanical strength, enabling integration into wearable and
flexible electronics. The performance of these fibers in detecting various gases, including
diatomic (Hp, CO), triatomic (CO,, NO,, H,S), polyatomic (NHj3), and VOCs (acetone,
ethanol, formaldehyde) is detailed, with multi-gas sensing systems summarized for broader
applications. As graphene-based fiber sensors continue to evolve, their seamless incorpora-
tion into everyday objects as wearable and portable devices holds great potential to enable
real-time monitoring in fields such as industrial safety, environmental monitoring, and
medical diagnostics.

Despite their promise, challenges persist. Environmental factors like temperature and
humidity, as well as cross-sensitivity, impact real-world accuracy. Optimization of material
morphology and surface properties is critical to enhancing selectivity and performance.
Key hurdles in practical deployment include ensuring long-term stability, scalability for
industrial production, and sustainable manufacturing. Stability depends on the interactions
between graphene and other components within the composite, such as polymers or
metal oxides. Scaling up production requires refining techniques like wet-spinning and
electrospinning for consistent, high-quality output. Sustainability efforts must focus on
renewable graphene production and recycling to minimize environmental impact.

Continued research is vital to overcoming challenges and driving innovation, paving
the way for environmentally conscious, next-generation gas sensing technologies. This
review has presented the versatility of graphene-based fibers and the significant potential
these materials hold for gas sensing systems, highlighting the foundation established for
the next breakthrough in the field.
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Abstract: The reduction of graphene oxide (GO) is critical for tuning its properties. This
study integrates optical contrast analysis with Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) to investigate the structural and optical evolution of GO in thermal
reduction. For GO on 100 nm SiO,/Si, the R channel contrast exhibits superior sensitivity
to structural changes, making it a reliable indicator of the reduction process. A theoretical
model based on Fresnel equations reveals the role of SiO, thickness in modulating optical
contrast, providing guidelines for substrate optimization and channel selection.

Keywords: graphene oxide; reduction; optical microscopy; X-ray photoelectron spectroscopy;
Raman spectroscopy

1. Introduction

Due to its unique layered structure with oxygen-containing functional groups, GO has
become a significant functional material for various applications, such as photonics [1-4],
electronic [5-7], sensors [8,9], and energy technologies [10,11]. Thermal reduction is com-
monly used to remove oxygen-containing functional groups from GO and restore the
sp?-conjugated carbon framework. The reduction parameters, such as temperature and
duration, exert a substantial influence on the reduction effect, thereby modulating the re-
sulting properties [12-16]. Understanding reduction processes is crucial for optimizing the
application potential of GO. Hence, various techniques have been employed to investigate
the reduction [12-21].

Raman spectroscopy is commonly used to investigate the structural change in
graphene-based material, with a focus on the characteristic features (i.e., the D and G
modes). The D mode arises from out-of-plane vibrations induced by structural defects
and disorders in the carbon lattice, including oxygenated functional groups, as well as
double-resonant processes near the Brillouin Zone boundary. Meanwhile, the G mode
originates from in-plane vibrations of the sp?>-hybridized carbon framework, corresponding
to the first-order scattering of the E»; mode [17,18,22-25]. Hence, the intensity ratio of these
modes (Ip/Ig) and the full width at half maximum (FWHM) are widely deployed to reveal
the structural changes during the GO reduction process [17,26-30]. On the other hand,
XPS is employed to understand the electronic and chemical structure of materials. Hence,
the GO reduction progress can be analyzed by XPS (e.g., the change in oxygen-containing
functional groups). However, inconsistencies in peak selection and binding energy de-
termination during spectral deconvolution have been widely reported [18,21,31-33]. The
C 1s peak shift observed in GO relative to pristine graphene complicates charge correc-
tion procedures [32]. Moreover, the uncertainty of fitting parameters, especially for the
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asymmetric C-C sp? signal, affects the reliability of quantitative analysis [21]. While Ra-
man spectroscopy is a powerful tool, it may require careful optimization of parameters
(e.g., laser intensity, exposure time) to minimize sample damage and improve efficiency,
especially for large-scale measurements.

In contrast, despite its inability to directly provide specific structural information,
optical microscopy offers a rapid, cost-effective, and non-destructive approach for analyzing
properties like thickness and oxidation degree in two-dimensional materials, including
graphene [34-37], transition metal dichalcogenides [38—44], and others [45-50]. Changes in
optical images and contrast changes extracted from them are used to evaluate the oxidation
process of WTe; [51]. Changes in optical images are used to evaluate the oxidation process
of MoTe, and MoTe; encapsulated by MoS; to evaluate the protective effect of MoS, [52].
Changes in optical images and contrast changes extracted from them are used to evaluate
the oxidation process of MoTe, and MoTe; encapsulated by hexagonal boron nitride
to evaluate the protective effect of hexagonal boron nitride [53]. Optical microscopy
is used to identify the thickness of GO processed by vacuum heating to improve the
optical contrast [54] and estimate the reduction degree of GO by correlating of XPS by
optical contrast [27]. However, the evolution of optical contrast in various wavelength
region during GO reduction and its physical mechanisms have not been comprehensively
investigated.

In this work, an approach combining multi-channel optical contrast analysis with
Raman spectroscopy and XPS is proposed to investigate the GO reduction process. It is
found that optical contrast allows rapid assessment of reduction processes, while Raman
spectroscopy and XPS provide detailed structural information. Different channels of optical
contrast have different sensitivities to thermal reduction. For GO on 100 nm SiO, /Si, the
R channel contrast in optical images exhibits superior sensitivity to thermal reduction. A
theoretical model based on Fresnel equations reveals the evolution of optical properties
across distinct color channels and the modulation of these properties by SiO, layer thickness,
providing guidelines for channel selection and substrate optimization for contrast analysis.

2. Method

A GO aqueous suspension (1.5 mg/mL) is prepared using a modified Hummers
method [55] and spin-coated onto 100 nm SiO,/Si substrates pre-treated with oxygen
plasma (Harrick Plasma, PDC-32G-2, Ithaca, New York, NY, USA) for 10 min. The spin-
coating process consists of two steps: 1500 rpm for 30 s and 3000 rpm for 60 s, ensuring
uniform GO deposition. GO reduction is performed on 100 nm SiO, /Si substrates in a tube
furnace at temperatures of 200, 400, 600, and 800 °C under a vacuum of less than 1 Pa for
30 min without gas.

Optical images are acquired using a ZY]J-1000E optical microscope(China, Shanghai).
Python code utilizing multiple libraries is employed to generate individual channel images
and measure intensities. For individual channel image generation, Pillow (10.4.0) (PIL) is
employed for RGB image reading and channel separation, generating pseudo-color images.
For contrast quantification, OpenCV (4.10.0) (cv2) is used for image reading with interactive
ROI selection to annotate substrate and material regions, NumPy (1.26.4) for calculating
grayscale and R, G, and B channel contrasts. Raman measurements are performed at room
temperature using a WlTec Alpha-300 (Germany, Baden-Wiirttemberg, Ulm) with a blue
laser of 488 nm for stronger Raman signals. XPS measurements are performed using a
Thermo Scientific K-Alpha (Waltham, MA, USA) with Al K« radiation (1486.6 eV) as the
excitation source. Chamber vacuum less than 2.0 x 10~7 mBar. The resolution of XPS
spectra used is 0.1 eV. Atomic force microscopy (AFM) is performed using a NTEGRA
Prima (Russia, Moscow).
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3. Results and Discussion

Figure 1 presents optical and channel-separated images of GO before and after ther-
mal reduction at different temperatures. The first column are optical mages, and the next
three columns are pseudo-color images of the R, G, and B channels, respectively. While
the visibility of GO on a 100 nm SiO, /Si substrate initially appears poor, it progressively
improves with increasing reduction temperature, consistent with previous reports [27,54].
However, distinct phenomena emerge in channel-separated images. R channel images
show near-indistinguishable GO initially, followed by rapid visibility enhancement during
reduction, surpassing optical image visibility. In G channel images, GO is always distin-
guishable and also shows a rapid increase in visibility. However, the visibility is poorer
than that in R channel images. Although visibility in B channel images also increases with
temperature, it remains significantly lower than in other channels. This channel-dependent
visibility variation reveals wavelength-specific optical responses during GO reduction and
offers an optical method for monitoring graphene oxide reduction.

R channel G channel B channel

| ...
(b) ...
i i

<
| ...

Figure 1. Optical and channel-separated images of GO before reduction (a) and after reduction at
200 °C (b), 400 °C (c), 600 °C (d), and 800 °C (e). The scale bars are 10 um.
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To complement the optical microscopy findings and provide a comprehensive under-
standing of the reduction process, Raman spectroscopy and XPS are applied for detailed
chemical and structural characterization. These techniques enable examination of oxygen-
containing functional group removal and sp?-hybridized carbon framework restoration,
offering critical insights into the reduction mechanism.

Figure 2a—e show the representative Raman spectra in the 1000-2000 cm ™! region
with deconvoluted peaks of GO deposited on 100 nm SiO, /Si substrates before and after
reduction at various temperatures. Following spectral calibration with the silicon reference
peak (520 cm ') and baseline subtraction using Asymmetric Least Squares Smoothing,
peaks are carefully fitted with a Voigt function, which accounts for both Gaussian and
Lorentzian contributions. The fitting process employs the Levenberg-Marquardt algorithm
for optimization. The G and D’ peaks overlap, while the D, G, and D’ peaks alone are
insufficient to accurately fit all Raman signals. Therefore, an additional f; peak located
between the D and G peaks is included to improve the fitting results [56,57]. The complete
Raman spectra are shown in Figure S1. The spectra exhibit characteristic D and G modes
at ~1330 cm~! and ~1600 cm™~!, respectively [58]. The intensity ratio of these modes
(Ip/Ig) provides information on the defects [28,29,59], thereby accessing the structural
changes during the reduction process. The Ip/Ig ratio decreases with increasing annealing
temperature up to 600 °C, then rises with further increasing temperature, as depicted in
Figure 2f. The initial decrease in the Ip /I ratio suggests the removal of oxygen-containing
functional groups and the recovery of sp?-hybridized carbon framework, accompanied by
a reduction in defects, resulting in a corresponding decrease in the intensity of the D mode
relative to the G mode. However, at 800 °C, the increase in the Ip/Ig ratio suggests the
emergence of new structural defects.
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Figure 2. (a—e) Raman spectra in the 1000-2000 cm! region with deconvoluted peaks, (f) Ip /I ratio,
and (g) FWHM of G mode for GO before and after reduction at various temperatures.
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Figure 2g shows the temperature-dependent variation in the G mode FWHM of GO.
The initial G mode FWHM of 106.2 cm™! increases to 123.2 em~! at 200 °C, remains
stable at 120.1 cm ™!, and 125.2 cm~! for 400 °C and 600 °C respectively, and shows a
significant increase to 156.1 cm ™! at 800 °C. The observed G mode broadening at 200 °C
suggests a decrease in the crystalline quality of the sp?-hybridized carbon framework. The
nearly invariant FWHM values between 400-600 °C indicate that the defect density of the
sp?-hybridized carbon framework remains stable during intermediate thermal treatment.
The FWHM increases at 800 °C, indicating another decrease in crystalline quality. This
phenomenon is likely attributed to the formation of Stone-Wales defects, vacancies, and
distortions during high-temperature annealing, leading to G mode broadening [60-63]. The
non-monotonic behavior of the Ip /I ratio and G mode FWHM complicates the detection
of the reduction of GO.

Figure 3 shows the representative C 1s XPS spectra of GO before and after reduction at
various temperatures. The C 1s XPS spectra are deconvoluted using six Voigt functions for
characteristic peaks after Shirley background subtraction [64]: C-C sp? (284.4 eV), C-C sp®
(285eV), C-O (285.7 V), C-O-C (286.7 V), C=0 (288.0 eV), and O-C=0 (290.1 eV) [21,64,65].
The mathematical reliability was assessed using the coefficient of determination, analysis
of variance, and residual analysis to ensure statistically sound fitting results. The content
of C 1S chemical groups is shown in Table S1. Thermal annealing progressively restores
the graphitic structure in GO, as evidenced by the significant increase in C-C sp? content
from 16% to 69% and the corresponding decrease in C-C sp® content from 24% to 10% after
annealing at 800 °C. This transformation indicates effective recovery of the sp?>-hybridized
carbon framework and defect healing. The dominant oxygen-containing functional C-O-C
group decomposed rapidly at 200 °C and stabilized at higher temperatures, while the
percentage of minor oxygen-containing functional groups (C-OH, C=0, and O-C=0) is
consistently lower. XPS analysis effectively tracks chemical changes during the initial
reduction stage (GO to 200 °C), where C-C sp? content increased sharply from 16% to
48% and sp> content decreased from 24% to 17%. However, its sensitivity diminished
for detecting further structural changes during advanced thermal treatments (600 °C to
800 °C), as evidenced by the increase in C-C sp2 content (63% to 69%) and decrease in C-C
sp? content (12% to 10%). While they can still be distinguished, the discrepancy in C-C sp?
content and C-C sp® content between the two temperatures is reduced.
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Figure 3. C 1s XPS spectra with deconvoluted peaks of GO before reduction (a) and after reduction at
200 °C (b), 400 °C (c), 600 °C (d), and 800 °C (e).
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Clearly, the change in optical images of GO closely correlates with the reduction
temperature as well as the structural change in GO. To quantitatively analyze the change,
the contrast (C) of the GO flake is defined as:

Lsubstrate — Iflake

C= )

Lsubstrate
where Iy psirate represents the substrate intensity and I, represents the GO flake intensity.
A code programmed in Python (3.12.3) is employed for measuring intensities, as described
in Method. This measure provides a numerical representation of the visual distinction
between the GO and the underlying 100 nm SiO, /Si substrate. Note that a higher contrast
value indicates a more distinct boundary between the GO and the substrate.

Figure 4a demonstrates the statistical contrasts of optical images (RGB) and their
channel-separated counterparts, illustrating a notable enhancement in contrast throughout
the reduction process. The data points are the mean values obtained from measurements
of three GO flakes in independent experiments conducted under the same conditions, and
the error bars indicate the standard deviation. At different thermal reduction temperatures,
the contrast of the different channels of GO changes differently, and this stems from
the structural changes induced by the reduction process. The pristine GO exhibits poor
visibility, as evidenced by its negative RGB contrast at —0.01. Specifically, the B and G
channels show negative contrasts of —0.04 and —0.02, respectively, and a negative contrast
means that the color of the GO is lighter than the substrate. While only the R channel
displays a positive contrast of 0.02. The contrast of the B channel suggests that pristine
GO exhibits smaller contrasts in the blue wavelength range, which will be confirmed
in the following theoretical analysis. As the reduction temperature increases to 200 °C,
the R channel contrast rises at 0.15, while the B channel remains negative at —0.06. The
G channel contrast approaches 0. The RGB contrast becomes positive at 0.01. As the
reduction temperature increases to 400 °C, the R channel contrast increases at 0.17, and the
G channel increases at 0.03. The B channel contrast weakens at —0.03, which still suggests
smaller contrasts in the blue wavelength range. The RGB contrast was enhanced at 0.04.
As reduction temperatures rise above 600 °C, the optical properties continue to change.
In the R channel, contrast surges from 0.26 at 600 °C to 0.33 at 800 °C. This increase is
accompanied by increases in both G (from 0.12 to 0.20) and B (from 0.01 to 0.03) channels.
The RGB contrast increases from 0.12 to 0.19. Note that the B channel contrast transitions
from negative to positive values from 400 °C to 600 °C.

These results highlight the significant differences in contrast enhancement between
color channels and reveals that the R channel exhibits higher contrast, suggesting superior
sensitivity to structural changes in GO during reduction, making the R channel contrast
the preferred optical indicator of the reduction progress of GO.

The enhanced contrast resulting from thermal reduction is primarily attributed to the
increased refractive index [54,66]. A model is developed to investigate the optical properties
of GO (and GO after reduction), analyzing the interaction of normal-incidence light with a
triple-layer structure (GO/SiO, /Si) as illustrated in Figure 4b. The optical contrast analysis
is based on the Fresnel equations, which describe the reflection and transmission of light at
the interface between two media with distinct refractive indices. The calculation requires
the determination of the thickness d, and the refractive index n(A), of each layer. Note
that the thickness of the Si layer d3, is regarded as infinite. The thickness of the SiO, layer
dy is 100 nm. The thickness of GO d; is 0.8 nm, as demonstrated by AFM analysis, as
shown in Figure S2. The reflection indexes are derived and optimized from the relevant
literature [54,66-70].
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Figure 4. (a) Contrast of optical images (RGB) and channel-separated images before and after
reduction at 200 °C, 400 °C, 600 °C, and 800 °C. (b) Schematic diagram of the GO/SiO, /Si structure.
(c) Calculated reflectivity spectra of rGO, GO, and the 100 nm SiO, /Si substrate. (d) Calculated
contrast spectra of rGO and GO.

As described in our previous work [71], the intensity of reflected light for normal
incidence can be expressed as:

2 111 (01102) 4 40p=i(01702) 4 p2o=i(01402) 4 ) popaei(61—02) 2

I =p; == - — . 2
1 ei(o1+62) 1 1’17’26_1(‘51_‘52) + r1r3e—l(01+52) + r273el(51—52) ! )
where
np — 1y nyp —np Ny — N3
r=———T= 13 = , 3)
no + 1y ny +ny ny +n3

are the reflection coefficients at each interface determined by the Fresnel formula, while

27nqd 27nod
b =" h = T 4)

are the phase thickness.
The reflection of the entire structure (p1), is calculated by the recursive method begin-
ning with the bottom layer:

Tk 4 Tesre” 2% Dy qePi Te_1 + pre'Pre” 20
5 Pk-1 =
1+ rerpg e~ 20
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Figure 4c shows the reflectivity spectra of GO, GO after reduction at 800 °C (rGO), and
the 100 nm SiO; /Si substrate. The R, G, and B channels are defined as light in the 580-700,
480-600, and 400-500 nm ranges, respectively. The enhanced reflectivity in the B channel,
accompanied by low overall reflectivity, produces a grey-blue tint in optical images. The
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reflectivity difference is significant in the R channel. The calculated contrast spectra of
GO and rGO on 100 nm SiO, /Si are shown in Figure 4d, enabling quantitative analysis
across different channels. The calculated contrast differences in RGB, R, G, and B channels
are 0.19, 0.27, 0.22, and 0.007. These distinct contrast characteristics across wavelength
ranges account for the differential channel responses observed in optical images and the
superiority of the R channel.

Note that the optical properties are sensitive to SiO, thickness variations. Figure 5a,b
show the calculated reflectivity contour plots of the GO and rGO on the 100 nm SiO, /Si
substrate, exhibiting similar reflectance variation patterns with increasing SiO, thickness,
characterized by periodic intensity variations manifested as alternating light-dark bands
with linear slopes and high reflectivity, which mostly occur in the short wavelength range,
characterized by deep yellow in the lower part. Figure 5c shows the corresponding contrast
difference contour plot, which demonstrates analogous periodic intensity modulations.
SiO, thickness variations induce distinct optical properties across color channels. While
the R channel demonstrates the greatest contrast difference on 100 nm SiO, /Si substrates,
specific SiO, thickness ranges favor RGB, B, or G channels, characterized by yellow lines
cutting across the plot. As demonstrated in Figure 5d-g, all channels exhibit periodic oscilla-
tory behavior in contrast difference with SiO, thickness, showing distinct periodicities and
extremum values. The RGB channel demonstrates the shortest oscillation period, followed
by the B, G, and R channels, as calculated by the difference between the wavelengths of the
last and first extreme point divided by the number of extreme points. The ratio of the last
extreme point to the first extreme point indicates that the R channel undergoes the most
significant decay in contrast, followed by the G, RGB, and B channels.
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Figure 5. Contour plot of calculated reflectivity versus wavelength and SiO, thickness of rGO (a)
and GO (b) on 100 nm SiO, /Si substrate. (c) Contour plot of calculated contrast differences versus
wavelength and SiO, thickness. Calculated contrast differences versus SiO, thickness in the RGB (d),
R (e), G (f), and B (g) channels.

4. Conclusions

In summary, an integrated approach combining optical contrast analysis with Raman
spectroscopy and XPS is presented to investigate the reduction of GO. The capability of
optical microscopy as a rapid and effective tool for characterizing the reduction process
of GO on 100 nm SiO, /Si is demonstrated. The results show that the R channel contrast
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for this sample is highly sensitive to structural changes during thermal reduction, making
it a reliable indicator of reduction progress. While Raman spectroscopy and XPS provide
detailed structural insights, the observed non-monotonic behavior in Raman spectra and
weakened but still effective discrimination of XPS data at high temperatures demonstrate
the utility of optical contrast analysis for fast, large-area assessment of reduction progress.
The theoretical model based on Fresnel equations provides insights into differences across
color channels and how SiO; layer thickness modulates optical properties, offering guide-
lines for substrate optimization and channel selection. In industrial settings, the selection
of color channels sensitive to thermal reduction based on substrate materials enables rapid,
non-destructive quality control. This approach proves particularly valuable for efficient
material monitoring while preserving product integrity. Future research directions should
focus on extending this methodology to other 2D materials like transition metal dichalco-
genides to streamline post-synthesis characterization. Additionally, integrating automated
optical contrast analysis with machine learning could significantly improve throughput
and accuracy for industrial-scale material screening.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mal8102222/s1, Figure S1: Raman spectra of GO before and
after reduction at various temperatures; Figure S2: AFM height image of GO on 100 nm SiO, /Si. The
scale bar is 10 pm; Table S1: Content of C chemical groups.
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Abstract: Gold nanoparticles (AuNPs) anchored on graphene oxide (GO) have had a
significant interest for their unique optical, electrical, and catalytic properties. This study
presents an eco-friendly and sustainable synthesis of AuNPs on GO sheets using L-ascorbic
acid (L-aa) as a green reducing agent and polyvinylpyrrolidone (PVP) as a stabilizer.
The effect of reductant concentration on nanoparticle morphology was systematically
investigated using UV-Visible spectroscopy and transmission electron microscopy (TEM).
Results indicate the formation of AuNPs anchored on GO sheets and that an increase
in the L-aa amount leads to both an increase in nanoparticle size and a morphological
transition from spherical to irregular structures. The simultaneous nucleation and growth
processes result in the formation of multiple families of nanostructures, as confirmed by
TEM analysis, which reveals two distinct size distributions. At higher L-aa concentrations,
the nanoparticles shape evolves into irregular morphologies due to selective growth along
a preferential facet. This approach not only enables precise control over AuNP size and
shape but also aligns with green chemistry principles, making it a promising route for
applications in plasmonics, sensors, and photothermal therapy.

Keywords: gold nanoparticles; graphene oxide; green reducing agent; surface stabilizer

1. Introduction

The sustainable synthesis of gold nanoparticles (AuNPs) anchored on graphene oxide
(GO) sheets has garnered significant attention due to their combined functional prop-
erties [1] which hold promise for electronics [2], optoelectronics [2], catalysis [3], and
particularly for biomedical applications [4].

AuNPs are highly efficient at absorbing light and converting it into heat, making them
ideal for photothermal therapy, where near-infrared light is used to generate localized
heat and destroy cancer cells [5]. In addition, AuNPs possess biocompatibility, antioxidant
properties, and anti-inflammatory effects, which make them suitable for enhancing bone
regeneration. The inclusion of GO provides mechanical strength, increased surface area,
and bioactivity, all of which are beneficial in improving cellular interactions and tissue
regeneration [6]. GO also acts as a biocompatible carrier and stabilizer for AuNPs, due to
its large surface area, thereby enhancing their stability, dispersibility, and overall efficacy
in photothermal therapy [7]. Moreover, GO absorbs near-infrared radiation, further con-
tributing to heat generation and amplifying treatment effectiveness [8]. By controlling the
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morphology of nanoparticles, influenced by the reductant concentration, these particles
can be optimized for use in biological systems.

When it comes to osteoporotic bone regeneration, AuNPs can promote the differenti-
ation of stem cells into osteoblasts, stimulate bone matrix production, and enhance bone
mineralization [9]. They can also facilitate the delivery of growth factors or drugs directly
to the bone tissue, helping to repair damaged bone and regenerate osteoporotic defects.
Moreover, the eco-friendly synthesis method ensures that these nanoparticles are safe and
sustainable, reducing the risk of toxicity when used in clinical applications. Thus, these
gold nanoparticle-functionalized graphene oxide composites can play a vital role in the
development of advanced therapeutic strategies for bone regeneration, offering promising
prospects for the treatment of osteoporosis and other bone-related diseases.

Furthermore, as mentioned, the integration of AuNPs and GO is revolutionizing
electronics. Reduced graphene oxide (rGO) offers excellent electrical conductivity, which is
further improved by the anchored AuNPs. These nanoparticles form conductive bridges be-
tween GO sheets, reducing electron scattering and enhancing composite performance [10].
The surface plasmon resonance (SPR) of AuNPs amplifies light-matter interactions, en-
hancing the efficiency of high-performance optoelectronic devices, such as photodetectors
and solar cells, offering a unique combination of conductivity, flexibility, and sensitivity. In
addition, applications range from flexible, transparent electronics to energy storage systems
and wearable devices [1,11,12].

Nowadays, the control of the plasmonic absorption and morphology of AuNPs re-
mains a critical focus for advancing next-generation technologies.

In addition, the growing attention towards sustainability emphasizes the use of eco-
friendly materials, minimizing toxic chemicals, and developing methods of synthesis
reducing energy consumption, maximizing efficiency [13,14]. A widely used method for
synthesizing AuNPs anchored on GO is simultaneous reduction in an aqueous solution.
Typically, a gold precursor (i.e., HAuCly) is mixed with a GO suspension, and a green
reducing agent, like plant extracts, microorganisms [15], or rose water [16], etc., is added
to reduce Au®* to Au, forming AuNPs directly on GO sheets. This approach replaces
toxic chemicals like hydrazine and sodium borohydride with green alternatives, adhering
to the principles of green chemistry. Among green reductants, L-ascorbic acid (L-aa)
stands out for its effectiveness [17-19]. L-aa facilitates the controlled synthesis of gold and
silver nanoparticles and efficiently reduces GO to rGO, yielding materials with enhanced
electrical conductivity. Key advantages of using L-ascorbic acid include the following:

e  Environmentally friendly and non-toxic properties.

e High efficiency in reducing metal ions, enabling the synthesis of nanoparticles with
controlled size and morphology.

e  Effective reduction of GO to rGO with improved properties.

e  Low risk of introducing impurities, as L-aa contains only carbon, oxygen, and hydro-
gen atoms.

This approach not only leverages the advanced properties of AuNPs and GO but also
aligns with green chemistry principles, ensuring a sustainable and efficient synthesis process.

Here, a simple method to obtain colloid solutions of AuNPs anchored on GO by
reduction of HAuCly using L-aa is presented. The stability of colloid solutions is ensured
by the presence of polyvinylpyrrolidone (PVP) as a stabilizer [20]. In addition, the influence
of reductant concentration on nanoparticle morphology was analyzed through UV-Visible
spectroscopy and transmission electron microscopy (TEM).
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2. Materials and Methods
2.1. Materials

The precursors used for the synthesis of the AuNPs/graphene colloidal solution
were as follows: (i) graphene oxide (GO) nanosheets as the graphene-based support;
(ii) tetrachloroauric acid (HAuCly, Sigma-Aldrich, St. Louis, MO, USA, 99.9%) as the metal
nanoparticle precursor; (iii) L-ascorbic acid (L-aa, CcHgOg, Sigma-Aldrich, SSt. Louis, MO,
USA, reagent grade) as a green reducing agent; and (iv) poly(N-vinylpyrrolidone) (PVP,
Sigma-Aldrich, St. Louis, MO, USA, Mw = 10,000 a.m.u.) as a protective agent.

For the synthesis of GO nanosheets, the following reagents were used without further
purification: sulfuric acid (H»SO4, Sigma-Aldrich, St. Louis, MO, USA, 99.999%), potassium
nitrate (KNOjz, Sigma-Aldrich, >99.0%), potassium permanganate (KMnQOy, Sigma-Aldrich,
St. Louis, MO, USA, >99.0%), hydrogen peroxide (H,O,, Sigma-Aldrich, St. Louis, MO,
USA, 30%), and anhydrous ethanol (CoHgO, Carlo Erba, Milano, Italy, ACS reagent).

Additionally, distilled water was used for all experiments.

2.2. GO Nanosheet Synthesis

GO nanosheets were synthesized using a modified Hummers’ method applied to
graphite nanoplatelets [21]. A mixture of graphite nanoplatelets and KNO3 in H,SO4 was
stirred for a few minutes in an ice bath. KMnO, was then slowly added under stirring
to prevent the temperature from exceeding 20 °C. The mixture was subsequently stirred
for 1 h at 35 °C. A color change from dark purplish green to dark brown confirmed the
oxidation of the nanoplatelets.

To stop the oxidation process, distilled water was gradually added to the solution,
followed by the addition of a diluted aqueous H,O; solution (=4% v/v). The resulting GO
nanosheets were separated from the reaction mixture by filtration and purified through
successive cycles of centrifugation, ultrasonication, and re-dispersion in water until a pH
of 5-6 was achieved. Further details on this synthesis method can be found in previous
publications [18] and references therein.

2.3. Synthesis of AuNPs/Graphene Colloid Solutions

The preparation of AuNPs/graphene colloid solutions involved three steps. Firstly,
a solution was prepared by dissolving 1 g of PVP into 10 g of distillate water. To ensure
complete dissolution of PVP in water and obtain a stable solution, the mixture was stirred
continuously for 48 h at room temperature [22]. After that, 1 mL of aqueous solution of
GO (40% in weight) was added. This main solution contains PVDP, as a passivating agent,
and GO, as a graphene-like substrate for gold nanoparticle deposition. A second solution
was freshly prepared by dissolving 12.5 mg of tetrachloroauric acid in distilled water at
room temperature. This solution containing the metallic precursor was added to the main
solution under continuous stirring. Then, a freshly aqueous solution of L-aa, as a reducing
agent, was quickly injected under stirring and made to react for 15 min.

To investigate the effect of L-ascorbic acid (L-aa) on the size and morphology of gold
nanoparticles (AuNPs), the weight ratio between the metallic acid and the reducing agent
varied, starting from stoichiometric conditions.

For this, the balanced chemical equation between HAuCl, and L-aa is as follows:

2 HAUCl, + 3 C¢HgOg = 2 Au + 3 C4HgOg + 8 HCI 1)

In stoichiometric conditions, where molar ratio R = 2/3 and for a fixed amount of gold
produced (i.e., 12 mg of HAuCly), the corresponding weight ratio of the reactants is 1.29.
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This value was used as the starting point, from which the amount of L-aa was progressively
increased to explore its effect on nanoparticle formation.

The amount of L-aa added influenced the nucleation process, which in turn affected
the size and morphology of the obtained AuNPs and promoted the partial reduction of GO.
Table 1 summarizes the amounts used for the preparation of the different samples.

Table 1. The amounts of the reducing agent and the weight ratio AuHCly /L-aa for the preparation of
the AuNPs/graphene hybrid structures.

Name [HAuCly] mg [L-aa] [H AuI({Z?Zi](/)[L-aa]
Sample 1 12.52 9.72 1.29
Sample 2 12.36 12.75 0.96
Sample 3 12.49 14.66 0.85
Sample 4 12.59 16.72 0.75
Sample 5 12.10 18.77 0.64
Sample 6 12.84 20.22 0.60
Sample 7 12.31 22.66 0.54
Sample 8 12.57 24.52 0.51

As visible in Figure 1, eight different samples were obtained, with a color shift from
red to blue, by varying the weight ratio, R, from 1.29 to 0.51. It is well known that this
typical optical property of metal nanoparticles, named Surface Plasmon Resonance (SPR),
is strictly dependent on the shape and the size of the nanoparticles.

Figure 1. Different samples of AuNPs/graphene colloid solution obtained by varying the weight
ratio of HAuCly /L-aa.

2.4. Instrumentations

The spectra of precursors and the SPR of colloid solutions were acquired with a
Perkin-Elmer Lambda 850 spectrophotometer (PerkinElmer, Waltham, MA, USA), at room
temperature (25 °C) between 200 nm and 900 nm with a scan speed of 800 nm/min and a
read interval of 1 nm. For measurements, an aliquot of the sample was placed into a 1 cm
path length quartz cuvette in the sample light path, while the distilled water was placed
into a quartz cuvette in the reference light path.

Qualitative and quantitative elemental analysis measurements were performed by
scanning electron microscope (SEM) (FEI Quanta 200 FEG, Hillsboro, OR, USA) equipped
with an Oxford Inca Energy Dispersive X-ray (EDX) microanalyzer (Inca Oxford 250, High
Wycombe, UK).
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The synthesized colloid solutions were morphologically characterized by TEM to
investigate the sheet-like morphology of rGO, and the formation of AuNPs and their size
and dispersion patterns. A few drops of each sample were air-dried on a copper grid coated
with carbon film for TEM analysis. The measurements were carried out by an FEI Tecnai
G2 Spirit TWIN (Philips, Amsterdam, The Netherlands) microscope, operating at 120 kV
and equipped with a LaB6 filament. The sizes of AuNPs from TEM images were analyzed
using the National Institutes of Health (NIH) Image J1.48i. This software is an open-source
image processing software designed to analyze multidimensional scientific images, such as
TEM micrographs. Measurements needed to analyze the changes in AuNP morphology
were constructed using the Feret diameter. This diameter is a measure of an object’s size
along a specified direction. In general, it can be defined as the distance between the two
parallel planes restricting the object perpendicular to that direction. This measure is used in
the analysis of particle sizes, for example, in microscopy, where it is applied to projections
of a three-dimensional (3D) object on a 2D plane [23].

The effect of the L-aa amount on sample morphology was analyzed by comparing
optical results with morphological characterization.

3. Results and Discussion

This section is divided into two subparagraphs, providing a detailed description of
the experimental results, their interpretation, and the corresponding discussion. To ensure
a clearer and more concise presentation, selected experimental results from only three
samples, i.e., sample 1, sample 4, and sample 8, are presented, as they exhibit distinct and
specific properties.

3.1. Optical Characterization

The optical spectra of all precursors were acquired and a comparison of these spectra
with those of the obtained samples confirms the complete conversion of the precursors
through the reduction process.

Figure 2 illustrates UV-Visible spectra of the obtained colloid solution of AuNPs/graphene
obtained using different weight ratio, R, from 1.29 to 0.51 characterized by a presence of a
typical SPR peak. As previously mentioned, the SPR peak position (Am) of Au nanoparticles
is strictly dependent on size and shape [24]. As shown by the experimental spectra, the
wavelength (An) of the SPR peak shifts to a higher wavelength, indicating that the samples
contain Au nanoparticles with variations in size and shape.

35¢F Sample 1
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3.0F Sample 3
Sample 4
25LF Sample 5
Sample 6
2.0 Sample 7

Sample 8
1.5

Absorbance (a.u.)

1.0

0.5

0.0

400 500 600 700 800 900

Wavelength (nm)

Figure 2. UV-Visible spectra of AuNPs/graphene colloid solution obtained by varying the weight
ratio of HAuCly /L-aa.
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All spectra were normalized to maximum values in the range from 450 to 900 nm and
fitted with a Gaussian curve to better evaluate the Ay, position. In Figure 3, for greater
clarity, only spectra of sample 1, sample 4, and sample 8 are shown.
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Figure 3. UV-Visible spectra of AuNPs/graphene colloid solution of sample 1, sample 4, and
sample 8 normalized (a), and the fit of experimental data by Gaussian curve of AuNPs/graphene
colloid solution of sample 1, sample 4, and sample 8 (b), (c), and (d), respectively.

Accordingly, Figure 4 summarizes the behavior of the peak position of SPR, A, and
the full width at half maximum (FWHM), obtained through the Gaussian fit of the optical
spectra. As the weight ratio R decreases from sample 1 to sample 8, Ay, shifts to higher
wavelengths, from 530 nm to 590 nm (see black squares and line in Figure 5). Similarly,
the FWHM increases from 25 to 140 as R decreases from sample 1 to sample 4, then
stabilizes around 130 (see red circles and line in Figure 5). These trends indicate that
small, monodisperse Au nanoparticles were obtained with a stoichiometric amount of L-aa,
whereas larger nanoparticles with irregular shapes formed at higher concentrations.

The main observation is thus that, as R decreases, the main SPR band red-shifts
and becomes broader, resulting in a band /shoulder corresponding to the nanostructure
asperities mode becoming more intense. Such changes in the optical response can be easily
justified in terms of the morphology of the particles.
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Figure 4. Peak position of SPR, Ay, and the full width at half maximum (FWHM) obtained by
UV-Visible spectra of all AuNPs/graphene colloid solutions.
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Figure 5. SEM micrographs and corresponding EDS elemental analysis of samples 1, 4, and 8. Each
image indicates the area where EDS was performed. The elemental composition is presented as
bar charts showing weight percentages of C, O, and Au. Inset: representative EDS spectra for
each sample.
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3.2. Morphological and Structural Characterization

EDS analysis was performed on the samples to determine the chemical composition
and identify potential impurities. SEM micrographs of sample 1, sample 4, and sample 8
at 10,000 x magnification and the EDS analysis, are shown in Figure 5, along with his-
tograms displaying the element composition percentages. SEM images acquired at low
magnification were used solely to indicate the region where EDS elemental analysis was
performed. These images do not aim to provide morphological information. The element
Au constitutes, on average, around 9 wt% (percentage in weight) of the total composition
for all samples. Additionally, due to the presence of PVP and GO, the amounts of carbon
and oxygen remain relatively constant across all samples, at approximately 60 wt% and
25 wt%, respectively. The inset in Figure 5 displays the elemental spectra obtained for
all samples.

Representative SEM images of sample 3 (see Figure 6) are shown to highlight the
composite nature of the hybrid system. The SEM images clearly reveal the presence of
spherical nanoparticles, attributable to AuNPs, embedded within a polymeric matrix.
Unfortunately, due to their similar morphology and low contrast in SEM, the GO sheets
cannot be distinguished from the surrounding PVP matrix.

£ €
det /mag O| WD |spot| HFW [ — 1 11 Re—
3mm |20 149 ym 3

Figure 6. SEM of AuNPs distributed in a stabilizing PVP of typical sample 3 at two different
magnifications (a,b).

For this purpose, the TEM analysis was carried out. Figure 7 shows TEM images
of sample 1, sample 3, sample 4, and sample 8. The micrographs clearly display the
successful synthesis of AuNPs anchored on graphene oxide sheets (indicated in figure by
yellow line), and reveal that the morphology of AuNPs anchored to the surface differs
significantly and is strongly related to decrease in weight ratio R from 1.29 to 0.51. As
shown by the micrographs at different magnifications of sample 1 (see Figure 7a—c) at
high weight ratio, the AuNPs are well-anchored on the GO surface and are nearly uniform
and homogenous in their spherical shape and size. In addition, the histograms (see
Figure 7d) show that the average size of the nanoparticles is 11 nm, with a relatively
narrow distribution. The micrographs of sample 3 (Figure 7e—g) show nanoparticles
that are anchored on the GO sheet, predominantly spherical, and comparable in size and
distribution to those in sample 1 (Figure 7a—c) and sample 2 (data not shown). A comparison
of the Feret diameter distributions (see histograms in Figure 7d,h) shows a similar Gaussian-
like profile in samples 1 and 3, with mean values centered around ~11 nm and ~13 nm,
respectively. These results confirm that, in both cases, the nucleation and growth processes
occur under comparable kinetic regimes, resulting in spherical nanoparticles with narrow
size distributions. These observations suggest that no significant morphological changes
occur between samples 1 and 3, supporting the idea that nanoparticle aggregation and

177



Materials 2025, 18, 3003

morphology alteration begin to be prominent only from sample 4 onward. Decreasing
R ratio, the sample 4 micrographs (see Figure 7i,],m) reveal the formation, on GO sheet,
of two different AuNPs classes. It is possible to identify a class of uniform and spherical
nanoparticles characterized by the smallest size, and a second group characterized by
irregular shape and biggest size. The distribution shows two average sizes centered at
6 nm and 22 nm (see Figure 7n). In the case of lowest R, the sample 8 micrographs, see
Figure 70-q, clearly reveal a formation of AuNPs anchored on the GO sheet characterized
by irregular shapes and multiple protrusions radiating from a central core. This structure
results from anisotropic growth mechanisms triggered by the high L-aa concentration,
which alters both nucleation kinetics and the capping efficiency of PVP. The number of
particles is reduced, consistent with fewer nucleation events and extensive growth, possibly
driven by Ostwald ripening. The broad Feret diameter distribution (Figure 7r), spanning
from ~30 to 65 nm, reflects the heterogeneous population of branched nanostructures
formed under these conditions.
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Figure 7. TEM images of samples 1 (a—c), 3 (e-g), 4 (i,1,m), and 8 (0—q) at three magnification levels
showing the morphological evolution of AuNPs as a function of the [L-aa]/[HAuCly] ratio. The
histograms (d,h,n,r) show Feret diameter distributions for each sample. In low magnification panels,
e.g., (ae), semi-transparent sheet-like structures corresponding to graphene oxide (GO) indicated by
yellow line are visible as substrates anchoring the AuNPs.
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In other words, at lower magnification (e.g., panels Figure 7a,e i,p), the presence
of thin, wrinkled GO sheets (see yellow line in Figure 7) can be clearly identified as
semi-transparent layers supporting the AuNPs. These sheets are typical of exfoliated
GO and provide evidence that the nanoparticles are anchored on the GO surface, not
freely dispersed. Although the polymeric matrix of PVP is a fundamental stabilizer in the
colloid system, it is not detectable in TEM images due to its low electron density and high
transparency to the electron beam. Consequently, the uniform background observed in
several micrographs does not indicate an absence of GO but rather the non-observable
nature of PVP in these imaging conditions. In addition, significant changes in morphology
and size distribution appear only from sample 4 onward, where bimodal size populations
and irregular shapes become evident. As shown in Figure 7c, AuNPs in Sample 1 exhibit a
predominantly spherical morphology, with narrow size distribution and good dispersion
on GO sheets. In contrast, AuNPs in Sample 7 display (see Figure 7m) a branched and
irregular structure, consistent with uncontrolled growth and preferential facet development.
These observations confirm the morphological evolution induced by L-aa concentration, as
also reflected in the shift and broadening of the size distribution histograms.

This marks the onset of morphology transition due to increased L-aa concentration
and simultaneous growth mechanisms, as also confirmed by the UV-Vis spectral red-shift
and FWHM broadening.

These results confirm the eco-friendly effectiveness of L-aa as a reducing agent for both
HAuCly and highlight the role of PVP as a passivating and stabilizing agent. PVP is well
known for its ability to enhance the dispersion of nanoparticles in aqueous systems and is
frequently employed in combination with graphene-based materials to improve colloidal
stability [22]. Furthermore, it has been reported to assist in transporting gold nanoparticles
into the interlaminar regions of GO, while simultaneously stabilizing their structure [25].
In this configuration, PVP not only prevents nanoparticle aggregation, but also promotes
effective anchoring of AuNPs onto the GO surface. This structural arrangement has been
widely described in the literature for its role in improving both nanoparticle distribution
and overall composite stability [20,25].

At low concentrations of L-aa, the shape of the AuNPs is thermodynamically con-
trolled, leading to spherical structures due to the adsorption and stabilizing effect of PVP.
In this case, the formation of the particles follows a two-step process. The first step is nucle-
ation, during which the average particle radius is less than a few nanometers. Subsequently,
nanoparticle growth is believed to occur through either Ostwald ripening or coalescence.
With increasing L-aa concentration, smaller spherical AuNP seeds form due to a reduction
in nanoparticle size. In this scenario, nucleation and growth occur simultaneously, resulting
in multiple families of nanostructures. This phenomenon is particularly evident in the
TEM micrographs, which reveal two distinct families with different size distributions.
As the L-aa concentration continues to increase, this aggregation process further evolves,
ultimately leading to the formation of irregular AuNPs. Additionally, a notable decrease
in particle number is observed, accompanied by an increase in particle size, which can be
directly attributed to Ostwald ripening.

These morphological evolutions are consistent with UV-Visible observations, par-
ticularly the progressive red-shift and broadening of the SPR band (Figure 5), indicating
increased size and shape anisotropy. Such trends are attributed to the combined effect of
L-aa concentration on nucleation kinetics, partial reduction of GO, and local pH variations,
which modulate the balance between thermodynamic and kinetic growth regimes.

In other words, beyond the observed effects of the reducing agent concentration on
nanoparticle size and morphology, our investigation reveals that increasing the concen-
tration of L-ascorbic acid induces a slight decrease in the pH of the reaction medium.
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This pH shift plays a critical role in modulating the nucleation and growth mechanisms
of AuNPs. Under near-neutral conditions, the efficient passivation provided by PVP
leads to the formation of small, monodisperse, and predominantly spherical nanoparticles.
However, when higher amounts of L-ascorbic acid are used, the resulting lower pH can
diminish the capping efficiency of PVP. This change promotes more rapid nucleation and
anisotropic growth, giving rise to irregular or irregular, branched nanoparticle morpholo-
gies. Therefore, careful control of both the reducing agent concentration and pH is essential
for fine-tuning the structural properties of the nanoparticles, ultimately broadening their
applicability in plasmonic, sensors, and photothermal therapy.

4. Conclusions

In conclusion, a sustainability and green chemistry approach is presented. The synthe-
sis of AuNPs anchored on GO is performed using an environmentally friendly reducing
agent (L-ascorbic acid), replacing toxic chemicals like hydrazine and sodium borohydride.
In addition, enhanced stability and better dispersibility are obtained thanks to the use of
polyvinylpyrrolidone (PVP) as a stabilizer that improves the stability of colloidal solutions
and prevents nanoparticle aggregation. The study systematically investigates how the
concentration of the reducing agent influences nanoparticle size and shape, providing
valuable insights for tuning material properties.

The UV-Visible spectroscopy, TEM, and SEM-EDS analyses confirm the successful
synthesis, composition, and morphology of the hybrid structures. Depending on the
reducing agent concentration, the synthesized AuNPs exhibit spherical, irregular, and star-
like morphologies, which significantly influence their potential applications in plasmonic,
sensors, and photothermal therapy. While the morphological and optical results confirm the
successful formation of AuNPs/GO composites stabilized by PVP, additional structural and
chemical analyses such as XRD, XPS, and TGA would further validate the incorporation
and interaction of each component. These characterizations are planned for future studies
to deepen the understanding of the hybrid system. The method is simple, cost-effective, and
scalable, making it suitable for industrial applications in nanoelectronics and sustainable
materials development.
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