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ABSTRACT

Despite the huge expansion of GO/rGO market, there is a clear lack of experimental studies on getting
high quality, large scale GO and rGO nanosheets/thin films, which is a critical requirement for electronic
applications. In this work, a detailed experimental study on the effect of lateral sheet size on properties of
GO/rGO, supported by density functional theory (DFT) calculations, is presented for the first time, to help
prepare pristine graphene-like rGO. Furthermore, we investigated the effect of thermal reduction at low
temperature (200 °C), under ambient pressure, on the corresponding electronic properties of rGO.
Current-voltage (I-V) analysis, optical and electron microscopy, atomic force microscopy, Raman, XPS,
and quantitative 3C NMR spectroscopy were used to study and optimize rGO. The optimized rGO-field-
effect transistor (rGO-FET) device exhibited the highest charge carrier mobilities, i.e. 2,962 (holes) and
2,183 (electrons) cm?/V.s. Furthermore, the transconductance characteristic curve of rGO-FET showed the
ambipolar behavior of high-quality graphene, with Dirac point around zero. In addition, the optical band
gap of rGO nanosheets (~0.4 eV), prepared in this work, is among the smallest reported band gaps for
rGO. These findings highlight the significance of our study for synthesizing large-scale graphene-like rGO
thin film, for ultra-fast, low-power transistor applications.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is a two-dimensional (2D) one atom-thick layer of
carbon atoms packed in a honeycomb hexagonal lattice, with very
attractive mechanical, electrical, thermal, and optical properties [1].
It has a high intrinsic mobility of 200,000 cm?/V.s, high thermal
conductivity of ~ 5000 W/m.K, and large specific theoretical surface
area of 2630 m?/g [1—3]. Due to its superior properties, graphene
and its derivatives are widely used in a wide range of applications,
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including batteries [4,5], liquid crystals [6], hydrogen storage [7],
field emission cathodes [8], organic photovoltaics [9], transistors
[10], reinforcing polymers [11], water membranes [12], etc.
Chemical vapor deposition (CVD) and molecular beam epitaxy
(MBE) are getting more attention as versatile bottom up techniques
in synthesis of high-quality graphene for electronic applications,
compared to liquid phase exfoliation (LPE) [13]. Despite being
environmentally friendly and having a potential for large scale
production of graphene, LPE produces low yield (especially for the
monolayer sheets), small flake size (<5 pm), limited dispersibility,
etc. [14]. Among many approaches, chemical exfoliation of graphite
into graphene oxide (GO) and then its reduction to reduced gra-
phene oxide (rGO) is one of the promising mass production routes
of graphene [15,16]. GO solves many of the problems of the CVD-,
MBE-, and LPE-prepared graphene, as it is economic and easy to
scale up with the desired functionalities, and it achieves high


mailto:Mahesh.r.neupane.civ@army.mil
mailto:adani@engr.ucr.edu
mailto:adani@engr.ucr.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2021.10.011&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2021.10.011
https://doi.org/10.1016/j.carbon.2021.10.011
https://doi.org/10.1016/j.carbon.2021.10.011

M. Sedki, PS. Mirabedini, K. Nakama et al.

dispersibility of small and large flakes as well as high yields of
monolayer sheets [1,15,17]. It can also be used to form stable gra-
phene thin films [18] by means of drop casting, spin coating, or
spraying GO suspension to the target surface, and in situ reducing it
to rGO/graphene thin film at low temperatures. In addition, the
reduction of GO can be controlled to prepare graphene materials
with tunable band gaps [19]. Therefore, rGO is an excellent source
of graphene.

Nevertheless, GO remains an elusive material [20,21] and there
is a huge variation in the properties of the graphene produced by
oxidative exfoliation. There are many recent reports on GO/rGO
nanosheets and their composites, however, there exists an over-
whelming consensus among researchers on the lack of high-
quality, electronic-grade graphene on the market [22,23]. Further-
more, the physicochemical and electrical properties of graphene
vary widely due to the lack of fundamental understanding of factors
determining the quality of graphene thin films produced from the
rGO nanosheets, limiting their usage in electronic applications,
particularly in field-effect transistor (FET) systems. A recent
promising study conducted by Kauling et al. on the LPE graphene
from 60 producers demonstrated that there is a huge variation in
the quality of produced graphene on market, and they introduced a
systematic and reliable protocol to test graphene quality, which
should help the market move faster and more efficiently with this
method [22].

To the best of our knowledge, there is lack of studies on the main
contributing factors in production of high quality rGO thin films
that exhibit pristine graphene-like properties. This work also aims
at revealing the factors that really matter for producing pristine
graphene-like behaving rGO thin film. The number of stacked
layers and thickness of drop casted rGO film play a role and hence
we kept them uniform through the whole study to understand the
effect of other contributing factors. Among many contributing
factors, we found that lateral sheet size of GO/rGO, that is defined
by the lateral size of the starting graphite flakes, plays a crucial role
in the electronic properties of rGO nanosheets, rGO thin films, and
their corresponding FET devices.

In this work, we have studied the effect of lateral sheet size on
the electronic properties of the corresponding thin films of rGO.
The experimental measurements were supported by density
functional theory (DFT) calculations. In addition, we studied the
effect of thermal reduction on the chemical composition of the
large and small GO nanosheets synthesized by improved Hummers'
method (IHM) [24] at low temperature (200 °C), under ambient
pressure, which allowed for more insights into the effect of lateral
sheet size on the electronic properties of rGO thin films. All elec-
trical measurements were done via rGO-FET, using gold interdigi-
tated electrodes (IDE). The optimized rGO nanosheets showed the
smallest optical band gap (0.4 eV) and the highest charge carrier
mobilities reported for rGO, to-date. Furthermore, FET character-
istic curve of rGO-FET showed the nice ambipolar behavior of high-
quality graphene, with Dirac point around zero. These results
highlight the importance of this study for both researchers and
companies aiming at using rGO for electronic applications.

2. Experimental details

Materials. Graphite powder (0.2 um), potassium permanganates
(KMnOg4, 99%), phosphoric acid (H3PO4, 85%), sulfuric acid (H2SO4,
98%), hydrochloric acid (HCl, 37%) and hydrogen peroxide (H,0»,
30%) were procured from Fisher Scientific, USA. Graphite powder
(1—2 pm) and (3-Aminopropyl) triethoxysilane (APTES) were pur-
chased from Sigma (St. Louis, MO, USA). Graphite flakes 7—10 pm
and 40 pm (325 mesh) were bought from Alfa Aesar (Ward Hill, MA,
USA). For the 0.2 um graphite, it is labeled by the manufacturer as
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graphite powder. From our characterizations, including atomic
force microscopy (AFM) imaging, the lateral size was found <1.0 pm
with an average of 0.2 pm. The 40 um sample is labeled by the
manufacturer as graphite flakes —325 mesh.

Synthesis of GO nanosheets. GO nanosheets were prepared using
the improved Hummers' method (IHM) [24], with some changes in
reaction temperature and time, as we previously reported [25].
Briefly, 1 g of graphite powder was added to a mixture of 13 mL of
phosphoric acid 98% and 120 mL of sulfuric acid 98%, and left under
magnetic stirring for half an hour at room temperature. Then, 6 g of
potassium permanganate was added portion-wise to the homog-
enized mixture. The reaction temperature was elevated to 45 °C
and the reaction mixture was kept stirring for 3 h. The reaction was
stopped by slow and cautious pouring of the reaction mixture to a
beaker, in ice, containing a mixture of 150 mL of deionized (D.L.)
water and 20 mL of hydrogen peroxide. Excess D.I. water was added
to the beaker and the mixture was kept static overnight to settle the
prepared graphite oxide (GtO) nanosheets down and make it easy
to decant the highly acidic supernatant. The prepared graphite
oxide (GtO) sheets were washed several times with hydrochloric
acid (5%) and D.I. water by centrifugation, and then with D.I. water
to form graphene oxide (GO) nanosheets. Further exfoliation by
sonication can be used, however, it is not necessary in this method.
The sample was dried at 50 °C.

Fabrication of rGO-FET chips. Devices (chips) were micro-
fabricated on a highly doped p-type silicon substrate with
approximately 300 nm SiO» insulating layer deposited on top.
Electrodes were patterned on the substrate by photolithography.
Next, 5 nm Cr layer was deposited on the substrate, followed by a
50 nm layer of Au, using e-beam evaporation. Each chip had 20
interdigitated gold fingers (10 pairs), the width of each finger was
5 um and was separated by a gap of 3 um (Fig. 1a). Electrodes were
then defined using a standard lift-off technique. Chips with
patterned electrodes were cut from whole wafer, cleaned, and
immersed in ammonia solution, for 1 h, to introduce hydroxyl
groups. Next, chips were immersed in 3-aminopropyltriethoxy
silane (APTES) for 1 h, to assist GO nanosheets immobilization.
Then, 10 pL suspension of GO in D.I. water of different concentra-
tions was drop casted to the five interdigitated electrodes. The GO
drop was left to dry and form a thin film at room temperature, and
then annealed at 200 °C for 120 min.

Characterizations. The prepared materials were characterized
using scanning electron microscopy (SEM, ThermoFisher Scientific
(formerly FEI/Philips) NNS450) and UV—Visible spectrophotometer.
Raman spectra were collected by Horiba LabRam using a green laser
(A = 532 nm) for excitation with a power of 10 mW. X-ray photo-
electron spectroscopy (XPS) characterization was carried out using
a Kratos AXIS ULTRAP'™® XPS system equipped with an Al X-ray
source and a 165-mm mean radius electron energy hemispherical
analyzer. Samples were prepared as thick films (~1 mm) on gold-
coated polyimide substrate. Vacuum pressure was kept below
3 x 10~ torr during the acquisition. Data were acquired with a step
size 0f 0.2 eV and 0.1 eV for the survey and the high resolution (C1s
and O1s) spectra, respectively. Quantitative solid state single pulse
13C magic angle spinning (MAS) NMR spectral analysis was per-
formed using Bruker Avance NEO 600 MHz spectrometer. The
samples were ground and packed into a 4 mm rotor. Then, samples
were spun at 10 kHz for more than 3000 scans with a relaxation
delay of 10 s. 7.2 ps 90-degree pulse excitation was used over a
bandwidth of 150 MHz and we used solid adamantane (38.48 ppm)
as the reference for >C spectrum based on the trimethylsilane
scale. Electrical measurements were conducted using Keithley 2636
system.
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Fig. 1. (a) Camera image of the FET device of 5 IDEs (left), an optical microscopy image of one of the IDEs (right), and a schematic of rGO bridging two gold strips (bottom). (b) Effect
of GO's concentration (mg/mL) on the device's resistance (Ohms). (¢ & d) SEM images of rGO-FET at 10 & 1.25 mg/mL, respectively. (A colour version of this figure can be viewed

online.)

3. Results and discussion

GO was synthesized using IHM [24] with some modifications in
reaction time and temperature, as we reported [26] in a previous
work. Then, GO was thermally reduced at 200 °C, in open air, for
2 h. All electrical characterizations of rGO reported in this study
were conducted via FET system. The configuration and channel
dimensions of the gold interdigitated electrodes (IDEs) chip or the
FET system are illustrated in Fig. 1a. Each IDE has 5 pum wide by
200 pm long gold strips/fingers electrodes separated by 3 um (gaps)
with a total working area of 180 x 200 um [2]. Moreover, each chip
has a set of 5 IDEs. rGO thin film is covering the whole working area,
filling the channel gaps, and bridging the gold strips to close the
circuit, as illustrated in the schematic of Fig. 1a. A simple and effi-
cient preparation method was developed so that a well-connected
film of rGO was formed on top of the gold IDEs resulting in for-
mation of rGO-FET devices. Briefly, 10 uL of GO suspension, with
different concentrations, were drop casted to the working area of
IDEs, warmed to dry, and then thermally reduced at 200 °C in oven,
under ambient pressure. The effect of concentration of GO, at a
fixed volume of 10 pL, on the resistance/transport characteristics
was studied. Scanning electron microscopy (SEM) imaging was
used to investigate the concentration and quality of the rGO thin
film on gold IDEs. SEM images, Fig. 1¢c & d, show that a thick film
with folding/wrinkles was formed at the 10 mg/mL, while a nice
transparent and flat thin film of rGO was formed at the concen-
tration of 1.25 mg/mL. Additional SEM images for other concen-
trations are available in supplementary information (SI) Fig. S1. As
illustrated in Fig. 1b, the device's resistance decreased by
decreasing GO's concentration from 10 mg/mL to 2.5 mg/mL, sta-
bilized at 1.25 mg/mL and then increased again upon decreasing
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the concentration below 1.25 mg/mL. Hence, the recommended
concentration for use in rGO-FET system preparation is 1.25 mg/mL.

In general, the FET characteristics in the nano-scaled device are
determined by the quality of the constituent device elements such
as channel, contact and gate. The factors that influence the device
characteristics include: 1) properties of channel material, in this
case rGO, such as lateral size, and quality of the deposited graphene
sheets [27]; and 2) channel length [28] and applied source-drain
potential. In our study, we focus on the impact of lateral sheet
size on properties of rGO, while keeping other parameters/factors
constant. It is worth mentioning that the lateral sheet size of rGO is
taken to be the lateral size of starting graphite.

3.1. Oxidative exfoliation

The electrical conductivity in graphite is an anisotropic property,
and the larger the number of stacked layers, the bigger is the
interlayer charge screening and scattering [29]. It is worth
mentioning that most of the graphite flakes/powders available in
the commercial market have wide range of sheet sizes in the same
sample. For example, the 40 um product had sheets ranging from 5
to 40 um, with a majority between 15 and 20 pm; it was the same
observation for 0.2, 2, and 10 um sizes. Lateral sizes and thickness
distributions of the four GO samples are shown in SI, Fig. S2. Hence,
we have adapted centrifugation to remove the very small and very
large sheets. All the four different size GOs, used in the resistance
comparison, were investigated for their level of exfoliation using
atomic force microscopy (AFM) imaging. The results in Fig. 2(a—d)
show that the thickness of the GO nanosheets in 0.2, 2, 10, and
40 pm lateral size samples is uniform at =1.2 nm, which corre-
sponds to monolayer GO nanosheets [30,31]. The equal number of
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Fig. 2. AFM images of GO nanosheets with different sizes; (a) 40 um, (b) 10 pm, (c) 2 um, and (d) 0.2 pm samples. All samples were dispersed on a clean Si/SiO, substrate. Sheets
larger than 10 um tend to fold (e & f) when drop casted from their suspension. (A colour version of this figure can be viewed online.)

layers in the four GO samples confirms that the variation in resis-
tance can be attributed to lateral sheet size effect and not due to the
difference in exfoliation. Another important observation was that
the sheets larger than 10 um lateral size tend to fold, Fig. 2(e and f).
This correlation between sheet size and folding is reported for the
first time. However, the sheet folding problem in general was dis-
cussed in a recent report, and it can be explained by the
compressive stress on the very flexible GO nanosheets during so-
lution processing and deposition to substrates [32,33]. When the
sheet first touches the substrate, it binds to it from one edge and
then either to flatten on the surface in a way the other edges bind to
substrate or to fold or roll around itself [34]. We believe that is
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attributed to the mechanical properties of the graphene sheets,
especially their bending stress that increases by increasing the
lateral size of the sheet, and hence makes it easier to fold and roll.

3.2. Lateral sheet size

To study the effect of lateral sheet size on device resistance, a
potential of 0.1 V was applied between the source and drain of the
rGO-FET devices made of thin films of different lateral sizes of rGO
and the corresponding resistance was measured (Table 1). A
bimodal linear correlation between the sheet size and device
conductivity is evident from the tabulated data; a clear decrease in
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Table 1
Correlation between lateral sheet size and thin film rGO-FET device's
resistance, N = 10, where N is the number of pair electrodes.

Lateral sheet size (um) Resistance (Ohms)

0.2 700,000 + 1000
20 800 + 50
10.0 220 + 18
40.0 200 + 20

resistance with the increase in rGO lateral size from 0.2 to 10 um
and a very minor decrease in larger sizes such as 40 um. The latter
can be ascribed to the folding and rolling of the nanosheets larger
than 10 pum, as seen in Fig. 2 (e & f). The folding/rolling was
quantified using AFM imaging, by measuring the sheet height at the
folding/rolling sites and found it 2.1, 2.3, 2.8, and 3.7 nm at four
(F1—F,4) different sites (see Fig. 2 e&f), with an average height of
2.73 + 0.71 nm. This number counts for the thickness of two sheets
in addition to the curvature of folding. The thickness of two GO
sheets is around 2 nm, and hence the folding/rolling curvature is
about 0.73 nm on average. This number is not high due to the high
flexibility of GO as well as its large size that increases the
compressive pressure and results in flattening of the folded/rolled
sheets. Corresponding AFM height profiles of folded/rolled GO
nanosheets are shown in Fig. S3. For the 40 pm lateral size sample,
despite the folding that might increase the surface roughness of a
few nanometers, the film continuity is still better, the number of
interfaces/grain boundaries is less, and the contribution from edge
defects is smaller. A detailed discussion of the effect of lateral size
on edge defects is discussed in section 3.2.3. So, the net result was
that the film made from the 40 um sheets has a slightly lower
resistance. To summarize, we attribute the decrease in the resis-
tance with increasing lateral sheet size to the enhanced film con-
tinuity, the smaller surface/interface roughness scattering, and
lower contribution from non-healable edge defects.

3.2.1. Film continuity and interface roughness scattering

Graphene films made from smaller rGO sheets have greater
discontinuities, due to the larger number of grain boundaries, and
in-turn exhibit more charge screening and interface roughness
scattering due to the bridging of randomly distributed small sheets.
On the other hand, larger sheets network better to the adjacent
sheets and form a well-connected film. The optical microscopy
images, Fig. 3a, show clear discontinuity and random orientation in
a thin film of small rGO sheets (0.2 um) on Si/SiO, surface. In
comparison, large sheets (flakes) of rGO show well-connected thin
film with fine wrinkles that are 10—20 pm apart, Fig. 3b, which
secures good electron transfer between the gold electrodes with
gaps of 10—20 um.

It is well known that the increase in surface/interface roughness
increases the charge scattering dramatically and reduces the device
carrier mobility [35]. Hence, the surface roughness of thin films of
rGO nanosheets of two different sizes (0.2 and 40 pm) were
investigated by AFM scanning, Fig. 3c-f. The AFM image and height
profile of 40 pm rGO thin film in Fig. 3(c and d) show some fine
wrinkles that are spaced 10 um apart, similar to the optical image in
Fig. 3b. The wrinkles may be due to the difference in the thermal
expansion coefficients between rGO and SiO,/Si substrate, which
was reported elsewhere in case of graphene on Cu substrate
[36,37]. The surface/interface roughness between wrinkles was
4 + 3 nm, and when the wrinkles are included, the surface
roughness slightly increased to 6 + 5 nm.

On the other hand, the film surface/interface roughness of the
0.2 pm rGO thin film was 104 + 50 nm, as shown in Fig. 3(e and f).
Therefore, the smaller the sheets, the more random the orientation
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and the larger the number of grain boundaries resulting in a higher
surface roughness and charge scattering of the corresponding thin
film. The huge difference in roughness between the two sizes ex-
plains part of the variation in the FET device's resistance.

3.2.2. Contribution from non-healable edge defects

The oxidation of graphene sheets at the edges results in
breaking some of the aromatic rings, and hence formation of non-
healable defects in the graphitic domains. Thus, the implementa-
tion of the sheets with larger lateral size may reduce the contri-
bution of the edges to the whole sheet and improve the electronic
properties of GO and rGO nanosheets. This hypothesis, along with
the effect of this low temperature thermal reduction, were studied
using Raman spectroscopy, high-resolution X-ray photoelectron
spectroscopy (XPS), and quantitative solid-state magic-angle
spinning (MAS) 3C NMR. Further investigation was conducted
using DFT calculations, see section 3.4.

The other important factor that determines the rGO-FET device
performance is the quality of produced rGO nanosheets. The quality
here refers to how close rGO is to the pristine graphene and how
efficiently the sheets heal from defects. The main parameters that
affect the rGO nanosheets quality include graphite oxidation and
GO reduction (healing) processes. Please, see the detailed discus-
sion of this part in SI, section 2.

Raman spectroscopy is a powerful tool for studying crystal de-
fects. The defects in graphene oxide samples are assessed from the
ratio of the intensities (Ig/Ig) [38] of defects-induced D band and
C—C bond stretches [39] in the sp? domains, and G band that is
arising from first order Raman scattering. Raman measurements
were conducted to determine the defect changes in GO and rGO
thin films for the two different sheet sizes (40 and 0.2 pm), Fig. 4.
Large sheet GO (GO-L) has shown less defects (Ig/lc = 0.92)
compared to small sheets (GO-S) where Ig/Ig was 1.02. After ther-
mal reduction for 120 min at 200 °C in air, both samples undergone
a sort of self-healing process by restoration of the sp?> domains and
graphitization, which caused a decrease in the Iy/Ig ratios. The
decrease in defects over thermal reduction is in a good agreement
with literature [38,40—42]. Other studies report an increase in I4/Ig
ratio over thermal or chemical reduction, though [43—46]. As re-
ported by Paredes et al., this result of higher defects after reduction
is contradicting the anticipated result of restoration of aromaticity
and graphitization, and the proposed interpretation by attributing
that to a higher number of overall smaller sp?> domains formation
was also argued [47]. The evolution of edge and basal plane defects
and vacancies as well as the presence of sp® carbons are responsible
for the amorphization of GO/rGO and thus the increase in the Ig/Ig
ratio. Examples of vacancies are the smaller and larger rings for-
mation due to the removal of one or more carbons from the adja-
cent six-membered rings in the oxidation process and the
formation of distorted domains of 5-, 7-, or 8-membered rings in
the form of the double vacancy (5-8-5 rings) or the common 5-7-7-
5 rings disorder known as Stone-Wales defect, in the reduction/
healing process [42,48,49]. Hence, the degree of amorphization of
graphite in oxidation can reverse the interpretation of D band; in
amorphous structures, the increased intensity of D band is associ-
ated with a higher level of ordering, and not defects as in graphene/
graphite [50]. Thus, the huge variation in synthesis protocols of GO
and hence in its quality and proportions of oxygen functionalities in
its basal plane, as well as the contribution from edge defects cause
variation in quality and interpretation of GO's Raman spectra. In
this work, GO was synthesized using IHM (using phosphoric acid)
that results in a more intact graphitic basal plane with less defects
[24]. Phosphoric acid plays an important role in protection of basal
plane, where it reacts with surface hydroxyl groups and prevents
further oxidation. Accordingly, the basal plane oxygen groups (e.g.
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Fig. 3. Optical microscope images of thin films of (a) 0.2 um rGO and (b) 40 pm rGO. AFM imaging (height images) and profiling of (c & d) 40 pm and (e & f) 0.2 pm rGO thin films on
Si/Si0, substrate. (A colour version of this figure can be viewed online.)
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Fig. 4. Raman spectra of small and large sheets GO and rGO thin films. (A colour version of this figure can be viewed online.)
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epoxy and hydroxyl) are less damaging when eliminated in
reduction and leave less vacancies. Moreover, edge defects are
higher in rGO-S (Ig/Ig: 0.91) than in rGO-L (Ig/lg: 0.84).

Quantitative spectroscopic analyses of the chemical composi-
tions of the large and small (i.e. lateral sheet size) samples of GO
and rGO were carried out using XPS and quantitative MAS '>C NMR.
High resolution XPS was conducted on thick film samples of GO-S,
GO-L, rGO-L, and rGO-S. The survey spectra of GO have shown only
two distinct peaks of Cl1s and O1s, confirming the purity of the
samples. After reduction, the survey spectra have shown a gradual
decrease in the intensity of O1s peaks with time, Fig. S5. As shown
in Table 2, the reduction process is clear from the significant in-
crease in C/O ratio of large (L) and small (S) size graphene oxide
samples from 2.45 and 2.33 to 4.26 and 4.55, respectively. To better
understand the effect of this low temperature reduction on GO, and
better explain the superiority of large sheets over small sheets, a
detailed deconvolution process of Cl1s core level spectra was per-
formed. Seven peaks were judiciously fitted, after a Shirley back-
ground subtraction, and were assigned to lattice vacancy defects
(C—V) [51], sp>-hybridized carbon atoms from aromatic domains
(C=C), sp> carbons from aliphatic domains (C—C), hydroxyl and
epoxy groups (C—OH and C—0—C), carbonyl (C=0), and carboxyl
(COOH) groups, Fig. S6 and Fig. 5 [52,53]. All quantitative details of
the changes in chemical compositions of the two (L & S) samples
are shown in Table 2. The ratio of C=C/C—C has significantly
increased from 5.38 (L) and 5.07 (S) to 19.29 (L) and 18.45 (S), which
accounts for a strong restoration of aromatic graphitic domains. In
addition, most of the reduction process is due to removal of
C—O—C/C—OH groups from the basal plane. On the other hand, the
percentage of C=0 and COOH groups formed on the edges of GO/
rGO has increased by thermal treatment at this low temperature,
suggesting that a strong reduction process, by elimination of epoxy/
hydroxyl groups, and a mild oxidation process, by forming new C=
O/COOH groups, have occurred simultaneously [54]. Interestingly,
the large sheets of GO and rGO had shown less carboxyl groups
than the small sheets. Quantitatively, ¥COOH in GO-L was 2.78%,
while in GO-S was 3.84%, i.e. GO-S has 16% more COOH groups than
rGO-L, i.e. 16% more broken benzene rings at the edges of smaller
sheets.

There is a considerable vagueness and subjectiveness in
assigning and fitting XPS peaks of GO [53] arising from the huge
disparities in literature due to the variation in structural models of
GO (e.g. Lerf-Klinowski [55], Dekany>®, and Ajayan [57] models),
which allows for different possible theoretical fittings of the XPS
data. Hence, pursuing a quantitative MAS 13C NMR [58,59] was very
useful in determining the chemical compositions of rGO and sup-
porting the accurate fitting of XPS peaks. The >C NMR results in
Fig. 6 and Table 3 are in a good agreement with XPS results and
highlight a strong reduction and mild oxidation processes
happening concurrently. The epoxy and hydroxyl groups have been
~94% and ~96% eliminated, and the percentage of conjugated sp?
carbons (C=C) has increased significantly from ~30% to ~ 60%,
which explains the highly improved electronic properties of rGO
(smaller band gap, lower resistance, and higher carrier mobility).
The lower chemical shifts in the '3C NMR spectra are attributed to
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the restoration of sp? conjugation in rGO [60]. The concentrations
of COOH groups in GO-S and rGO-S are higher than that in GO-L and
rGO-L, as shown in Table 3, which is aligning with the results from
XPS data. The concentrations of COOH and C=0 groups calculated
from 3C MAS NMR are slightly higher than those from XPS. This
might be assigned to the higher sensitivity of >C NMR to the pe-
riphery groups of GO/rGO than XPS [57,61]. We believe the differ-
ence in sensitivity of *C NMR and XPS to functional groups at edges
of GO/rGO nanosheets is due to the difference in the apparatus,
where in the XPS measurement the X-ray beam shines perpen-
dicularly on a horizontal spot of the sample that contains more
contribution from basal plane than periphery. For 3C NMR, the
sample is grinded and stuffed into a rotor where the signal is
collected from the whole sample more homogeneously and hence
the edges have a better chance to be detected. Due to this higher
sensitivity, the difference in %COOH between GO-S and GO-L
became more significant; 3.13% for GO-L and 5.99% for GO-S,
which means around 30% more broken periphery rings in GO-S.
More insights into the thermal reduction and lateral size
effects based on Raman, XPS, and quantitative >C MAS NMR.
Most of the oxygen functionalities are epoxy and hydroxyl groups
in GO, and carbonyl and carboxyl in thermally reduced GO. Greatest
amount of the C=0 and COOH remaining in rGO may be distrib-
uted on edges and that is why XPS showed them in lower con-
centrations than *C NMR did. As per Lerf-Klinowski's [55] and
Dekany's [56] models of GO, the most acceptable ones, COOH
groups form only on edges. That supports our hypothesis of the
formation of more non-healing edge defects in the small sheets due
to their higher edges-to-core atoms compared to the large sheets,
and helps explain one of the causes of the lower electrical con-
ductivity and mobility, and higher Raman defects in rGO-S. The
contribution of edge defects and their effects on band gap and
electronic properties of rGO is discussed in more details in the
computational model and calculations we present in this study.
The presence of higher C=0/COOH groups in rGO compared to
GO, in general, is explained by the different proposed thermal
reduction mechanisms [62—66], where the free hydroxyl and hy-
dronium radicals formed from thermal decomposition of adsorbed
water molecules attack the oxygen functionalities and convert
some of them into C=0 and COOH, and react further by removing
them in the form of CO, and CO,, preferentially at edges. As per
Lipatov et al.'s work [62], the temperature programmed desorption
measurements have revealed that the desorbed gases are mainly
H50, CO, and CO,. Part of the released H,O desorbs at lower tem-
peratures from the physically adsorbed water molecules, while the
majority of the release peaks at the same temperature (~150 °C)
where CO and CO; exhibit their maximum peaks, which confirms
that this water has evolved from the removal of same type of
groups that evolved as CO and CO,. Other studies have reported the
evolved gases as Hy0, CO,, CO, Hy, Oy, and H0, [67—69]. That
leaves behind restored sp2 domains most likely from H,0, Hy, O,
and H,0, removal, and edge defects and some etch holes from CO
and CO; elimination. The electrical conductivity and electronic
properties improved significantly when the aromatic domains
grew enough to allow for percolative electronic transport that

Table 2
XPS quantitative analyses of the chemical compositions of GO-L, GO-S, rGO-L, and rGO-S.
%C—V %C=C %C—C %C—0H %C—0—C %C=0 %COOH C=C/C-C c/0
283.1+0.2 284.5 + 0.2 285.1+0.2 285.6 + 0.2 286.4 + 0.2 2872+ 0.2 288.6 + 0.2
GO-L 4.56 34.92 6.48 20.94 24.08 6.24 2.78 538 245
GO-S 4.87 33.22 6.54 20.43 25.10 6.01 3.84 5.07 233
rGO-L 0.62 63.27 3.28 11.07 6.07 9.77 5.92 19.29 4.26
rGO-S 0.83 60.84 3.29 10.29 6.21 10.61 7.94 18.49 4.55
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Fig. 5. High resolution C1s XPS spectra of reduced graphene oxide after 120 min reduction time at 200 °C in air. (A colour version of this figure can be viewed online.)
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Fig. 6. Solid state magic-angle spinning '>C NMR spectra of GO and rGO. (A colour version of this figure can be viewed online.)

Table 3
MAS'C NMR quantitative analyses of the chemical compositions of GO-L, GO-S,
rGO-L, and rGO-S.

%Lactol %(C=C) %C—OH %C—0—C %C=0 %COOH
GO-L 271 28.04 23.52 34.45 8.16 3.13
GO-S 3.97 29.93 20.95 29.46 9.70 5.99
rGO-L 4.92 58.95 6.29 3.60 16.79 8.58
rGO-S 4.48 59.64 5.76 248 16.75 10.89

bypasses any possible etch holes. That explains the strong elec-
tronic properties enhancement after low temperature thermal
reduction in air despite the presence of Raman defects. The Raman
defects in rGO-S are slightly higher than defects in rGO-L, which
can be attributed to the higher contribution from the non-healing
edge defects.

3.3. Optical band gaps

For a better understanding of the significance of the reduction
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process in producing high quality GO/rGO nanosheets, changes in
the optical band gaps (OBG) of GO/rGO were assessed from UV—Vis
absorption spectra using Tauc's plot [70,71]. As previously reported,
the band gap of GO/rGO is related to its carbon-oxygen ratio [72]. In
other words, stripping oxygen functionalities from GO by means of
reduction lowers its band gap. Furthermore, gradual restoration of
graphitic structure and 7 conjugation by gradual reduction helps
tune the band gap in a controlled manner. UV—Vis data and Tauc's
plots of the 40 pum GO and rGO samples are presented in SI Fig. S7.
Results in Table ST show that at 0 min reduction, basically GO, the
OBG is 1.8 eV, which is small compared to most of the reported
band gaps of GO [73,74]. Hence, GO made by this optimized IHM
method is less defected and highly exfoliated to monolayers, which
makes it promising for getting high quality rGO nanosheets with a
small band gap. In addition, the gradual reduction of GO resulted in
a gradual decrease in the corresponding band gaps of rGO nano-
sheets, which is consistent with our theoretical results (discussed
in section 3.4). Interestingly, after annealing/reduction for 120 min
at 200 °C in air, the band gap of rGO reached 0.4 eV, which, to the
best of our knowledge, is among the smallest values reported for
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rGO [75]. This small band gap of rGO might be explained in terms of
selection of the right size sheets (10—40 um) that enables lower
contribution of the less healable edge defects and the well-
optimized oxidation and reduction methods.

3.4. First principle studies of GO and rGO sheets

To garner the fundamental understanding of the factors influ-
encing the electronic properties of GO and rGO, we performed a set
of density functional theory (DFT) calculations. The details on the
methods and parameters used are provided in the SI document.

Among different GOs, epoxy and hydroxyl functionalized
structures are known to be thermodynamically more stable, hence
are chosen for this study [76]. Each bulk oxygen atom is bonded to
its two neighboring carbon atoms to form an epoxy functional
group, as illustrated in Figs. 7a and 8a. The epoxy and hydroxyl
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groups are added to both sides of the GO sheets to generate a more
stable structure compared to their counterpart with functional
groups only on one side. Both ends of the sheets are hydrogen (H-)
terminated to mimic finite size effect. Hydrogenation is also a
common method to convert the sp? to sp> hybridized carbon bonds
and hence form a bandgap in graphene [76,77]. The structures are
consistent with previous models of GO discussed elsewhere [77,78].
Details on the modeling of defected GO and rGO structures are
discussed in the subsequent sections.

3.4.1. GO sheet size effect

To investigate the effect of sheet size on GO monolayer's elec-
tronic properties, we constructed structures with 4, 6, and 8 carbon
layers labeled as Intact-A, Intact-B, and Intact-C, respectively
(Fig. 7a). Carbon layers refer to the width of nanoribbon parallel to
the periodic directions. Though the models representing the
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Fig. 7. (a) GO structures with 4, 6, and 8 carbon layers— intact A, intact B and intact C, respectively. Red, light red and gray circles represent O, H and C atoms, respectively (b) Total
energy per atom plotted as a function of number of atoms in GO flake. (c) DOS plots of different-sized GO sheets. The sheet size increases from top to bottom. (d) and (e) Bandgap
and HOMO-LUMO gaps as a function of GO sheet size, respectively, and (f) schematic evolution of electronic structure (HOMO, LUMO, and fermi level) for the three studied intact GO
models, the dashed lines on left and right of plot (a) show the valence band maximum (VBM) and conduction band minimum (CBM), respectively. (A colour version of this figure can

be viewed online.)
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Fig. 8. Intact and defected atomic models of (a) GO, and (b) rGO models. Red, light red and gray circles represent O, H and C atoms, respectively The structures are labeled based on

defect configuration. (A colour version of this figure can be viewed online.)

experimentally observed sizes are highly desirable, available
computational resources limit the modeling of larger flakes. Hence,
in this study, we have limited our model to the smaller ones
(~1—2 nm). Regardless of the smaller finite sizes, our models exhibit
GO behavior, and hence, can be used to predict the stability and
electronic properties of larger GOs. Fig. 7b shows the ground-state
energy per atom plotted as a function of GO size. The results show
that the larger GO sheets are energetically more stable, which can
be related to the reduction in the ratio of edge to bulk atoms as the
sheet grows. In addition, the larger flakes tend to relax in-plane
adsorbate induced strain efficiently as compared to smaller flakes,
leading to relaively stable configurations. This behavior is also
consistent with the experimental data.

Next, we studied the sheet size impact on the electronic prop-
erties of GO. Fig. 7c depicts the densities of states (DOS) plots for the
three GO models. Increasing GO flakes' size reduces the band gap
from 2.25 to 1.6 eV due to the reduction in the quantum confine-
ment effect, as shown in Fig. 7d. Though the observed size-
dependent band gap trend is unique, it is consistent with the
recently reported O/C ratio dependent bandgap [79]. In this study,
authors reported variation in the gap from 2 to 1 eV for the O/C ratio
of 0.5 to 0.2, respectively. Quantitatively, our intact A, intact B and
intact C models possess O/C ratio of 0.16, 0.12 and 0.1 with the band
gap of 2.25, 2.1 and 1.6 eV, respectively. Here, we note that band
gap's absolute value depends on many factors including the ratio of
oxygen-to-carbon atoms [76], and the choice of exchange-
correlation functionals. PBE functionals are well-known for
underestimating the band gap. Regardless, our goal here is to draw
a qualitative comparison with the experimental data, which is
evident from the inverse relationship between the band gap and
the sheet size. Fig. 7e shows the band gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), HOMO-LUMO gap, as a function of GO
lateral size. As the sheet gets larger, the HOMO-LUMO gap becomes
smaller. A schematic comparison of HOMO, LUMO, and fermi level
for each model is presented in Fig. 7f, showing an increase in
HOMO, LUMO, and fermi energy values, with the fermi level
shifting towards LUMO as the GO sheet gets larger. Since the ab-
solute energy values were small, we plotted these values in arbi-
trary units for better visualization. The corresponding calculated
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energy values are provided in Table S1. The observed reduction in
the electronic band gap and HOMO-LUMO gap with the increasing
GO size can be attributed to the reduction in the edge-state
contribution to the band edges and quantum confinement effect
[80] as well as a drop in the ratio of edge to core functional groups.
Though the former argument does not hold true for the larger
experimental samples, but the latter is valid, making the model
developed in this study viable for larger samples. To the knowledge
of authors, no previous studies have been reported on DFT calcu-
lations of size impact on GO/rGO properties. However, a similar
size-dependent trend in electronic properties has been reported for
MoS; [81] and silicon [82].

3.4.2. Defects and reduction

Modeling GO is an involved process. A variety of defected and
reduced structures can be generated theoretically [76—78]. In ex-
periments, the position of O and OH groups vary with processing
method and conditions [76]. As optimizing defect and oxygen va-
cancy sites is outside the scope of this study, we limit our discussion
to a few of such topologies with zigzag configurations. The purpose
of this section is to investigate how defects and oxygen impurities,
regardless of their configuration, affect rGO electronic properties.
Fig. 8a depicts the atomic structure of intact and different defected
GO flakes. Fully reduced GO models were generated by removing
the core epoxy and hydroxyl functional groups:

DOS plots for intact and defected GO structures (Fig. 9a) show a
decrease in the band gap and results in additional localized states
appearing in the gap for all defected structures. Introducing edge
defects involves breaking some of the sp> C—H bonds, increasing
the number of unfunctionalized edge carbons with free orbitals,
contributing to higher electronic conductivity, and lowering the
bandgap. For half defect structures, the band gap is wholly
removed. These are the structures with five-membered rings where
the missing C—C bond increases the ratio of free orbitals, which
lowers the band gap. To compare the stability and tendency of rGO
sheets to oxidize, we calculated the relative formation energy (Eggg)
defined as the difference between the formation energy of GO and
the corresponding rGO structure through equation (1) [76]:
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Fig. 9. (a) Density of states (DOS) plots of intact-C and various defected GO structures (b) Computed relative formation energy (Eggg) values for the same structures. (c) The DOS
plots for intact-C GO and rGO structures depicted for comparison. (A colour version of this figure can be viewed online.)

Egee = (Eco — Erco — Anppg — Anppuy) (M
Where E¢g, and E,o are the ground-state energies of GO and rGO,
respectively. Anp and Any refer to the difference in number of O
and H atoms for the original and reduced structures, ug and py are
the chemical potential of oxygen and hydrogen, respectively. The
table of Egg values is presented in Fig. 9b. The negative values of
Egre indicate that oxidation makes all structures more stable. The
lowest Eggr values belong to the half defect structures with five C
rings which are expected to have higher reactivity due to their free
orbitals.

Following the stability analysis, we performed site-project DOS
for the intact-C GO and the corresponding reduced structures.
Removal of epoxy groups results in appearance of sp? localized
states distributing through the whole band gap of GO. The
appearance of these states due to reduction is in line with previous
study by Lundie et al. [77] Besides, based on our chemical intuition,
since the rGO structures look more similar to pristine graphene
compared to their GO opponents, they are expected to show higher
electronic conductivity.

3.5. FET characteristics and charge carrier mobility of rGO thin film

The charge carrier mobility of the rGO nanosheets, after 120 min
reduction time, was calculated from equation (2), as reported
elsewhere [10].

L 1 1
p=S W Vsd Gi (2)
Where S is the slope in the linear part of the Is4-Vg curve, L and W
are the length and width of the channel, respectively, Vyq is the
source-drain voltage, and C; is the gate-channel (interfacial)
capacitance. C; was determined from the electrochemical imped-
ance spectroscopy (EIS) and was found to be 1.48 pF/cm? , which is
in a good agreement with literature [10,36]. Details of calculating G;
are in supplementary information, section 4.

Fig. 10(a-d) shows the FET characteristic curves using
electrolyte-gating for rGO of 0.2 um lateral sheet after 60 min
reduction, and 40 um sheet post 30, 60, and 120 min reduction. As
shown in Fig. 10d, the FET curve of optimized rGO exhibit the
ambipolar behavior of the pristine graphene. On the other hand,
Dirac point of this rGO thin film is at ~ 0.01 V, which indicates that
most of the p-type doping defects were removed, and its charac-
teristics resemble pristine graphene like features where the Dirac
point is located at the charge neutrality point.

The holes and electrons carrier mobilities of the optimized rGO-
FET system were 2,962 and 2,183 cm?/V.s, respectively. These
values, to the best of authors knowledge, are the highest reported
to-date for rGO-FET, LPE G-FET, and within the highest of the CVD
G-FET (Table 4). It is worth mentioning that the mobility is directly
proportional to the slope (dI/dV) of the FET transfer characteristics
and hence it is directly proportional to the on-current. Since the on-
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Fig. 10. The characteristic curves of rGO-FET system of 0.2 um sheets after 60 min reduction (a) and of 40 um sheets (a, b, & ¢) at different reduction times (30, 60, and 120 min)
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Table 4
Charge carrier mobilities of rGO- and CVD graphene (CVD G-) and LPE graphene (LPE G-) FET systems.
FET system Mobility (holes) cm? /V.s Mobility (electrons) cm? [V.s Reference
rGO-FET 16 — This work (before optimization)
rGO-FET 2,962 2,183 This work (after optimization)
rGO-FET 0.015 - [83]
rGO-FET 825 27.5 [84]
rGO-FET 0.5 - [85]
rGO-FET 2-200 0.5-30 [86]
rGO-FET 676 496 [87]
CVD G-FET 1,410 — [88]
CVD G-FET 7.21 - [37]
CVD G-FET 811 190 [89]
CVD G-FET 900 800 [90]
CVD G-FET 1,800 1,200 [91]
CVD G-FET 7,600 — [92]
LPE G-FET 18.71 5.04 [93]
LPE G-FET 2.50 0.49 [93]

current in our rGO-FET devices is higher by an order of magnitude
as compared to the previously reported state of the art devices
(~0.4 mA vis-a-vis 0.001 mA), the mobility is expected to be
significantly large compared to literature [48—56,58]. In summary,
we attribute all these interesting pristine graphene-like properties
observed in our rGO-FET devices to the high quality of the syn-
thesized rGO nanosheets, the reduced surface roughness and
charge scattering and the small contribution of the edge defects
due to the right selection of the sheet's lateral size, as well as the
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good film continuity.
4. Conclusions

This work introduces a detailed experimental study, com-
plemented by DFT modeling, of some of the critical factors affecting
the quality of rGO nanosheets and thin films, and proposes a route
to achieving pristine graphene-like rGO from the commercially
available graphite. We observed that the lateral sheet size,
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concentration and volume of GO solution, and quality of oxidation
and reduction methods are the key factors in realizing a high-
quality graphene-like rGO thin film. The optimized large rGO
flake exhibits smallest reported optical band gap, lowest FET
resistance vis-a-vis highest conductivity, and highest charge carrier
mobility. The lateral size of the starting graphite has a significant
impact on these properties of the corresponding rGO nanosheets.
This observation is consistent with the thickness (lateral size)
dependent reduction in the band gap predicted by the DFT method.
The graphite flakes of lateral sizes 10—40 pm are more promising
than powder graphite for electronic applications. The better per-
formance of the larger size was attributed to the better film con-
tinuity, smaller roughness and smaller charge scattering, and lower
contribution from non-healable edge defects. Raman, XPS and
quantitative MAS 3C results gave more insights into the effect of
lateral sheet sizes and low temperature thermal reduction on the
chemical composition of the film-forming nanosheets and hence
the film's electronic properties. The rGO-FET device resistance
decreased drastically by increasing lateral sheet size of the thin film
rGO sheets from 0.2 to 2.0 and then to 10 um, but the reduction in
resistance plateaued for sizes larger than 10 pm due to the folding
of larger sheets that was recorded using AFM imaging. We have also
demonstrated that the modified IHM synthesis method is crucial
for getting high quality and highly exfoliated GO nanosheets. Dur-
ing the reduction process, the reduction temperature was opti-
mized to 200 °C, for 120 min at ambient pressure, which makes it
facile method for in situ reduction of GO sheets or films on surfaces.
In conclusion, a high-quality thin film of rGO sheets with graphene-
like ambipolar transfer characteristics, a finite band gap of ~0.4 eV,
and high holes (electrons) mobility of 2,962 (2,183) cm?/V.s, might
be useful in high-frequency, low power device applications, such as
TFET, sensors and neuromorphic applications.
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