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Oxygen-containing, chemically modified graphene (CMG) systems have been intensively investigated for
various applications. The development of methods that allow fine control of the oxygen functionality
would help better understand the mechanisms associated with CMGs, facilitate optimization of the
material properties, and provide standards for chemical characterization purposes. Here, the authors
report a new method for finely controlling the levels of oxygen in CMG materials based on the refluxing
of aqueous colloidal suspensions of graphene oxide for specific reflux times, which does not require
additional reducing agents. Chemical analysis confirmed that the oxygen levels can be finely controlled
and they can provide spectroscopic tools to monitor the oxygen levels of CMG-based systems. This
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Introduction

Chemically modified graphene (CMG) nano-platelet technology
is attracting considerable interest in several application areas
such as energy storage materials,"™ electronic devices,” chem-
ical sensors,® polymer composites,” and electro-chemical cata-
lysts.®? Oxygen-containing CMG systems have been intensively
investigated for such applications because of their suitability for
mass production, solution processability, and tolerances of
further chemical modification.'®** However, the chemical and
physical properties of CMG materials critically depend on the
amounts and chemical identities of oxygen functional
groups.b>*®%12714 Gince it is extremely difficult to completely
remove such groups, most CMGs contain some oxygen
groups;“®'¥152% consequently, new methods are required to
finely control the oxygen functionalities. Elucidation of the
mechanisms associated with CMGs, the optimization of
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materials properties, and the provision of tools for chemical
characterizations have proved challenging.

By taking full advantage of oxygen functional groups, CMGs
have been intensively studied as electrodes in supercapacitors
(SCs) and rechargeable batteries,"***'** and as catalysts for
oxygen reduction reactions (ORRs).">** Pseudocapacitance that
originates from oxygen groups of electrode materials in SCs,** the
interaction between oxygen groups of CMGs and Li ions in
batteries, and the electrochemical roles of oxygen groups during
ORRs could be systematically investigated if a method can be
devised to control the levels and types of oxygen functionalities.
Hetero-atom (i.e. N, B, P and S)-doped graphenes derived from
CMG-based systems have been intensively studied for possible
applications in various areas."*****»* However, their overall
performances could be influenced by oxygen groups as well as by
other hetero-atoms because doped systems nearly always contain
significant amounts of oxygen groups."*® Accordingly, it is very
difficult to decouple the individual roles of hetero-atoms with
oxygen groups; hence, the system would be more complicated.
From this standpoint, new methods are in strong demand for
finely controlling the oxygen groups of CMGs that include negli-
gible hetero-atom compositions. Herein, we present a simple and
environment friendly method of preparing graphene-based nano-
platelets containing controlled amounts of oxygen atoms based
on the reflux times of aqueous suspensions of graphene oxide (G-
O). Furthermore, the sample series were comprehensively char-
acterized to provide unprecedented spectroscopic tools to
monitor the oxygen levels of CMG-based systems and systemati-
cally applied to understand a fundamental foundation of the
correlation between oxygen groups and capacitive features.
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Experimental
Preparation of GO

GO was prepared by the modified Hummers method as previ-
ously reported.'® Natural graphite (1 g, SP-1, Bay Carbon, USA)
was added to a 250 mL flask filled with 50 mL of concentrated
H,S0, (Daejung, Korea) and 3.5 g of KMnO, (99.3%, Daejung,
Korea) was added slowly to the flask in an ice-bath. The mixture
was then stirred for 2 h at 30 °C. Excess water was added to the
reaction mixture in an ice-bath, and then H,0, (30%, Sigma-
Aldrich, USA) was added slowly at room temperature until no
gas was produced. The resulting mixture was then stirred for 12
h, and then left unstirred to precipitate the GO particles. The
supernatant was decanted and a HCI solution (10 vol%) was
added, and after centrifugation (Supra 22k, Hanil, Korea), the
supernatant was washed five times with distilled water. The
final mixture was then filtered and the filtrate was dried under
vacuum at room temperature for 12 h to afford a brown GO
powder.

Preparation of a set of Re-G-O samples

A homogeneous aqueous colloidal suspension (3 mg of GO per 1
mL of H,0) of exfoliated G-O was produced in a flask by soni-
cation (BRANSONIC 8510E-DTH, Output 250 W, 44 kHz). The
pH of the suspension was 1.74. The flask then was immersed in
an oil bath, and the brown suspension was stirred for the
designated times (6 h (Re-G-0-1), 12 h (Re-G-0O-2), 1 day (Re-G-O-
3), 2 days (Re-G-O-4), 3 days (Re-G-O-5), 5 days (Re-G-0-6), 1
week (Re-G-0-7), or 2 weeks (Re-G-O-8)) under reflux. The
resultant mixtures were filtered through a glass filter and the
filtrates obtained were thoroughly washed with water (>ten
times), and then dried under vacuum at room temperature for
12 h.

Electrochemical tests

CV and GCD measurements were carried out using a three
electrode system. Each sample was used as a working electrode,
Ag/AgCl as reference electrode, and Pt wire as a counter elec-
trode. 1 M of aqueous H,SO, solution was used as the electro-
lyte. All potentials were referred to the Ag/AgCl reference
electrode. The working electrode was composed of 85 wt%
active material and 15 wt% PVDF as a binder. These two
components were mixed using a few drops of NMP as a solvent,
ground in an agate mortar until a homogenous paste was
obtained, and then pasted on a conductive aluminum sheet
substrate. The electrode was dried overnight in an oven at 80 °C
and used as the working electrode. The electrochemical char-
acteristics were evaluated using a CHI 760D Electrochemical
Workstation (CH Instruments) at room temperature. Electro-
chemical impedance spectroscopy (EIS) was evaluated in the
frequency range from 10° to 10”2 Hz at an amplitude of 10 mV
using a Solartron 1260. For practical measurements of the cyclic
performance, a symmetrical two electrode configuration was
assembled following our previous work.** A Whatman glass
microfiber filter used as the separator was immersed in 1 M of
aqueous H,SO, solution. The symmetric devices were
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configured sandwiching an aqueous-electrolyte-soaked sepa-
rator between two electrodes and clamped for a good contact.
The specific capacitance of the electrodes were calculated using
the following equation: C; = [IdV(AV x M x »), where C is the
specific capacitance of electrode (F g~ '), V is the voltage (V), I is
the current (A), » is the scan rate (V s~ '), and M is the mass of the
electrode material (g).

Instruments and measurements

Elemental analysis was performed using a FLASH EA1112
(Thermo Electron, Italia) in a helium atmosphere to determine
the C, N, O, and H contents. XPS of powder samples was per-
formed on an Angle-Resolved X-ray Photoelectron Spectrometer
(Theta probe AR-XPS, Thermo Electron Cooperation, UK) using
a MXR1 Gun-400 pm 15 keV spectrometer. The FT-IR spectra
were obtained from KBr pellets containing r-G-O powder
samples using a FT-IR Vacuum Spectrometer (Bruker VERTEX
80V, Bruker, Germany). The MAS SSNMR measurements of the
powder samples were performed using 6000 scans on a 600
MHz Varian ""YINOVA (USA) using a HX-MAS probe and a 4
mm diameter zirconia rotor. The Raman and PL spectra were
obtained under ambient conditions using a purpose-built
micro-Raman setup, as previously described.*® Briefly, an Ar
ion laser beam (514 nm, 0.033 mW) was focused onto a spot of
diameter ~500 nm using an objective lens (40x, NA = 0.60),
and scattered light was then collected. The spectral resolution
of the set up (defined as the line width of Rayleigh peaks) was 6
cm ', Five spots were probed were probed per sample. The
suspension pH values were measured using a pH meter (HI
8424, HANNA, USA).

Results and discussion

Oxygen functional groups in graphite oxide (GO) are generally
introduced by the oxidation of graphite.***® Graphene oxide (G-
0) is produced by sonication of GO in water, and it has a wide
range of oxygen functional groups, such as epoxy and hydroxyl
groups on its basal planes and carboxyl and ketone groups at its
edges.* The reduction of G-O using reductants and/or by
applying external energy, such as heat, microwave, or light
energy, is frequently used to reduce oxygen group levels and to
produce reduced graphene oxide (rG-O).b1719222%272840-42
However, most of these methods cannot finely control the
Ox}lgen levels‘1,17,19,22,25,27,28,40

Homogeneous aqueous colloidal suspensions of G-O were
prepared by sonicating GO particles, and the pH of the
suspensions prepared was around 1.7. This acidic property
might be attributed to residual acids trapped in the interlayer
galleries of GO particles and to the acidic protons of carboxyl
acids on G-O. As shown in Fig. 1, we refluxed aqueous suspen-
sions of G-O for different times (6 and 12 h, and 1, 2, 3, 5, 7, and
14 days). After reflux for 1 day, G-O nano-platelets were well
dispersed in the suspension (Fig. 1). Subsequently, black
particles were generated, which is a common phenomenon
when G-O is reduced.

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic diagram of the production of Re-G-O samples by
refluxing aqueous suspensions of graphene oxide.

The C/O atomic ratio is typically used to determine the
concentration of oxygen groups in graphene-based nano-plate-
lets.19?>27:284% nterestingly, the C/O ratio of refluxed G-O
(henceforth, Re-G-O) samples, which was measured by
combustion-based elemental analysis, gradually increased in
small increments as the reaction time increased, as shown in
Fig. 2a. The C/O ratio reached a steady state at around 7 after
reflux for 2 weeks (the C/O ratio range was between 1 and 7). The
highest C/O ratio (around 7) was comparable to that of rG-O-
based materials produced using other methods.*'#1?>2840:41 C/
O ratios calculated by X-ray photoelectron spectroscopy (XPS)
agreed well with the elemental analysis results (see (ESIt) for
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Fig. 2 Oxygen levels and NMR measurement of Re-G-O samples, (a)
C/O atomic ratio of Re-G-O samples measured by combustion-based
elemental analysis with respect to reflux time, (b) NMR spectra of GO
and selected Re-G-O samples.

Fig. S1 and Table S1). Importantly, this is the first example of a
method that can produce graphene-based nano-platelets with
finely controlled oxygen group levels using aqueous solution
process. No hetero-atoms other than O atoms were found by
elemental analysis and XPS. This result allows chemical and
physical analysis of this system to show the effects of only
oxygen groups on graphene-based networks without a distur-
bance from other hetero-atoms. In addition, this system
produced rG-O by the reflux of G-O in water without the addi-
tion of reducing agents, indicating that it is a highly environ-
mentally friendly method. These findings highlight the
importance of a synthetic method for the mass production of
rG-O materials containing a certain level of oxygen atoms.

We studied the chemical structures of Re-G-O samples using
nuclear magnetic resonance (NMR) spectroscopy, Fourier
transform infrared (FT-IR) spectroscopy, and Raman spectros-
copy and XPS. NMR spectroscopy is one of the most powerful
tools for elucidating the chemical structures of small molecules,
and recently, solid state NMR (SSNMR) has shown great
promise in the CMG-based material field.***"**** Fig. 2b shows
the magic angle spinning (MAS) SSNMR spectra of GO, Re-G-O-
3, Re-G-0-4, Re-G-0-5, and Re-G-0-8. The sampling labeling
scheme was as follows: 6 h (Re-G-O-1), 12 h (Re-G-0-2), 1 day
(Re-G-0-3), 2 days (Re-G-0-4), 3 days (Re-G-0O-5), 5 days (Re-G-O-
6), 1 week (Re-G-0-7), and 2 weeks (Re-G-O-8). As previously
assigned,**** the spectrum of GO showed peaks for epoxy,
hydroxyl, carboxyl, ketone, and sp? carbon at 60.3, 70.2, 166.6,
189.0, and 129.4 ppm, respectively. As the reflux time increased,
the intensities of the peaks corresponding to oxygen functional
groups decreased, showing that G-O was reduced. Interestingly,
a peak of GO at 129.3 ppm, corresponding to sp> carbons was
gradually shifted to 124.6 ppm for Re-G-0-3, 122.6 ppm for Re-
G-0-4, 120.0 ppm for Re-G-O-5, and 119.7 ppm for Re-G-O-8,
respectively. This was attributed to elongated conjugation
generated by the restoration of sp> carbon networks from sp?
carbons during reflux.>®** As the peak positions were shifted,
their C/O ratios increased. The observation of this peak position
corresponding to sp”> carbons could provide the relation
between such NMR peaks and the oxygen levels (see Fig. S27).
Epoxy and hydroxyl groups were significantly reduced after 2
weeks of reflux. Although the intensities of the peaks
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corresponding to ketone and carboxyl decreased slightly, it was
not possible to quantify results due to noise. Nevertheless, we
were able to deduce that epoxy groups were reduced faster than
hydroxyl groups. While C-O moieties were reduced, C=0
moieties, such as carboxyl and ketone groups, were only slightly
reduced. It is difficult to observe this type of removal sequence
using other chemical analysis tools, such as XPS or FT-IR due to
substantial overlapping of the peaks.»®®2>41:43

As shown in Fig. S3,T the components for C-O moieties at
around 285 eV and for C=0/C(0)O moieties at 288-289 eV were
observed in the XPS C1s spectrum of GO."'®*® The series of C1s
spectra for all Re-G-O samples and for GO demonstrated the
gradual removal of these oxygen moieties as reflux progressed.
Deconvolution of C1s spectra of selected samples (GO, Re-G-O-
4, Re-G-0O-5, Re-G-0-6, and Re-G-0-8) produced results consis-
tent with NMR with respect to the reduction by reflux (Fig. S37).
A component corresponding to the C-O moieties was first
removed and was significantly removed after 2 weeks of reflux.
Slight reduction in the C=0/C(0)O moieties was observed by
XPS.

Fig. 3a shows the FT-IR spectra of the series of Re-G-O
samples and GO. As reflux time increased, a peak at ~3400
em ! corresponding to the O-H stretching band,* gradually
decreased, suggesting the removal of hydroxyl groups from the
basal planes of G-O. Components of the C-O stretching bands at
1,417, 1,224, and 1053 cm ™, which were attributed to hydroxyl
and epoxy groups, also decreased during reflux.'®*>*¢ After 3
days of reflux, the intensities of these peaks decreased signifi-
cantly, which concurs with our NMR results. Peaks corre-
sponding to C=C stretching provide particularly interesting
information.* The peak at 1622 cm ™" in the spectrum of GO
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Fig. 3 Spectroscopic data of GO and a series of Re-G-O samples, (a)
FT-IR spectra at all region, (b) FT-IR spectra of the selected region, (c)
Raman spectra, (d) PL measurements.
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and in those of early stage-reduction samples (Re-G-O-1-4) was
shifted to 1569 cm ™" in the spectra of the late stage-reduction
samples (Re-G-0-5-8), as shown in Fig. 3b (note that the Re-G-
0-5 sample was refluxed for 3 days). It is generally accepted that
sp> carbon networks are restored during the reduction of the
oxidized carbon network of G-O. Peak shifting in the FT-IR
spectra suggests that the peak position corresponding to the
C=C stretch of sp” networks, bearing oxygen groups with long
range ordering, represents the degree of reduction. The C/O
ratio of Re-G-O-5 (4.3 by elemental analysis and 4.2 by XPS)
could be a standard to determine the peak shift. A peak at 1731
em !, corresponding to the C=0 stretching band, was slightly
reduced after 2 weeks of reflux. Note that no peak was observed
at ~1150 cm ™, corresponding to the C-H in-plane bending of
phenyl groups,*® in the spectrum of GO. However, a broad peak
at the region increased after 3 days of reflux (Re-G-O-5-8), sug-
gesting that the number of edge-state sp” carbons, including the
outer regions of nano-platelets and defect sites in the inner
planes, increased during reflux.

Raman and photoluminescence (PL) spectroscopy also sup-
ported the structural changes caused by the stepwise reduction
of G-O. The spectra in Fig. 3c show D and G peaks characteristic
of defective sp*rich carbon materials.””*** The G peak originates
from in-plane C-C stretching, whereas the D peak is due to
double resonance scattering activated by structural defects.
However, because of disorder-induced spectral broadening,
another disorder-related peak (D' at 1620 cm™ ') could not be
resolved from the G peak. In addition to a D and D’ combination
peak (denoted D + D’), a Raman spectrum of G-O exhibited
broad 2D and 2D’ peaks (overtones of D and D’ modes). As G-O
was reduced, the D-to-G peak area ratio (Ip/lg) gradually
increased (Fig. S41). This finding apparently contradicts the
notion that reduction removes defects and leads to recovery of
the sp> carbons state.* Since the D peak requires the presence
of defects, Ip/lg increases with increasing defect density in
graphene,* and when the density exceeds a certain threshold
and the amorphous phase becomes dominant, the ratio starts
to decrease due to the severe loss of graphene-like order.***°
Thus, the observed rise in Ip/I; indicates that all samples belong
to the latter case and that reflux indeed recovered sp” carbon.
Decreases in the line widths of the G and D peaks corroborate
this conclusion (Fig. S51), since their large line widths are due
to a wide distribution of structural orders caused by defects.*”
The increase in G frequency upon reduction is consistent with
previous studies on defective graphite (Fig. S6T).*” Last but not
the least, the important feature is that reduction greatly atten-
uated the PL signal (a broad background in Fig. 3c), which
makes the Re-G-O samples less luminescent. In fact, the PL
intensity determined in the 1700-2300 cm ' (564-584 nm)
region increased initially and then decreased during reflux
(Fig. 3d), which is fully consistent with a previous observation
by Eda et al.* In this previous study, the early stage of reduction
was found to increase the density of the isolated nano-
crystalline domains responsible for the observed PL and
further reduction recovered the sp> network sufficiently to
quench PL. Our studies have shown that Raman and PL spec-
troscopy can serve as a convenient and reliable means of

This journal is © The Royal Society of Chemistry 2014
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assessing the degree of chemical reaction in highly crystalline
graphene.**

As described above, all chemical analysis results supported
the successful reduction of G-O by reflux. A huge amount of
effort has been expended on the development of a simple,
environmentally friendly solution process to reduce G-O.
However, efficiency was only obtained at the expense of using
toxic and/or hazardous chemicals.»*>*”?% Thus, the removal of
such chemicals is a critical issue for further applications.
Consequently, it is noteworthy that the present study describes
the generation of rG-O by reflux of G-O in water without the
addition of any chemicals and without a subsequent purifica-
tion step to remove the reducing agents.

Acidic protons can reduce the oxygen functionalities of small
molecules via dehydration. In a previous report,> hydrothermal
treatment of G-O under weak acidic conditions (pH ~ 4) slightly
reduced the oxygen levels, which were much higher than those
in our system. Consequently, the acidic condition (pH of 1.7) of
G-O suspensions in our system is largely responsible for the
reduction by reflux. Refluxing under different acidic conditions
also showed similar reduction behaviour (Table S27). It would
be interesting to observe reducing behaviors under basic
conditions to better understand the role of pH. However, it is
known that strong bases, such as KOH, and weak bases, such as
amine derivatives, also reduce G-O,'**"** which would obviously
prevent an investigation of the role played by pH alone.

Electron-rich nucleophiles, such as hydrazine and its deriv-
atives,?® amine derivatives,*® HI,** NaBH,,>* and KOH,'®*' are
capable of reducing G-O. It has been suggested that reduction
could be progressed by nucleophilic attack on the electron
deficient a-carbons of oxygen groups. It was recently reported
that electron-deficient electrophiles, such as BH;-based adducts
can reduce G-O." In this case, electrophiles are attacked by the
lone pair electrons of G-O oxygen atoms. In our system, it would
be an electrophilic reduction by acidic protons and electro-
philes. Huge amounts of water and acids are typically used
during the production of GO, and it is well known that a
number of water and acid molecules are trapped in the inter-
layer galleries by the strong interaction with the oxygen groups
of GO.*®**%¢ Accordingly, these trapped acidic moieties could be
a source of acidic protons.

To demonstrate the superiority of a series of graphene nano-
platelets containing finely controlled amounts oxygen groups,
we tested the SC performance of these electrode materials. The
pristine and CMG-based materials serve as a potential electrode
for the use in SCs due to their unique physical and chemical
properties. Since the SCs store charges at the electrochemical
double layer (EDL) through a non-faradic electrostatic interac-
tion between electrons and ions,* the capacitance of graphenes
are promising due to their large surface area and electronic
conductivity. The oxygen-containing groups of rG-O can
generate surface redox capacitance, so-called pseudocapaci-
tance, through a faradic process for enhanced capacitance.”®
Moreover, oxygen functional groups can offer good dispersion
capability and processability for an electrode assembly and
wettability of ions on the adsorption sites can increase due to
the hydrophilic nature of polar oxygen-containing groups.*

This journal is © The Royal Society of Chemistry 2014
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Notwithstanding these advantages of surface chemistry, the
intrinsic conjugated sp” structure of graphene could be dis-
rupted, indicating that the deterioration of electrical conduc-
tivity originated from the high density of defects. Alternatively,
severe reduction of G-O for the restoration of conjugation is
required to remove the oxygen defect sites, yet it can be
restacked and aggregated." Consequently, our Re-G-O mate-
rials will be highly useful to determine optimum conditions of
rG-O materials in SCs.

The electrochemical behavior and capacitor performance of
Re-G-O samples were evaluated by cyclic voltammetry (CV) and
galvanostatic charge/discharge tests (GCD) in a potential
window from —0.2 to 1.0 V versus Ag/AgCl in a 1 M aqueous
H,SO, solution as an electrolyte. The current densities of GO
and Re-G-0-1-4 samples were too small to be measurable for the
capacitive behavior. As shown in the irregular CV shape with
high overpotential and without a redox peak on CV (see
Fig. S77), they did not behave as capacitors but as resistors due
to a disruption of the intrinsic conjugated sp> structure. This
indicates that despite numerous oxygen-containing groups that
can act as electroactive sites, the deep oxidation of GO and Re-G-
0-1-4 samples prevents the occurrence of charge separation (or
discharging) and accumulation (or charging) during a redox
charge transfer due to a deterioration of the electrical
properties.

As shown in the CV curves of Fig. 4a, all Re-G-O-5-8 samples
exhibited similar rectangular shapes at a rate of 10 mV s %,
when the degree of reduction is beyond a critical value (C/O
ratio of Re-G-O-5: 4.2), indicating that a meaningful amount
of capacitive current is stored in a faradic manner. One pair of
redox waves at 0.32 and 0.44 V and asymmetric CV shape at the
end of potential window originated from the electroactivity of
oxygen functional groups such as epoxy, carboxy carbonyl and
alkoxy alkoxide (see SI).

The specific capacitances of the Re-G-O-5-8 samples
obtained from GCD curves were calculated to be 113.8, 140.5,
135.0,and 97.3 Fg~ " at a specific current of 1 A g~*, respectively
(Fig. 4b). The specific capacitances of the Re-G-O samples
obtained from the GCD curves showed the same trend as those
of the CV curves, but each value was slightly different because of
the respective measurement conditions. In particular, Re-G-O-6
showed the highest capacitance at all scan rates (Fig. S81) and
the highest rate retention among the Re-G-O samples. More-
over, Re-G-O samples revealed a slightly distorted, nonlinear
shape in the discharge region at a voltage range of 0.4 V, which
is indicative of the typical pseudocapacitive properties of the
respective oxygen functional groups. In order to further inves-
tigate the capacitive features arising from oxygen functional
groups, the rate capability of Re-G-O samples were measured
(Fig. 4c). The rate capability was estimated by increasing the
scan rates from 10 to 200 mV s~ by a factor of 20. The capac-
itance retentions of Re-G-O-5-8 and hrG-O were 68%, 80%,
65%, 70%, and 39%, respectively (Fig. S9t). For the case of the
cyclic performance (measured by GCD curves in a two-electrode
symmetric configuration at 5 A g~ '), Re-G-0-6 retained 95% of
initial capacitances after 1000 cycles, indicating good electro-
chemical stability, which is comparable to 96% and 99%

RSC Aadv., 2014, 4, 36377-36384 | 36381
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Fig. 4 (a) CV curves of Re-G-O-5-8 at a scan rate of 10 mV s~ 1 (b)
GCD curves of Re-G-O-5-8 at a specific current of 1 A g*. (c) Rate
capabilities of Re-G-0-5-8 measured at specific currents from 10 to
200 mV g7t (d) Cyclic stabilities of Re-G-O-5-8 measured at a
specific current of 5 A g’l. Variation of the materials properties of a
series of Re-G-O samples; (e) C/O ratio and surface area and (f)
specific capacitance and rate capability.

observed for Re-G-O-7 and Re-G-O-8, respectively (Fig. 4d).
Consequently, the GCD curves of Re-G-0-6-8 were not signifi-
cantly distorted after 1000 cycles of charge/discharge
(Fig. s10%).

Despite a higher C/O ratio and faster electronic transport,
the rate capabilities of Re-G-O-7 and Re-G-O-8 were lower
compared to that of Re-G-O-6 due to the slower ion diffusion
originated from the restacking-induced pore blocking at a
severe reduction degree and the less accessible surface area at
high rates. On the other hand, the removal of oxygen functional
groups that can act as electrochemically degradable defects is
beneficial for improving the cyclic stability, which highlights
the significance of delicately controlled oxygen functional
groups for the optimum capacitive performance.

The effect of oxygen functional groups on the surface
textures and chemistry have to be investigated to understand
how the capacitive performances can be controlled by the sug-
gested chemistry. As the reflux time increased, C/O ratio was
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increased and then, saturated to ~7. It is worth noting that
restacking of nano-platelets during a reduction process results
in a loss of available surface area and ion diffusion pathway due
to the blocking of mesopores arising from intersheet voids. EIS
analysis is a powerful tool for understanding the electro-
chemical behaviors of SC at the bulk and interface. As shown in
the Nyquist plots of Re-G-O-5-8 in the frequency range of 10° to
10~? Hz at an amplitude of 10 mV (Fig. S111), Re-G-O-7 and Re-
G-0-8 samples have lower equivalent series resistance (ESR)
values than Re-G-O-5 and Re-G-O-6 samples, which are derived
from the intersection point on the real axis at high frequency
(Table S3t). This indicates that the Re-G-O-7 and Re-G-O-8
samples retain better electrical conductivity associated with a
higher C/O ratio than the Re-G-O-5 and Re-G-0-6 samples. The
semicircular behavior in the high- to mid-frequency region
corresponds to the interfacial charge transfer resistance (R.)
originating from the charge-transfer process occurring at the
electrode-electrolyte interface. The R, values increased with
respect to the reduction time, indicating that the abundant
oxygen functional groups lead to a favourable interfacial inter-
action during pseudocapacitive charging/discharging.** More-
over, Re-G-O-5 and Re-G-0-6 samples have a higher surface area
and more crumpled morphology relative to the Re-G-O-7 and
Re-G-0-8 samples (see Table S41 and scanning electron
microscopy images in Fig. S12t). Therefore, the capacitive
performances were optimized at Re-G-O-6 with the moderate C/
O ratio and large surface area due to the synergistic coupling of
the pseudocapacitance of oxygen functional groups with the
large accessible area by the crumpled morphology.

The capacitances of all Re-G-O-5-8 samples retained 65-80%
of the initial values in the same range in spite of lower C/O ratio
compared to that of hrG-O. In particular, Re-G-O-6 with C/O
ratio of 5.5 and a surface area of 403 m” g~ ' showed the high-
est capacitance among the Re-G-O samples. Compared with the
negligible capacitance of Re-G-O-1-4, a C/O ratio above the
critical value of Re-G-O-5 could be crucial for revealing the
pseudocapacitance, resulting from the sufficient electronic
transport during a charge accumulation and separation
process. At a moderate amount of oxygen containing groups
and sufficient C/O ratio controlled by reflux reduction chem-
istry, the optimum capacitance values of Re-G-0-6 were associ-
ated with the synergistic coupling of oxygen functional groups
with available surface area and degree of reduction (Fig. 4e and
f). Furthermore, substantial modification of Re-G-O samples to
incorporate oxygen containing groups increases the wettability
of the electrode for the improved overall performance of the
capacitor. These results highlight the importance of reflux-
based reduction chemistry on the tuning of oxygen containing
groups while minimizing the restacking of nano-platelets.

Conclusions

We described a new method to finely control the levels of oxygen
atoms in CMG nano-platelets based on the reflux of aqueous
colloidal suspensions of G-O under acidic conditions for
different times. Using this method, oxygen groups were
removed from G-O without the use of reductants, and rG-O
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materials (Re-G-O) were generated. The C/O ratios of the Re-G-O
series were found to increase gradually from ~1 to 7 with
increasing reflux time, and the C/O ratios reached a steady state
of ~7 after 2 weeks of reflux.

The chemical identities of the CMG materials at each stage
were intensively characterized by NMR, FT-IR, Raman, and PL
spectroscopy and XPS. The results confirmed that oxygen
amounts can be finely controlled, and they were consistent with
respect to the chemical identities. This study provides a means
of understanding the relationships between spectroscopic data
and the chemical identities of oxygen atoms in CMG-based
systems. The pseudocapacitive features of the Re-G-O
prepared by reflux chemistry were determined by the C/O
ratio and specific surface area. The optimized capacitive
performances of Re-G-O samples were found at a specific reflux
time due to the synergistic coupling of oxygen functional groups
with the C/O ratio and surface area. The present study provides
a straightforward means of producing tailor-made CMG mate-
rials containing certain oxygen components. We believe the
technique will aid in our understanding of CMG materials and
allow optimization of the materials properties for specific
applications, particularly, for energy storage and conversion
systems, electro- and photo-chemical catalysis, electronic
devices, chemical/bio sensors, and polymer composites.
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