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Effect of degree of reduction on the anode
performance of reduced graphene oxide in Li-ion
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Graphene-based materials are considered to be promising anodes for achieving high energy and power
densities in Li-ion batteries (LIBs). Despite intensive research on reduced graphene oxide (rG-O) on this
aspect, few have addressed the relationship between LIB performance and the degree of reduction of

graphene oxide. In this work, we study the performance of LIB anodes using rG-O materials with
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different oxygen levels. A series of rG-O samples is produced by refluxing an aqueous graphene oxide

suspension for different durations. The C/O ratios of the materials are found to increase gradually from
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1. Introduction

Li-ion batteries (LIBs) are used in many applications, including
portable electronic devices and automobiles, due to their high
energy densities and long lifetimes." Despite the excellent
performances of the graphite-based materials currently used in
LIB anodes, graphene-based materials have been suggested as
replacements to increase the energy and power densities of the
batteries.*

Composite materials consisting of graphene-based materials
and inorganic nano-particles have shown good performance as
anodes in LIB systems.>*” Among various graphene-based
systems, reduced graphene oxide (rG-O) materials, which are
produced by the reduction of graphene oxide (G-O), are a prime
developmental candidate because of their excellent electrical
properties, high surface areas, and feasibility for mass
production.®** Although many researchers have investigated
rG-O materials in LIB systems, few have addressed the rela-
tionship between the performance of the LIB and the reduction
degree of G-O. Understanding this relationship is necessary to
optimize the performances of graphene-based anodic materials.

G-O contains a large number of oxygen-containing func-
tional groups, such as epoxy and hydroxyl groups on the basal
planes and carboxyl and ketone groups at the edges."* Although
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approximately 1 to 6, with no heteroatoms other than oxygen atoms. The rG-O sample with the lowest
degree of reduction delivers the highest anodic capacity and good durability.

these can be removed by various reduction processes, most rG-
O materials retain significant quantities of O atoms.*'*">**
These can affect the chemical and physical properties of rG-O
materials.>*>*®

Furthermore, many rG-O materials often contain hetero-
atoms, such as N, P, S, and B, at levels depending on the
reduction method used.®***> The presence of such hetero-
atoms can enhance the performance of the LIB,**** but it also
hampers studies the sole role of O atoms in rG-O. Recently,
we reported a method allowing fine control of the amount of
O in graphene-based materials without contributions from
other atomic species.” In this study, we prepared a set of
refluxed graphene oxide (Re-G-O) materials containing
controlled levels of O and studied their performances as LIB
anodes.

2. Experimental
2.1 Preparation of a series of Re-G-O and Re-G-O-T samples

Graphite oxide (GO) was synthesized from natural graphite (SP-
1, Bay Carbon, USA) using a modified Hummers method.”* A
homogeneous aqueous colloidal suspension of G-O (3 mg mL ™"
in deionized distilled water) was produced by sonication using
a Bransonic 8510 ultrasonic cleaner at 250 W. The suspension
was sonicated until it became clear without visible GO particles.
The suspension was then immersed in an oil bath and stirred
under reflux for different times, as follows: 1 day (Re-G-O-1), 2
days (Re-G-0-2), 3 days (Re-G-O-3), 5 days (Re-G-O-5), or 14 days
(Re-G-O-14). The resulting mixtures were filtered with a glass
filter; the filtrates were thoroughly washed with water
(>10 times) and then dried under vacuum at room temperature
for 12 h.
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Since battery tests were done with heat-treated Re-G-O
samples at 160 °C for 4 h under vacuum, we produced and
characterized a second set of samples by heating the above-
mentioned samples to produce what we refer to henceforth as
Re-G-O-1-T, Re-G-0O-2-T, Re-G-O-3-T, Re-G-O-5-T, and Re-G-O-14-
T, respectively.

2.2 Electrode fabrication

Electrochemical measurements were performed using a CR2032
coin cell configuration. The electrodes were made by pressing
a slurry [72% active Re-G-O material, 14% Ketjen black (KB),
and 14% Teflonized acetylene black (TAB)] onto a 200 mm?®
stainless steel current collector and drying both slurry and
collector at 160 °C for 4 h in a vacuum oven. The test cells were
fabricated in an Ar-filled glove box with Li foil as the cathode,
Celgard 3401 as the separator, and 1 M LiPFs (1:1 v/v
EC : DMC, Soulbrain Co., Ltd, Korea) as the electrolyte. The
charge-discharge characteristics of these cells were evaluated at
voltages from 0.01 to 3 V at a range of current densities.

2.3 Instruments and measurements

Elemental analysis was performed with a FLASH EA1112
instrument (Thermo Electron, Italia) under He to determine the
C, N, O, and H contents of the samples. X-ray photoelectron
spectroscopy (XPS) measurements of the powder samples were
performed using an angle-resolved X-ray photoelectron spec-
trometer (Theta Probe AR-XPS, Thermo Electron Corporation,
UK) equipped with a MXR1 Gun-400 pm 15 keV spectrometer.
Magic-angle spinning (MAS) solid-state nuclear magnetic reso-
nance (SSNMR) spectra of the powder samples were obtained
from 6000 scans on a 600 MHz Varian ""YINOVA (USA), using
a HX-MAS probe and a zirconia rotor of 4 mm in diameter.
Electrochemical measurements were performed using an elec-
trochemical analyzer (SP-150, Bio-Logic, France). Charge/
discharge testing (C-DC) was performed on CR2032 type cells
using a BTS 2004 (JAPAN) battery tester at room temperature.
Brunauer-Emmett-Teller (BET) surface area measurements
(fully automatic physisorption analyzer, Micromeritics, Japan)
were performed using N, adsorption. Scanning electron
microscopy (SEM) images were collected using a field-emission
scanning electron microscope (S-4300, Hitachi, Tokyo) at an
accelerating voltage of 15 kV. Transmission electron microscopy
(TEM) analysis was performed on a field-emission transmission
electron microscope (JEM2100F, JEOL, Japan) at 200 kV with
samples on a C/Cu grid (HC200-Cu, EMS, USA).

3. Results and discussion

Aqueous homogeneous colloidal suspensions of G-O, produced
by the sonication of GO particles in water, were refluxed for
designated time periods (1, 2, 3, 5, or 14 days). A set of
graphene-based materials (Re-G-O) containing finely controlled
amounts of O atoms was produced.** Mixtures consisting of the
above-mentioned Re-G-O samples and commercial carbon
materials were heat-treated at 160 °C for 4 h prior to the
examination of their anode performances in LIB cells (Fig. 1).
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Fig.1 A scheme for producing Re-G-O and Re-G-O-T samples.

O concentrations in the Re-G-O samples were determined by
combustion-based elemental analysis and XPS measurements.
The results show that the C/O and C/H ratios of the materials
gradually increase as their reflux time increases (Fig. 2a and
Table S1t). The lowest O level (C/O ratio of approximately 6)
measured in the set of Re-G-O systems is comparable to that
of typical rG-O-type materials.®*>'*** Thermal treatment is
observed to increase the C/O ratio slightly, and the C/O ratio of

(a)a after (b —Raw A Go
—+— before ——C in graphite
——C-OH&C-0-C
5 —¢=0 \
—cppe
[] B
= 4 .
©
= v ' N
o : :
53 . ' N Re-G-0-1
) b
b
1 Lo

0 2 4 6 8 10 12 14
Reflux time (day)
c-o-C

(C) Gm:;i(ic C-OH
5

GO

Intensity (cps)

Re-G-0-3

200 150 100 50

Chemical Shift (ppm)
Cc-0C

(d) Graphzitic C-OH
s}
C=0 0=C-0
GO
Re-G-O-1-]

Re-G-0-14

Re-G-0-3-T

%

e-G-0-14-T

200 150 100 50 260 5% 286 284 282

Chemical Shift (ppm) Binding Energy (eV)
Fig. 2 (a) C/O atomic ratio of Re-G-O (before) and Re-G-O-T (after)
samples, measured by combustion-based elemental analysis, (b)
deconvoluted XPS C 1s spectra of GO and Re-G-O samples, and MAS
SSNMR spectra of (c) GO and Re-G-O samples and (d) Re-G-O-T
samples.
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the Re-G-O-T samples also gradually increases as their reflux
times increase (Fig. 2a).

The XPS C 1s spectrum of GO shows several peaks corre-
sponding to sp®> carbon, C-O, C=0 and C(O)O moieties at
284.5, 286.6, 288.0, and 289.0 eV (Fig. 2b).>*** After reflux, the
XPS C 1s spectra of the Re-G-O samples show a gradual decrease
in the intensity of peaks related to O-based functional groups as
the reflux time increases. On comparing the XPS spectra of Re-
G-O and Re-G-O-T samples at the same reflux times (Fig. S1, see
ESIY), the peak intensity of the O-based functional groups are
observed to decrease after the thermal treatment. Since the
original G-O was reduced solely by reflux in water, without
additional reductants, no heteroatoms other than O are found
by either elemental analysis or XPS measurements of the Re-G-O
and Re-G-O-T samples.

SSNMR spectroscopy has increasingly been used to probe the
chemical structures of graphene-based materials.””*®* MAS
SSNMR spectra of GO, Re-G-O-1, Re-G-O-2, Re-G-0O-3, and Re-G-
0O-14 (Fig. 2¢) and of GO, Re-G-O-1-T, Re-G-O-2-T, Re-G-O-3-T,
and Re-G-O-14-T (Fig. 2d) show reduction trends consistent
with the XPS data. The **C NMR spectrum of GO shows the
presence of O-containing functional groups, including epoxy,
hydroxyl, carboxyl, and ketones, and of sp” C at 60.3, 70.2, 166.6,
189.0, and 129.4 ppm, respectively.””*® As reflux time increases,
the intensities of the peaks corresponding to O-containing
functional groups decrease (Fig. 2c), reflecting greater degrees
of reduction. The peak position of sp> C is observed to gradually
shift to lower values as the degree of reduction increases. After
thermal treatment, the sp> C peak shifts slightly further,
meaning that the Re-G-O-T samples are slightly more reduced
than the Re-G-O samples (Fig. 2d). In addition, the peak
intensities of the O-based functional groups are reduced after
thermal treatment (Fig. S2t). However, some O-based func-
tional groups still remain. All characterizations show that these
series of Re-G-O and Re-G-O-T samples contain finely controlled
amounts of O atoms (see ESI{ for more characterization), sug-
gesting their suitability for studying the effect of O moieties on
their anodic performances in LIBs.

The Re-G-O-T samples were employed as anode materials for
LIB applications. Fig. 3 represents the cyclic voltammetry (CV)
curves collected within a potential window of 0.01-3 V vs. Li at
a scan rate of 0.1 mV s~ '. During the first cycle, an irreversible
peak was observed in the vicinity of ~0.55 V vs. Li and becomes
unobvious in the subsequent cycles, which is mainly derived
from the decomposition of electrolytes.>** The decomposition
occurred in an irreversible manner and reductive products
forms as a solid electrolyte interphase (SEI) over the active
materials consuming more amounts of Li as well. The absence
of prominent anodic peaks on the charging process clearly
reveals the materials undergo the Li-adsorption/de-sorption
reaction rather than the perfect Li-insertion/extraction in
graphitic anodes.

The Nyquist impedance spectra were recorded before and
after CV measurement for all Re-G-O-T samples as shown in
Fig. 4. A typical semicircles observed at high-medium frequency
region are associated with the electrolyte resistance (R) and the
charge-transfer resistance (R.) across the electrode/electrolyte

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 The Nyquist plots of all Re-G-O-T samples recorded at before
and after CV measurements: (a) Re-G-O-1-T, (b) Re-G-O-2-T, (c) Re-
G-0-3-T, (d) Re-G-O-5-T, (e) Re-G-0O-14-T.

interfaces.*>** The R value for Re-G-O-1-T and Re-G-O-14-T
are 122 and 84 Q before cycling, respectively. After CV
measurement, the R, values for Re-G-O-1-T and Re-G-O-14-T
decreased dramatically from 122 to 43 Q and 84 to 32 Q,
respectively, which may be related to the stabilization of SEI
layer.>*%”

Galvanostatic charge-discharge cycles were carried out up to
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Fig. 5 (a) Comparison 1% and 2" discharge curves for Re-G-O-T
samples, (b) cycling performance at 100 mA g%,
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Fig. 6 SEM and TEM images of (a) Re-G-O-1-T, (b) Re-G-O-2-T, (c) Re-G-O-3-T, (d) Re-G-O-5-T, and (e) Re-G-0O-14-T.

density of 100 mA g " and given in Fig. 5. Fig. 5a shows the
typical discharge curves of Re-G-O-T samples. The discharge
capacity of Re-G-O-1-T is found to be ~3279 and ~1242 mA h
g~ for first and second cycles, respectively. A huge irreversible
capacity loss of ~62% is observed. This loss could be mainly
due to the decomposition of the electrolyte solution and
subsequent SEI formation. The first discharge curve for all Re-G-
O-T samples exhibits the plateau at ~1.3 and ~0.6 Vvs. Li and it
is consistent with the onset potential of observed from the CV
studies. As expected, the 2™ cycle showed no plateaus, because
decomposition of electrolytes occurred in an irreversible
manner. Discharge capacities of all Re-G-O-T samples at the 1°,
2" and 50™ cycles were compared in Table $2.f The cycling
performances of all Re-G-O-T are shown in Fig. 5b. The
discharge capacity of Re-G-O-1-T (up to 55% in the 60" cycle) is
much higher than other Re-G-O-T samples. The discharge
capacity is still remains ~637 mA h g~ after the 60™ cycle,
corresponding to ~51% of the second discharge capacity. The
degree of refluxing time increases; the discharge capacity is
decreasing and reaching minima in Re-G-O-14-T (~370 mA h
g~ ' at the 60" cycle, which has the highest degree of reduction).
The above results can be ascribed to that O-containing moiety
improve the Li" intake ability on prolonged cycling.

The morphological features of the Re-G-O-T samples were
investigated by SEM and TEM. All images show agglomerations
of exfoliated thin graphene-based materials; morphologies are
maintained regardless of the degree of reduction (Fig. 6). BET
measurements of each material's specific surface area (SSA) and
pore information are shown in Table S3.f Interestingly, the Re-
G-O samples showing high Li" capacity values (Re-G-O-1 and Re-
G-0-14) have about 50% smaller SSA values than other samples
(Re-G-0-3 and Re-G-O-5). However, these surface area values
remain significantly larger than (about two order) those of
typical graphite-based electrode materials.***° The average pore
diameter of the Re-G-O-1 sample is much larger than those of
other samples (Table S3t). Since graphene-based systems
fabricated by solution processing typically have agglomerated

86240 | RSC Adv., 2015, 5, 86237-86241

morphologies, their pore sizes may be an important factor for
the movement of Li". Furthermore, theoretical calculation
suggested that Li" diffusion can be enhanced along perpen-
dicular direction to the graphene-based layers when graphene-
based electrodes have double vacancy and higher-order
defects.** Consequently, many defect sites and large pores
with high surface areas could be one of the reasons for high
capacity values of the Re-G-O-1 sample.

4. Conclusions

We studied the LIB anode performances of rG-O materials with
different O levels (C/O ratios from 1 to 6). A series of Re-G-O
materials was produced by refluxing aqueous G-O suspensions
for different times. The chemical and morphological charac-
terizations of these materials were performed by NMR, XPS,
BET, SEM, and TEM, confirming the fine control of O levels. Re-
G-O-1 sample, which features the lowest degree of reduction,
delivers high capacity and improves durability relative to the
other samples. This finding will aid in optimizing the LIB
performances of graphene-based anode materials derived from
G-O.
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