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o Nitrogen and sulfur co-doped, hierarchically porous graphene is synthesized.
e EDLC with co-doped graphene exhibits high capacitance and good cycling stability.
e Good performance is attributed to co-doping and hierarchical porous structures.
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Hierarchically porous graphene nanosheets co-doped with nitrogen and sulfur are synthesized via a
simple hydrothermal method, followed by a pore activation step. Pore architectures are controlled by
varying the ratio of chemical activation agents to graphene, and its influence on the capacitive perfor-
mance is evaluated. The electric double layer capacitor (EDLC) assembled with optimized dual-doped
graphene delivers a high specific capacitance of 146.6 F g—! at a current density of 0.8 A g, which is

higher than that of cells with un-doped and single-heteroatom doped graphene. The EDLC with dual-
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doped graphene electrodes exhibits stable cycling performance with a capacitance retention of 94.5%
after 25,000 cycles at a current density of 3.2 A g~ Such a good performance can be attributed to
synergistic effects due to co-doping of the graphene nanosheets and the presence of hierarchical porous

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Electrical double layer capacitors (EDLCs) have attracted
considerable attention as preferential energy storage devices for
hybrid electric vehicles and load leveling applications due to their
high power densities and long cycle life [1,2]. EDLCs store electrical
energy via non-Faradaic reactions in the double layer formed at the
electrode and electrolyte interface, where no charges are trans-
ported across the interface [2]. Such a reaction mechanism is
dependent on the surface characteristics of the electrode materials.
Various carbon-based electrode materials have been widely
explored for EDLC applications [3]. In particular, hierarchically
porous activated carbon with controlled pore architectures have
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been actively investigated with regard to EDLCs [4,5]. The capaci-
tive performance of these carbon materials is highly dependent on
the carbon source and the type of activation process used to create
the pores [6,7]. Graphene nanosheets with two-dimensional and
sp>-hybridized carbon structures have received tremendous
attention for EDLC applications due to their high surface area, high
electrical conductivity, chemical inertness, thermal stability and
mechanical robustness [8—10]. The capacitive performance of
EDLCs assembled with graphene-based electrode materials is
dependent on various characteristics such as the surface area,
number of graphene layers, pore size distribution and the presence
of surface functional groups, which are primarily determined by the
synthetic methods to prepare the graphene nanosheets [11].
Additionally, the capacitive performance of graphene-based EDLCs
could be greatly enhanced by a rational design of active materials,
electrode architectures and capacitor assemblies [12,13]. Recently,
Kim et al. synthesized micron-scale graphene nanomeshes with
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periodic nanoholes that exhibited superior capacitance perfor-
mance [14]. In another instance, Liu et al. utilized the intrinsic
surface capacitance of single-layer graphene by preparing curved
graphene sheets to prevent their re-stacking during the synthetic
process [15]. Apart from these strategies, heteroatom doping of
graphene-based materials has been proved to be very effective in
enhancing electronic conductivities and capacitive performance
[16—19]. Several heteroatoms such as nitrogen, boron, sulfur,
fluorine and phosphorus have been successfully doped into gra-
phene nanosheets. Co-doping of graphene nanosheets with two or
more heteroatoms has been shown to synergistically enhance
performance through an increased asymmetry in charge and spin
densities, in addition to the generation of induced structural dis-
tortions [20—22]. These characteristics result in enhanced elec-
tronic conductivity and easy adsorption of ions from the electrolyte
to enhance the specific capacitance. In addition, the presence of
doped heteroatoms improves the surface wettability of electrolyte,
increases the number of active sites and facilitates electrostatic
interactions with organic ions [23]. However, co-doping of gra-
phene nanosheets along with engineered pore architectures has
been rarely reported so far for EDLC applications [24—29].

In this study, hierarchically porous nitrogen and sulfur co-doped
graphene nanosheets (m-NSG) with high surface area were syn-
thesized using a simple hydrothermal method, followed by a pore
activation step, as schematically illustrated in Fig. 1. Pore architec-
tures were controlled by varying the amount of chemical activation
agent in the second step, and its effect on the capacitive perfor-
mance was investigated. EDLCs assembled with m-NSG electrodes
exhibited high specific capacitance and stable cycling performance
over 25,000 cycles in comparison to un-doped and single-
heteroatom doped graphene electrodes.

2. Experimental
2.1. Synthesis of m-NSG

Graphite oxide was prepared from graphite powder (SP-1,30 um
nominal particle size, Bay Carbon, USA) using a two-step modified
Hummers' method. In the first step, graphite was pre-oxidized, as
reported by Kovtyukhova et al. [30]. In subsequent step, further
oxidation was carried out via Hummers' method [31]. The prepared
graphite oxide was exfoliated using ultra-sonication to form gra-
phene oxide (GO) nanosheets. The m-NSG preparation involved the
synthesis of nitrogen and sulfur co-doped graphene nanosheets
(NSG), followed by a pore activation step. NSG was prepared from
GO and thiourea using a hydrothermal method as reported earlier
[32], in which thiourea was used as a source for both dopants. In a
typical synthesis procedure, GO (300 mg) was dispersed into 70 mL
of DI water, followed by the addition of 900 mg of thiourea. The
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solution was stirred for 4 h prior to being transferred into a 100 mL
Teflon-lined stainless steel autoclave, which was placed in a pre-
heated oven at 180 °C. The autoclave was allowed to cool natu-
rally, and the resulting NSGs were alternatively washed with DI
water and ethanol, and were dried overnight in a vacuum oven at
room temperature. NSG was activated using potassium hydroxide
(KOH) as a chemical activation agent at 800 °C for 1 h in Ar at-
mosphere. NSG and KOH were mixed with different weight ratios
(1:4, 1:5 and 1:6), and the resulting products were denoted as m-
NSG(x), where x denotes the ratio of KOH to NSG. The powder was
washed with a 10% hydrochloric acid solution to remove any
metallic residues, followed by rinsing with excess DI water until the
pH was neutralized. Finally, the obtained products were dried
overnight in a vacuum oven at 120 °C. Single heteroatom (nitrogen
or sulfur) doped (m-NG and m-SG) and un-doped (m-G) hierar-
chically porous graphene was also prepared using the same syn-
thetic procedures used to obtain m-NSG with KOH/graphene ratio
of 5 in the second step.

2.2. Electrode preparation and cell assembly

The electrodes were prepared by coating an ethanol-based
slurry containing graphene-based active material, Ketjen black as
a conductive carbon and Teflonized acetylene black binder
(80:10:10 by weight) onto a stainless-steel mesh. The electrodes
were dried in a vacuum oven at 160 °C for 4 h. To evaluate the
cycling characteristics of the graphene-based electrodes, EDLCs
were assembled by sandwiching a polypropylene separator (Cel-
gard 3401) between two symmetrical graphene-based electrodes
in a CR2032 cell. The cell was then injected with an electrolyte
solution consisting of 1 M LiPFg in ethylene carbonate/dimethyl
carbonate (1:1 by volume, battery grade, PANAX ETEC Co. Ltd). This
electrolyte was chosen because it exhibited large electrochemical
stability, and when used in EDLCs allowed an operative voltage of
3.0 V [14,33—-35]. For performance comparison, the cell was also
assembled with conventional liquid electrolyte (1 M tetraethyl
ammonium tetrafluoroborate in acetonitrile, 1 M TEABF4 in AN).
The cell using commercialized activated carbon powder (MSP-20,
Kansai Coke) was also assembled and investigated. All cells were
assembled in an argon-filled glove box containing less than 1 ppm
H»,O and 0.

2.3. Characterization and measurements

Morphologies of the synthesized samples were examined with a
scanning electron microscope (SEM, JEOL JSM-6300) and trans-
mission electron microscopy (TEM, JEOL, JEM 2100F). Energy
dispersive X-ray spectroscopy (EDS) mapping images were ob-
tained to examine the distributions of heteroatoms in the m-NSG

Fig. 1. Schematic illustration of the synthesis of m-NSG using a two-step method.
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sample. The degree of doping and chemical composition of the
graphene nanosheets were characterized using X-ray photoelectron
spectroscopy (XPS, VG multilab ESCA system, 220i). Nitrogen
adsorption/desorption isotherms were recorded after degassing the
samples at 120 °C for 3 h using an Autosorb-IQ MP (Quantachrome
INC.) apparatus at 77 K. Pore size distribution was obtained from an
analysis of the adsorption branch of the isotherms using the Barret-
Joyner-Halenda (BJH) method. Cyclic voltammetry was carried out
using a Zahner Electrik IM6 potentiostat in the potential range of
0—3.0 V at various scan rates. Charge and discharge cycling testing
of the cells was conducted at galvanostatic conditions over a voltage
range of 0—3.0 V with battery testing equipment (WBCS 3000,
Wonatech) at room temperature. Specific capacitance values of the
cell were calculated, as reported earlier [36].

3. Results and discussion

The hierarchically porous and dual-doped graphene nanosheets
were prepared from a two-step method, and the resulting product
morphology was characterized using SEM measurements (Fig. 2).
The SEM image of NSG (Fig. 2a) shows that a highly folded
morphology formed after the hydrothermal step. The highly folded
structure resulted from a large curvature created on the graphene
surface as a result of the substitutional doping of carbon with
larger-sized S heteroatoms [32]. Sheet-like and two-dimensional
graphene structures were well preserved during the chemical
activation step, as evident in Fig. 2b—d. All m-NSG(x) samples
revealed a macroporous morphology, resulting from the difficulty
in close packing of graphene nanosheets due to their highly folded
morphology. When the KOH to graphene ratio was increased to 6,
the m-NSG(6) sample showed a highly etched morphology with
relatively large macropores. Single heteroatom doped graphenes
(m-NG and m-SG) and un-doped graphene also exhibited a highly
folded nanosheet morphology with macroporous structures, as
shown in Fig. S1.

WD 7.7mm 1pm

HANYANG 15.0kV X5,000

The morphology and distributions of doped heteroatoms were
investigated using TEM and EDS elemental mappings, respectively.
As expected, TEM image (Fig. 3a) of m-NSG(5) shows sheet-like
morphology with highly porous structures. The elemental map-
pings of m-NSG(5) sample (Fig. 3b—f) show the overall distribu-
tions of carbon, oxygen, nitrogen and sulfur atoms throughout the
sheet-like structures and the heteroatoms are present both on the
basal plane and edges of m-NSG(5). This result confirms that the
heteroatoms are successfully doped into the graphene nanosheets.

Influence with regard to the quantity of the activation agent on
the pore architectures of m-NSG samples was evaluated using
nitrogen adsorption/desorption isotherms, the results of which are
given in Fig. 4. All m-NSG samples exhibited type IV isotherms
with a sharp capillary condensation step and hysteresis loop, as
depicted in Fig. 4a. The presence of a hysteresis loop indicated the
existence of a large number of mesopores within the sample. As
the KOH content increased, the magnitude of the hysteresis loop
decreased. The BET surface area of m-NSG(4), m-NSG(5), and m-
NSG(6) were measured to be 1161, 1278, and 1416 m? g |,
respectively, indicating that the specific surface area increased as
the KOH content increased. The pore size distribution given in
Fig. 4b revealed a wider pore size distribution for the m-NSG(4)
sample with an average pore width of 4 nm, whereas the m-
NSG(5) sample revealed a narrow size distribution of mesopores
along with the presence of micropores. In contrast, m-NSG(6)
mainly featured pores with pore diameter less than 2 nm. These
results indicated that the m-NSG(6) sample predominantly
showed micropores, while the other two samples featured a
mixture of micro- and mesoporous structures. Based on the SEM
images (Fig. 2) and nitrogen adsorption/desorption measurements
(Fig. 4), we can conclude that the prepared m-NSG samples are
hierarchically porous in nature with the presence of micro-, meso-
and macropores. As a control sample, m-G also showed similar
nitrogen adsorption/desorption isotherms and pore size distribu-
tions, as presented in Fig. S2, implying that the pore architecture

HANYANG X5000 WD 79mm 1pm

Fig. 2. SEM images of (a) NSG, (b) m-NSG(4), (c¢) m-NSG(5) and (d) m-NSG(6).
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C K series

Fig. 3. (a) TEM image of m-NSG(5). (b) TEM image of m-NSG(5) and EDS elemental mappings corresponding to (c) carbon, (d) oxygen, (e) nitrogen and (f) sulfur.

was hardly affected by the doping of graphene nanosheets with
dual-heteroatoms.

To confirm the doping of nitrogen and sulfur in the m-NSG
sample, XPS was performed; the resultant survey spectra of the
various graphene samples are given in Fig. 5. The survey spectrum
of m-G revealed the presence of carbon and oxygen elements,
whereas the survey spectrum of m-NSG(5) revealed the presence of
carbon, oxygen, nitrogen and sulfur. This result confirmed the
successful doping of dual-heteroatoms within the graphene
nanosheets. The quantities of nitrogen and sulfur in m-NSG(5) were
measured to be 1.49 and 2.16 at.%, respectively. The C/O ratio in m-G
and m-NSG(5) was determined to be 12.6 and 11.3, respectively. A

high C/O ratio in these samples indicated that the oxide functional
groups on the GO surface were highly reduced during the hydro-
thermal method and thermal treatment during the pore activation
step. In addition, thiourea could function as a reducing agent aside
from its role as a dopant source [37].

The amounts of nitrogen and sulfur doping in m-NSG(4) sample
(Fig. S3) were measured to be 1.53 and 2.12 at.%, respectively. In
case of m-NSG(6), nitrogen and sulfur contents were found to be
146 and 2.18 at.%, respectively. These results suggest that the
contents of doped heteroatoms are almost same irrespective of
amount of pore activation agent. Since the N and S content in all
three m-NSG(x) samples were found to be similar, its influence on
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Fig. 4. (a) Nitrogen adsorption/desorption isotherms, and (b) pore size distributions of
m-NSG samples activated with different quantities of KOH.

their capacitive behavior can be ignored in this study. In the case of
single heteroatom doped samples, m-NG and m-SG revealed the
presence of nitrogen and sulfur, respectively, along with the pres-
ence of carbon and oxygen. To understand the nature of doping, the
high-resolution C 1s, N 1s and S 2p XPS spectra were resolved, and
the results are given in Fig. 5 b—d. The C 1s peak could be resolved
into three peaks centered at 284.5, 285.6 and 289.0 eV. The peak at
284.5 eV is attributed to sp’>-hybridized carbon and the peak at
285.6 eV can be ascribed to C—0, C—S and C—N groups [38]. The
peak at 289.0 eV indicates the presence of residual carbonyl and
carboxyl groups. The high-resolution N 1s peak was also resolved
into three peaks, which correspond to pyridinic, pyrrolic and
graphitic nitrogen [39]. The high-resolution S 2p peak given in
Fig. 5d was resolved into two major peaks at 163.8 and 165.0 eV,
which are attributed to sulfur atoms bound to aromatic carbon
structures, indicating that sulfur was successfully doped into gra-
phene nanosheets [40]. The other minor peak at higher binding
energy is attributed to C-SOx. These results demonstrate that sulfur
and nitrogen atoms are bound to carbon framework in the m-
NSG(5) sample.

The electrochemical performance of m-NSG(x) and m-G was
evaluated by cyclic voltammetry in the potential range of 0—3.0 V.
As depicted in Fig. 6a, the shape of the cyclic voltammograms (CVs)
for all the samples was approximately rectangular and there were
no redox reaction peaks, suggesting that charging and discharging
were reversible at the electric double layer of the electrode.
Although pseudocapacitance arising from functional groups could
contribute slightly towards the overall capacitance, it could also
degrade the cycling stability of the EDLC [41]. Based on this result,
the present EDLC systems are expected to have better cycling sta-
bility than EDLCs with pseudocapacitance. Among all the tested
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Fig. 5. (a) XPS survey spectra of m-NSG(5) and other control samples. High-resolution (b) C 1s, (c) N 1s and (d) S 2p XPS spectra of m-NSG(5) sample.
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Fig. 6. (a) Cyclic voltammograms of EDLCs assembled with m-G and m-NSG(x) elec-
trodes at a scan rate of 100 mV s~ (b) Cyclic voltammograms of an EDLC assembled
with m-NSG(5) at different scan rates.

samples, m-NSG(5) exhibited the highest current response than the
other materials. Moreover, even at higher scan rates, a rectangular
shape was retained with little distortion, as shown in Fig. 6b. Good
cycling performance at higher scan rates could be attributed to the
hierarchical pore size arrangement in m-NSG(5), aiding ions to take
a shortened path and adsorb ions easily over the pore surface
through their pore network [42].

EDLCs assembled with m-NSG(x) were subjected to galvano-
static charge and discharge cycling between the voltage range of
0—3.0 V. The charge and discharge curves of EDLC with m-NSG(5)
at different current rates were almost linear with time and were
triangular in shape, as shown in Fig. 7a. These results confirmed its
capacitive behavior and were well consistent with the CV results in
Fig. 6. The EDLC assembled with m-NSG(5) delivered a high specific
capacitance of 146.6 F g~! at 0.8 A g~!, which surpassed the per-
formance of EDLC with activated carbon in the organic electrolyte.
The graphene surface and its edge sites along with a large number
of pores, can be the active sites for ionic adsorption. Herein, gra-
phene activation prevented the graphene sheets from agglomer-
ating and greatly increased the surface available for ion adsorption,
resulting in a high specific capacitance. Fig. 7b presents the specific
capacitance of the EDLCs assembled with m-NSG(x), which were
obtained at different current rates. As expected, the capacitance of
the cells decreased as the current rate increased. As shown in the
figure, the cell with m-NSG(5) had the highest capacitance for all
current rates. High capacitance of the m-NSG(5) was primarily
attributed to its favorable pore size distribution rather than its
surface area. As discussed earlier, m-NSG(5) possessed a combi-
nation of a high concentration of micropores and mesopores
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constant current rate of 3.2 A gL

around 4.0 nm. In contrast, the cell with m-NSG(6) exhibited a poor
rate performance, since the predominant presence of micropores
may have slowed down the ionic diffusion and hindered the for-
mation of an electric double layer. These results emphasized the
necessity for electrode materials with micro- and mesopores for
capacitance contribution in EDLC systems where organic electro-
lytes with large ionic radii are utilized [43]. Mesopores act as an
electrolyte reservoir and provide ion-conducting channels, while
micropores allow for easy ion accessibility, resulting in enhance-
ment of the specific capacitance. Although, m-NSG(4) exhibits
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hierarchical pore structures with the presence of macro, meso and
micropores, the larger surface area of m-NSG(5) gives the better
rate capability. The cycling stability of the EDLCs with m-NSG(x)
electrodes was evaluated at a current rate of 3.2 A g, and the
results are presented in Fig. 7c. All cells exhibited excellent cycling
stability over 25,000 cycles and low capacitance fading during
cycling. In particular, the cell with m-NSG(5) exhibited good
capacitance retention values of 94.5% after 25,000 cycles. The ni-
trogen and sulfur heteroatoms on the surface greatly enhanced the
wettability of the electrode towards the electrolyte solution and
helped achieve a greater utilization of the pores for the formation of
an electric double layer. To demonstrate the reversible cycling
behavior with an acceptable efficiency at high operating voltage,
the coulombic efficiencies of the cells with m-NSG(5) were deter-
mined in different voltage ranges of 2.5, 2.7 and 3.0 V at a constant
current density of 3.2 A g~ L. As shown in Fig. S4, the cells at all the
tested voltages exhibited coulombic efficiency of >96%, indicating
that the electrolyte (LiPFg in EC/DMC) used in this study was stable
even at high voltage of 3.0 V.

Cycling performance of the EDLC with m-NSG(5) electrode was
also evaluated using TEABF4-AN as an electrolyte, and the results
are given in Fig. S5. As shown in Fig. S5a, the cell using TEABF4-AN
showed the charge and discharge curves similar to the cell
employing LiPFg-EC/DMC at all the current rates. Fig. S5b presents
the specific capacitance of the cells with different electrolytes. The
cell with TEABF4-AN electrolyte exhibited slightly higher capaci-
tance than the cell using LiPFg-EC/DMC at all the current rates.
These results can be ascribed to higher ionic conductivity of
TEABF4-AN electrolyte (5.5 x 1072 S cm™!) as compared to that of
LiPFs-EC/DMC electrolyte (1.2 x 1072 S cm™!). With respect to
cycling stability, the cell with LiPFg-EC/DMC exhibited more stable
capacitance retention (Fig. S5c), indicating that LiPFs-EC/DMC
electrolyte was more stable during cycling at high voltage (~3.0 V).
In case of cell with AN-based electrolyte, the electrolyte decom-
position at high voltage seemed to be the main cause for poor
cycling stability of the cell [44].

The cycling stability of control samples (m-G, m-NG, m-SG) was
investigated and compared with that of m-NSG(5) electrode
(Fig. 8a). Un-doped graphene (m-G) exhibited an inferior cycling
stability of 54.9% after 25,000 cycles with a low initial capacitance.
Upon incorporating heteroatoms (N or S) into graphene, both
specific capacitance and cycling stability were enhanced. Therefore,
the incorporation of heteroatoms into graphene nanosheets could
result in greater pore utilization by enhancing accessibility of the
electrolyte within the pores, thereby increasing its capacitance.
When nitrogen and sulfur heteroatoms were simultaneously
incorporated into the graphene layers, the specific capacitance
improved through facile electron transfer, and thus dual doping
with N and S was an effective strategy toward improving the
capacitive performance of the EDLC [16,24].

The influence of heteroatom doping on the rate capability was
investigated by comparing the rate performance of m-NSG(5) with
other control samples (Fig. 8b). As presented in the figure, the cell
with the m-NSG(5) electrode exhibited the highest specific capac-
itance at all current rates. Since the electrodes were prepared using
the same ratio of the activation agent to graphene, effects with
regard to pore architectures on their rate capabilities could be
neglected. The only possible factor to determine the rate perfor-
mance of these electrodes was the presence of doped heteroatoms.
Accordingly, these results substantiated that dual-heteroatom
doping positively influenced the rate performance and cycling
stability.

The electrochemical behavior of EDLC assembled with com-
mercial activated carbon electrode is shown in Fig. S6, where its
capacitance retention after 25,000 cycles is found to be 95.1%,
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function of cycle number at 3.2 A g, and (b) specific capacitance of EDLCs with m-
NSG(x) and control samples as a function of the current rate.

which is similar to EDLC assembled with m-NSG(5) electrodes.
However, EDLC assembled with commercial activated carbon
electrode exhibited poor rate capability than the EDLC with m-
NSG(5) electrode. This result demonstrates that the EDLC with m-
NSG(5) has stable cycling performance comparable to commercial
EDLCs and faster reaction kinetics. The superior performance of m-
NSG(5) was primarily attributed to the following reasons: (i) an
efficient utilization of graphene layers for surface adsorption by
preventing their agglomeration during synthesis, (ii) favorable pore
size distributions with a combination of micro- and mesopores
formed by activation with KOH, (iii) activating graphene created
more pores over the graphene surface, which further increased the
area available for adsorption through the creation of a 3D archi-
tecture, and (iv) heteroatom co-doping greatly increased both the
capacitance and stability by enhancing the electrical conductivity
and electrolyte affinity of the material. These promising results
offer new insight with regard to utilizing graphene in EDLCs to
further improve their performance through activation techniques
and dual heteroatom doping.

4. Conclusions

We demonstrated that the control of pore architectures and the
dual-heteroatom doping of graphene nanosheets synergistically
enhanced their specific capacitance and cycling stability. The
improved performance of m-NSG(5) was attributed to the presence
of a favorable combination of micro- and mesopores, helping the
electrolyte to easily access the electrode surface. Dual-heteroatom
doping also improved electrode wetting towards the electrolyte
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solution, in addition to its electronic conductivity. As a result, the
EDLC assembled with m-NSG(5) delivered a high specific capaci-
tance of 146.6 F g~ ! at a current density of 0.8 A g, and exhibited
stable cycling performance with a capacitance retention of 94.5%
after 25,000 cycles at 3.2 A g™,
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