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Abstract

In this paper, we present a strategy to prepare the sulfur and nitrogen co-doped porous graphene electrode, in which, three
main procedures—the pore-formation in the natural graphite, the preparation of sulfur doped porous graphite intercalation
compounds (S-PGIC) and the construction of the sulfur/nitrogen co-doped porous reduced graphite oxide (SN-PRGO) are
included. The as-prepared SN-PRGO sample can behave relatively high specific surface area (SSA) and simultaneously pro-
vide through-plane and in-plane diffusion paths for electrolyte ions, thus exhibiting an outstanding capacitive performance.
Its specific capacitance at the scan rate of 5 mV s~! in 6 M KOH aqueous electrolyte can reach up to 438 F g~!, which is, to
the best of our knowledge, among the highest values so far reported for heteroatoms doped carbon materials. Besides, SN-
PRGO also exhibits an excellent cycling stability with almost 94% of its initial capacitance being retained after the long-term
consecutive cycling. This work suggests that constructing the doped graphene-based materials by generating the pores in
the graphite sheets and using the intercalated substances among the graphite layers as the dopant sources can be considered

as a promising strategy for the development of high performance electrodes in supercapacitors.

1 Introduction

Graphene has been considered as a promising candidate
electrode material for supercapacitors due to its high theory
surface area, excellent electrical conductivity and stable
chemical properties [1, 2]. In fact, however, the capacitive
performance of graphene is far poorer than the expected.
Since the device energy density is generally limited by the
capacitance of the graphene electrode [3-5], it will be of
great value to develop the strategy that enhances the capaci-
tive performance of the graphene for its practical application
in the field.

Recent studies have shown that chemical doping the gra-
phene with heteroatoms could improve the electrochemical
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properties effectively, since the incorporation of heter-
oatoms can contribute both the pseudocapacitance through
the redox reaction between the heteroatom-containing
functional groups and electrolyte ions as well as the EDLC
capacitance by the improvement in the charge mobility and
wettability with electrolytes [6—9]. To date, the doping can-
didates, including S, N, P and so on, have been reported,
which are mostly incorporated by post-treating graphene
oxide or reduced graphene oxide with dopants [6, 10, 11].
In our previous work [12], we propose a different sulfur and
nitrogen co-doping graphene strategy. Significantly different
from those conventional routes of doping graphene oxide
or reduced graphene oxide, we utilize for the first time the
intercalated H,SO, among the natural graphite layers as the
doped S source, and, the resultant S/N co-doped graphene
behaves a great improvement in the capacitive performance.

However, it is noteworthy that, for the graphene—a 2D
planar architecture nanomaterial, its through-plane diffusiv-
ity is rather low due to the lack of pores in the relative intact
structure of graphene sheets [13—15], which will undoubt-
edly be unfavorable to the fast ion diffusion in the through-
plane direction and thus the achievement of high capacitance
and excellent rate performance.

To address the problem, herein, we propose a strategy to
construct the sulfur and nitrogen co-doped porous graphene
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(Scheme 1). Firstly, the porous structure in natural graphite
is generated by KOH etching. Secondly, the resultant porous
graphite is intercalated with sulfuric acid and then thermally
treated, achieving a sulfur doped porous graphite intercala-
tion compounds (S-PGIC). Finally, the sulfur and nitrogen
co-doped porous reduced graphene oxide (SN-PRGO) is
constructed by oxidizing S-PGIC using the modified Hum-
mers’ method and then reduction with hydrazine hydrate.
This architecture can behave relatively high specific surface
area (SSA) and simultaneously provide through-plane and
in-plane diffusion path for electrolyte ions. Furthermore,
the co-incorporation of sulfur and nitrogen in the porous
graphene can be expected to further enhance the superca-
pacitive performances.

2 Experimental
2.1 Sample preparation
2.1.1 Preparation of porous nature graphite (PNG)

10 g nature graphite (NG) powder was impregnated in
500 ml KOH aqueous solution with a 14 M concentration
for 12 h at room temperature. The extra KOH solution was
removed by briefly filtering the mixture through a polycar-
bonate membrane (Whatman, 0.2 pm), and then the mixture
was dried at 80 °C for 12 h. Thereafter, the dried graphite
with attached KOH powder was heated from room tempera-
ture to 200 °C at 1 °C min™' and kept at 200 °C for 30 min.
Subsequently, the temperature was further increased to a
predetermined final temperature of 800 °C at a heating rate
of 10 °C min~! and held for 1 h. The whole KOH-etching
process was carried out in argon atmosphere. The product
after the etching were thoroughly washed with 0.1 M HCl

and finally by deionized water to remove the residual K com-
pounds until the pH value of the washed solution was 7.
Finally, the product was dried at 80 °C for 12 h, thus obtain-
ing the porous nature graphite (PNG).

2.1.2 Preparation of sulfur doped porous graphite
intercalation compound (S-PGIC)

3 g PNG powder and 15 ml H,SO, was added to a beaker,
followed by a slowly addition of 2.5 ml H,0,. Then, the
resultant mixture was magnetically stirred at 30 °C for 3 h.
Finally, the mixture was placed in a quartz boat and intro-
duced into a horizontal tubular furnace heated to 1000 °C
for 2 h under argon atmospheric pressure, thus achieving
the sulfur doped porous graphite intercalation compound
(S-PGIC).

2.1.3 Preparation of sulfur and nitrogen co-doped porous
graphene (SN-PRGO)

The sulfur doped porous graphite oxide (S-PGO) was
acquired by the modified Hummers’ method [16]. Briefly,
1.5 g S-PGIC powder, 1 g NaNO; and 46 ml H,SO, (98%)
were stirred in a 250 ml flask in ice bath for 1 h. And then,
6 g KMnO, was slowly added to the solution. After that,
the solution was placed in a 35 °C water bath for another
2 h, followed by a slowly addition of 80 ml deionized water.
Thereafter, the temperature of the solution was raised to
90 °C and maintained for 0.5 h. Next 60 ml deionized water
and 30 ml H,O, was added into the flask, the colour of the
solution turned to brilliant yellow, obtaining the S-PGO
solution. The S-PGO solution was centrifuged by 10 wt%
HCI to remove the impurities and then washed by deionized
water until to neutral, and dried at 80 °C for 12 h.
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Scheme 1 Schematic representation of the synthesis of SN-PRGO
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Sulfur and nitrogen co-doped porous graphene (SN-
PRGO) was obtained by reducing S-PGO with hydrazine
hydrate. In brief, 0.5 g S-PGO was added into 100 ml
deionized water and dispersed by ultrasonication for 1 h.
Thereafter, 5 ml hydrazine hydrate was added and magneti-
cally stirred at room temperature over night, then heated at
80 °C for 6 h, and, finally, washed by deionized water until
to neutral and dried at 80 °C for 12 h, eventually acquiring
SN-PRGO. For comparison, S-GO and SN-RGO were also
prepared by using the same technical route from the natural
graphite without KOH-etching treatment.

2.2 Characterization

The microstructure of the samples was observed using a
JEM-2010 transmission electron microscopy (TEM) at
200 kV. X-ray diffraction (XRD) patterns between 5 (20)
and 60 (20) degrees were collected by Rigaku D/MAX-2500
powder diffractometer with Cu-Ka radiation (A=0.154 nm)
operated at 40 kV and 200 mA. Gas adsorption/desorption
analysis was done in an ASPA 2020 system with N, as
adsorbent at 77 K. Prior to analysis, samples were degassed
in vacuum at 200 °C for 8 h. The SSA and micropore vol-
ume were calculated by the Brunaure-Emmet—Teller (BET)
method and t-plot method, respectively. The pore size dis-
tribution was determined from the adsorption branch of the
isotherm based on the Density Functional (DFT) method.
X-ray photoelectron spectroscopic (XPS) measurements
were conducted on a K-Alpha (Thermo VG Corporation,
USA) using Al-Ka radiation (1486.6 eV, 15 kV, 10 mA,
150 W). Prior to fitting, the Shirley background was sub-
tracted. All binding energies (BEs) were corrected by charg-
ing of the samples by calibration on the graphitic carbon Cls
peak at BE of 284.6 eV as a reference.

2.3 Preparation of electrode and electrochemical
measurement

Electrochemical investigations were carried out in a three
electrode system using platinum and Hg/HgO as the counter
and reference electrode, respectively. And 6 M KOH solu-
tion was used as electrolyte. The working electrodes were
prepared as follows: briefly, 80 wt% of the electrochemical
active material, 10 wt% of carbon black and 10 wt% of pol-
ytetrafluoroethylene (PTFE) was dispersed in ethanol. Then
the slurry was smeared into nickel foam and dried in vacuum
at 120 °C for 10 h. The loading mass of the electrode is
around 3 mg with an area of 1 x 1 cm?. Cyclic voltammo-
grams (CVs) and electrochemical impedance spectroscopy
(EIS) were collected on CHI650D electrochemical worksta-
tion in a potential range of — 1 to 0 V. The scan speeds for all
CV tests were in range of 5-500 mV s~!. The galvanostatic

charge/discharge tests were carried on potentiostat/galva-
nostat (CT2001A, Land, Wuhan, China).

3 Results and discussion

Figure 1 shows the XRD patterns of the S-GO, S-PGO,
SN-RGO and SN-PRGO samples, respectively. It is clear
that only one diffraction peak at ~ 10° (20) is visible on the
XRD patterns of S-GO and S-PGO, behaving a typical GO
structural feature [17]. Compared with that of S-GO, how-
ever, this diffraction peak of S-PGO becomes dramatically
weaker and broadened, indicating a poor ordering of the
graphite sheets, which can be ascribed to the introduction of
pores or defects on the graphite sheets by the KOH-etching
[18]. Furthermore, the diffraction peak of S-PGO shifts from
20=12.0° (S-GO) to a smaller angle of 20 =10.4°, suggest-
ing an enlarged interlayer space. As for the XRD pattern
of SN-RGO, there occurs a broad and weak (002) peak at
around 206 =23°. However, this (002) peak becomes almost
invisible in the SN-PRGO pattern, implying the relatively
weaker restacking of the graphene sheets, which will be
beneficial to ion transport and storage for supercapacitor
application.

Typical TEM images of the S-GO, S-PGO, SN-RGO and
SN-PRGO samples are displayed in Fig. 2. It can be seen
that both S-GO and S-PGO exhibit a transparent GO feature
(Fig. 2a, b). Besides, there can be observed some nano-sized
pores in the S-PGO sheets (Fig. 2¢), which should be origi-
nated from the etching of KOH to the carbon structure in
natural graphite. This porous structure of SN-PGO will offer
more channels for electrolyte ions transport in through-plane
directions of graphene sheets, which will be beneficial to
the improvement of the supercapacitive performance [15].
Additionally, in comparison to SN-RGO, more wrinkling
and folding can be observed in SN-PRGO (Fig. 2d, e). The
surface wrinkling and folding can not only generate lots of

(002) SN-PRGO
_ SN-RGO
S
S,
>
@
e
ko)
£ S-PGO
S-GO
T T T T T T T T T T
10 20 30 40 50 60

2-Theta [degree]

Fig.1 XRD patterns of S-GO, S-PGO, SN-RGO and SN-PRGO
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Fig.2 TEM images of a S-GO, b, ¢ S-PGO, d SN-RGO, and e SN-PRGO, respectively

open edge sites [19], which is favorable for the ions trans-
portation, but also prevent the aggregation of graphene
sheets, which thus will facilitate the surface utilization of
SN-PRGO.

The nitrogen adsorption/desorption isotherms and the
corresponding pore size distributions of SN-RGO and
SN-PRGO provide further evidences for the effect on the
pore structure in the graphene brought by the KOH-etching
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treatment to the parent graphite (Fig. 3). The initial straight
part of the nitrogen adsorption/desorption isotherm at low
relative pressure (P/P;) corresponds to the micropore fill-
ing. Therefore, the relatively longer straight part suggests
the existence of more micropores in SN-PRGO, which is
evidenced by the calculated micropore volumes (0.03 and
0.21 cm?® g! for SN-RGO and SN-PRGO, respectively,
Table 1). In addition, SN-RGO and SN-PRGO both begin to
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Fig.3 a Low-temperature nitrogen adsorption/desorption isotherms and b pore size distribution curves of SN-RGO and SN-PRGO, respectively
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Table 1 Porosity paraments of SN-RGO and SN-PRGO

Samples SBET (m2 gil) vmicro (Cm3 gil) Vmeao (Cm3 gil)
SN-RGO 579.2 0.03 0.43
SN-PRGO 734.8 0.21 0.56

show a notable hysteresis loop at P/P,=0.4, suggesting the
existence of mesopores. Distinctly different from SN-RGO,
however, SN-PRGO behaves a wider mesopore size distri-
bution (Fig. 3b) and a larger mesopore volume (Table 1).
SN-PRGO also exhibits a higher SSA value of 734.8 m? g™},
significantly higher than that of SN-RGO (579.2 m? g™})
(Table 1), which should be attributed to the increase in
micropores and mesopores. Obviously, more developed pore
structure and higher SSA value will be conducive to the
superior supercapacitive performance of SN-PRGO.

X-ray photoelectron spectroscopy (XPS) was further used
to characterize the surface chemistry of SN-RGO and SN-
PRGO. A N1s (300.4 eV) peak and a S2p (168 eV) peak can
be distinctly observed in the wide scan spectrum (Fig. 4a),
confirming the existence of S and N in the SN-RGO and
SN-PRGO samples. Obviously, the S-introduction should be
ascribed to the sulfuric acid, which is used as the intercal-
ant to prepare the graphite intercalation compound (GIC)
from natural graphite. During the GIC preparation, the sul-
furic acid will be intercalated into the graphite layers, and
the sulfides will be grafted on the graphite surface [20, 21].
When the resultant GIC is thermally treated at 1000 °C,
these surface sulfides will be pyrolyzed, and the produced
surface sulfur will be bound to the graphite layer [22]. As
for the presence of N in both SN-RGO and SN-PRGO, it can
be attributed to the hydrazine hydrate reduction. During the
reduction process, nitrogen atoms in the hydrazine can be
introduced into graphene lattice [23]. From the high resolu-
tion spectrum of S2p for SN-PRGO and SN-RGO (Fig. 4b
and Figure S1a), it can be deduced that the S species are
present as C—S—C species, which contain sulfur atoms that
form thiophenic structures with neighboring carbon atoms

centered at 163.2 and 163.8 eV [10, 24], and oxidized sulfur
species (—SOn-), which appear at higher binding energy of
around 168.4-169.6 eV [25]. As for the N species in SN-
PRGO and SN-RGO (Fig. 4c and Figure S1b), four types
of N-containing groups can be fitted, including pyridine
nitrogen, pyridine/pyrrolic nitrogen, graphitic/quater-
nary nitrogen and oxidized nitrogen, corresponding to the
peaks located at 398.6, 400.4, 403.8, 407.4 eV, respectively
[26-28].

The doped amounts of S and N in SN-RGO and SN-
PRGO were also calculated according to the XPS analysis.
Interestingly, more S (1.89 at%) and N (4.20 at%) are present
in SN-PRGQO, significantly higher than those of SN-RGO
(1.36 at% S and 3.60 at% N) (Table S1). Obviously, the
higher S and N contents in SN-PRGO should be related to
the KOH-etching treatment on the natural graphite. The pos-
sible reason may be that the KOH-etching leads to the gen-
eration of abundant defects and activate sites in the graphite
sheets, which will facilitate the bonding of heteroatoms to
the graphite layer and thereby acquiring the loading of more
heteroatoms in SN-PRGO.

The electrochemical performances of the samples are
evaluated using a three-electrode system in 6 M KOH aque-
ous electrolyte. Figure 5a, b exhibits the representative
cyclic voltammetry (CV) curves of SN-RGO and SN-PRGO
at the scan rates ranging from 5 to 500 mV s~!, respectively.
It can be calculated from the integrated area of CV that
the specific capacitance of SN-PRGO at the scan rate of
5mV s~!isupto 438 F g~!, approximately 1.4 times higher
than that (305 F g~!) of SN-RGO. Compared with those
of the heteroatoms doped carbon-based materials (Table 2),
the specific capacitance of SN-PRGO is among the high-
est values, implying that the introduction of porosity in the
parent graphite is beneficial to the electrochemical per-
formance of the heteroatoms-doped graphene. The reason
may be related to the following factors: (1) KOH etching
to the parent graphite enables the as-prepared graphene
to possess higher SSA and more developed pore structure
(Fig. 3; Table 1), thereby facilitating the absorption of the
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Fig.4 a XPS survey spectrum of SN-RGO and SN-PRGO, b, ¢ high resolution spectrum of S2p and N1s of SN-PRGO, respectively
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Fig.5 The CV curves of a SN-RGO and b SN-PRGO at versus scan rates ranging from 5 to 500 mV s~ with Hg/HgO as the reference elec-

trode. The galvanostatic charging-discharging profiles of ¢ SN-RGO and d SN-PRGO at different current densities, respectively

charge separated ions on the carbon surface and enhancing
the EDLC capacitance; and (2) KOH etching to the parent
graphite leads to the doping of more S and N in the as-pre-
pared graphene, which can contribute both the pseudocapac-
itance through the redox reaction in the aqueous electrolyte
and the EDLC capacitance by the improvement in wettabil-
ity of electrolyte on the carbon surface [29]. Furthermore,
SN-PRGO also exhibits better capacitance retention of 65%
(289 F g71) at 500 mV s~!, which is significantly higher
than that 58% of SN-RGO (177 F g™1). This result confirms
that the pore structure of SN-PRGO facilitates the effec-
tive accessibility of electrolyte ions at high scan rates. This
may be attributed to the existence of the more wrinkling
and folding in SN-PRGO (Fig. 2e), which can effectively
prevent the aggregation of graphene sheets and thus facili-
tate the fast ions transportation, and the pore-formation in
the graphene sheets caused by KOH-etching to the parent
graphite (Fig. 2¢), which enables the as-prepared graphene
to possess short diffusion channel for electrolyte ions in the
through-plane direction, ensuring the fast ion diffusion in
all directions.

@ Springer

The galvanostatic charge/discharge curves of SN-RGO
and SN-PRGO were tested at different current densities,
as shown in Fig. 5c, d, respectively. The galvanostatic
charge/discharge curves for the SN-RGO and SN-PRGO
samples are not linear with time and give rise to some
inflections, which further demonstrates that the doped het-
eroatoms could contribute additional pseudocapacitance to
the total capacitive performance. However, the relatively
longer charge/discharge time suggests that SN-PRGO can
deliver higher specific capacitance than SN-RGO, which
is in agreement well with the CV results. In addition, at
the same current density, SN-PRGO can always behave
a relatively smaller voltage drop (IR drop) at the initial
portion of the discharge curve compared with SN-RGO
(Figure S2), indicating a lower internal resistance [39].
This smaller IR drop of SN-PRGO in comparison to that
of SN-RGO should be due to the more developed pore
structures, especially the existence of the through-plane
nanopores, which will lead to the decrease in these resist-
ances with regard to the electrolyte diffusion and the ions
migration.
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Table2 Summary of capacitances of heteroatoms doped carbon-
based materials in literatures

Carbon-based C*(Fg™ R® EI° References
materials
S/N-graphene 402 5mVsTt 6MKOH [12]

S/P-graphene 438 10mVs™ 1MH,S0, [24]
aerogel

N-graphene 290 1Ag! 2 M KOH [30]
aerogel

N/P-activated 204 02Ag! 6MKOH [31]
graphene

N-mesoporous 412 5mVs™' 1MH,S0, [32]
graphene

N-mesoporous 213 05Ag' 6MKOH [33]
carbon

N/S-porous 298 05Ag! 6MKOH [34]
carbon

O/N-porous 270 05Ag! 1MNaSO, [35]
carbon

N/O/P-porous 206 0.1Ag! 6MKOH [36]
carbon

B/N-porous 304 0.1Ag" 1MH,S0, [37]
carbon

B/O-carbon 193 1Ag! 1MH,SO, [38]
nanofiber

SN-PRGO 438 5mVs™ 6MKOH  This work

aSpecific capacitance
®Current density or scan rate

“Electrolyte type

To get further insight into the different supercapacitive
activity of SN-RGO and SN-PRGO, electrochemical imped-
ance spectroscopy measurements are performed and shown
in Fig. 6. The vertical line in the low frequency region is a
result of the frequency dependence of ion diffusion at the
electrode/electrolyte interface [22]. Compared to that of
SN-RGO, the vertical line of SN-PRGO is more inclined
to the imaginary axis in the low frequency region, indicat-
ing a superior capacitive behavior. Moreover, smaller semi-
circle and shorter intercept with the real axis of SN-PRGO
in comparison with those of SN-RGO (Fig. 6, inset) indi-
cate the smaller interfacial charge transfer resistance and
the ohmic resistance at the interface between electrode and
electrolyte, respectively [40, 41]. The fitting equivalent cir-
cuit model is also shown in the inset of Fig. 6. The entire
capacitor circuit consists of the equivalent series resistance
(R1), the double layer capacitance (C), the interface resist-
ance of ion adsorption/desorption on the electrode materials
(R2), and the warburg resistance (W1), which is related to
the electrolyte diffusion/transport in the electrode. Accord-
ing to the equivalent circuit, the decreasing charge transfer
resistance (R2) and electrolyte diffusion impedance (W1)
for SN-PRGO (Table S2) should be associated with rapid
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Fig.6 The Nyquist plots of SN-RGO and SN-PRGO in 6 M KOH
electrolyte (the inset are expanded high-frequency region of Nyquist
plots and equivalent circuit, respectively)

ions transfer at the electrode/electrolyte interface due to the
relatively more developed pore structure and the improved
wettability with the KOH electrolyte.

The life cycle of the supercapacitor based on SN-PRGO
electrode was tested at a constant scan rate of 50 mV s~ as
shown in Fig. 7. It can be found that SN-PRGO exhibits a
slight decrement in the specific capacitance at the beginning,
and then becomes stable with a small degradation over the
entire cycle numbers. Besides, the CV curves of the elec-
trode before and after 10,000 consecutive cycling test exhibit
a similar shape without any obvious change (inset Fig. 7),
with a capacitance retention of about 94%, reflecting a good
electrochemical stability and a high degree of reversibil-
ity in the cycling test, which is significant for the practical
application.
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Fig.7 Cycling stability of SN-PRGO at 50 mV s~! in 6 M KOH elec-
trolyte
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4 Conclusion

Herein, we have successfully synthesized a sulfur and
nitrogen co-doped porous graphene electrode, which is
acquired through the pore-formation in the natural graph-
ite, the preparation of sulfur doped porous graphite inter-
calation compounds (S-PGIC) and the construction of the
sulfur/nitrogen co-doped porous reduced graphite oxide
(SN-PRGO). In comparison to SN-RGO, SN-PRGO shows
a significant increase in specific capacitance (from 305
to 438 F g~! in 6 M KOH electrolyte at the scan rate of
5mV s7!) and a higher capacitance retention (~65% at the
scan rate of 500 mV s~!, an approximately 7% improve-
ment compared with SN-RGO). Moreover, SN-PRGO also
exhibits a superior cycling stability (almost 94% specific
capacitance can be retained even after 10,000 cycles).
These outstanding electrochemical performances of SN-
PRGO may be ascribed to its relatively higher SSA, more
reasonable pore structure and more doped heteroatoms
contributed by the pore-formation in the parent graphite.
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