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Abstract: Chemical doping has been demonstrated to be an
effective way to realize new functions of graphene as metal-free
catalyst in energy-related electrochemical reactions. Although
efficient catalysis for the oxygen reduction reaction (ORR) has
been achieved with doped graphene, its performance in the
hydrogen evolution reaction (HER) is rather poor. In this study
we report that nitrogen and sulfur co-doping leads to high
catalytic activity of nanoporous graphene in HER at low
operating potential, comparable to the best Pt-free HER
catalyst, 2D MoS,. The interplay between the chemical dopants
and geometric lattice defects of the nanoporous graphene plays
the fundamental role in the superior HER catalysis.

Graphene with its large surface area, high mechanical
strength, and excellent electrical conductivity is an ideal
electrode material for electrochemical reactions.!! The high
chemical stability of graphene ensures stable electrode
performance and long electrode lifetimes but, on the other
hand, implies little catalytic activity in electrochemical
reactions, such as oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), and hydrogen evolution reaction
(HER). To reduce the electrode overpotentials of these
reactions, additional electrocatalysts are required thus form-
ing graphene-based composites. For example, carbon-based
metal-free composites such as carbon nitride-loaded gra-
phene offer excellent catalytic performance for ORR,?
OER.P! and HER.l However, graphene-based composite
electrodes often suffer from poor stability and low mass
activity because of the weak bonding of the catalysts with
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graphene, the high mass density of the loaded noble metal and
oxide catalysts, and the ineffective packing of 2D graphene
sheets.’! Atomic doping has been known as a feasible way to
realize new functions of materials. It has been demonstrated
that nitrogen-doped graphene,”® sulfur-doped graphene,[”! and
graphene oxide/reduced graphene oxide’®l are active cata-
lysts for ORR. Moreover, co-doping of graphene with nitro-
gen and oxygen or sulfur gives rise to synergistic effects in
ORR catalysis. Although chemically doped graphene materi-
als have shown excellent ORR catalytic activity, their HER
and OER catalysis is rather poor.”’ Recently, boron/nitro-
gen," nitrogen/sulfur,'! and nitrogen/phosphine® co-doped
graphene and graphitic carbon materials have shown
improved catalytic activity for OER and HER. However,
the overall catalytic activity is still much lower in comparison
with other Pt-free catalysts. Especially, the HER catalysis of
chemically doped graphene is much lower than that of two
dimensional (2D) transition metal dichalcogenides (MoS,,
WS,, ReS,).

Here we report nitrogen and sulfur co-doped nanoporous
graphene which was synthesized by nanoporous Ni-based
chemical vapor deposition. The coupling between chemical
dopants and the geometric lattice defects in 3D nanoporous
graphene offers excellent catalytic activities towards HER,
which is comparable to that of 2D MoS, nanosheets, the best
Pt-free HER catalyst known so far.

Chemically doped nanoporous graphene was grown by
chemical vapor deposition using nanoporous Ni (np-Ni)['*l as
both template and substrate, and pyridine and thiophene as
carbon, nitrogen and sulfur sources, respectively (Figure 1a).
np-Ni displays a three-dimensional (3D) open porosity and
catalytically active internal Ni surface, resulting in the
uniform growth of the chemically doped graphene on the
nano-sized Ni ligament surface. Chemically doped nano-
porous graphene samples were uniformly exfoliated by
etching away the nanoporous Ni substrates in hydrochloric
acid solution. The 3D nanoporous graphene displays bicon-
tinuous nanopores and a high density of defective graphene
structures which are geometrically required to compensate
the curvature and curvature gradients, as illustrated in
Figure 1b,c. Nitrogen and sulfur co-doped graphene depos-
ited at 800°C (abbreviated as NS-800) for 5 min and solely
sulfur (S) doped graphene deposited at 800°C (abbreviated as
S-800) for 5 min show 100-300 nm pore size (Figure S1a,b in
the Supporting Information) while NS-doped graphene
deposited at 500°C (abbreviated as NS-500) for 5 min and
solely S-doped graphene deposited at S00°C (abbreviated as
S-500) for 5Smin have a smaller pore size of ca. 100 nm
(Figure S1c,d). For comparison, nanoporous graphene with
and without nitrogen doping was also prepared by CVD
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Figure 1. lllustration of the preparation process of N and S co-doped nanoporous graphene.
a) Preparation of nanoporous NS-doped graphene by CVD. b) Potential defect structures in NS-doped
nanoporous graphene. c) Expected reaction mechanism on nanoporous graphene. in the

growth at 800°C and 500°C using benzene or pyridine
(abbreviated as G-800, G-500, N-800, and N-500) as carbon
and nitrogen sources, respectively.'” The specific surface
areas and pore sizes of the nanoporous graphene samples
were measured by the Brunauer—-Emmett-Teller (BET)!
and Barrett-Joyner—Hallender (BJH)!'®! methods, respec-
tively. The chemically doped nanoporous graphene samples
have surface areas of 762 m’g ' and average pore size of
230 nm for NS-800, 828 m?’g™' and 260 nm for S-800,
1320 m?g~! and 90 nm for NS-500, and 945 m?g~! and 90 nm
for S-500 (Figure S2). Raman spectra of the chemically doped
graphene show an intense D band (Figure S3 and Table S1) as
compared with pristine nanoporous graphene (G-800), sug-
gesting that the chemical doping introduces additional
structure defects into the graphene lattice. According to the
intensity ratio of 2D and G bands, the chemically doped
graphene in the 3D nanoporous structure is mainly few-layer
graphene. The average thickness of the graphene sheets in the
nanoporous samples was further estimated based on their
densities and BET surface areas by using 1-2 layer nano-
porous pure graphene as reference. For example, the densities
of NS-800 and G-800 are 59x10*gecm™ and 3.1x
10* gem™?, respectively. As G-800 consists of 1-2 layer
graphene, as determined by Raman spectra (I,p/I5: 2.8), it is
concluded that the graphene layer in NS-800 is 3-5. More-
over, the samples grown at 500°C show a defective graphitic
structure, together with a very weak 2D band (Z,p/I;: 0.2-0.4).
Thus, a lower CVD temperature leads to high intensity of D
bands and broad peak width of G bands. Importantly, the at
800°C CVD-grown samples preserve the high crystallinity of
the graphene structures (I,p/Ig: 0.6-0.9) without detectable
amorphous carbon features (I/I5: 0.5-0.8).

The microstructure of the chemically doped graphene was
characterized with a Cs-corrected transmission electron
microscope (TEM). Figure 2a shows a low-magnification
TEM micrograph of NS-800 displaying a tubular-like gra-
phene sheet which preserves the bicontinuous nanoporosity
of the np-Ni substrate. Figure 2b shows the high-resolution
TEM image (HRTEM) and the corresponding selected area
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electron diffraction pattern of the
chemically doped graphene. The
sharp diffraction spots and visible
crystal lattices verify that the
chemically doped graphene has
high crystallinity, in accordance to
the Raman spectra. The HRTEM
micrograph (inset of Figure 2b)

also reveals the structure defects
ﬁﬁfff‘f of the graphene lattice, which
appear to be related to the sites
occupied by doped nitrogen and

“

He sulfur atoms (red circle). The elec-
2 tron energy-loss spectroscopy
Outside ligament (EELS) mappings (Figure 2¢)

show that nitrogen and sulfur
atoms are homogenously disperse
i nanoporous graphene.
Importantly, the distribution of

Figure 2. TEM images of NS-doped nanoporous graphene. a) Low-
magnification TEM image. b) High-resolution TEM image and corre-
sponding selected area electron diffraction pattern (lower right inset).
The upper right inset highlights a defect structure of potential pyridinic
nitrogen or sulfur sites. c) EELS chemical mappings of C, N, S, and O
in NS-800.

nitrogen is fully coupled with that of sulfur. Oxygen can
also be detected in some regions. The NS-500 sample has
a very similar microstructure to NS-800, which is shown in
Figure S4.

The binding state and quantitative chemical composition
of the chemically doped nanoporous graphene were inves-
tigated by X-ray photoelectron spectroscopy (XPS) (Figure 3
and Figure S5). The samples grown at high temperatures show
a low atomic doping level while the low-temperature CVD
leads to a high concentration of dopants. For the nitrogen and
sulfur co-doped graphene, various kinds of nitrogen and
sulfur binding states co-exist. The N 1s XPS spectra demon-
strate the formation of graphitic, pyridinic, and oxide nitrogen
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The chemical effect on the catalytic activity of
graphene is further confirmed by Tafel plots
(Figure 4b) and, again, the co-doped NS-800
shows the lowest Tafel slope of 105 mV/dec
among the 800°C CVD-grown samples. Apart
from the direct chemical doping effect, the CVD
temperatures also notably influence the catalytic
activity of chemically doped graphene because low
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Sulfur

CVD temperatures can introduce more dopants
and structure defects into the graphene lattice and
hence change its chemical activity.'**'” As shown
in Figure 4a,b, N-500 and S-500 have much better
catalytic activity than N-800 and S-800 with regard
to onset potential and Tafel slope. However,
comparing the HER activities of G-800 and G-
500, it can be seen that G-500 with its carbon-
defective structure does not show much improved
activity, which indicates that carbon defects alone
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Figure 3. Chemical binding state of nanoporous NS-doped graphene. N 1s (a,c) and

S 2p XPS (b,d) spectra of NS-800 (a,b) and NS-500 (c,d).

structures.”! Moreover, the S 2p XPS spectra reveal that the
binding states of sulfur are -C-S-C- (163.8 eV),l -C=S-
(165.0eV)"  and -C-SO- (164.1eV)['8  _C-SO,-
(168.6 eV).I"""] The quantitative measurements are summar-
ized in Table 1. The CVD temperature clearly influences both
nitrogen and sulfur concentrations and their chemical binding
states. Lower CVD temperatures give rise to higher N and S
concentrations and more defective graphene structures (Fig-
ure S3). The residual Ni from the nanoporous Ni templates in
the graphene samples was confirmed to be less than 0.07
at. %, and HER-active NiS could not be detected in the XPS
spectra of the S-doped samples (Figure S6).

The HER catalytic performances of the nanoporous
graphene samples were investigated by cyclic voltammetry
(CV). Figure 4 a shows the HER polarization curves in a 0.5m
H,SO, aqueous solution. From the series of 800°C CVD-
grown samples, it can be seen that chemical doping signifi-
cantly enhanced the HER activity of graphene as indicated by
a gradual decrease in the onset potentials from G800, N800,
S800, to NS800. The operating potentials at 10 mAcm™>
current are measured to be —0.56 V for N800, —0.48 V for
S800, and —0.39 V for NS800 (Table S2). Compared with
undoped and single N- or S-doped samples, the N and S co-
doping drastically improves the HER catalysis of graphene.

T T T T T T T T T T
160 161 162 163 164 165 166 167 168 169 170 171 172

do not provide catalytic activity for HER. In
contrast, NS-500 with a high density of both
dopants and structural defects (Table 1) shows
the best HER activities with an onset potential of
—0.13 V, Tafel slope of 80.5 mV/dec and operating
potential of —0.28V at 10 mAcm 2 These values are
comparable to the best dichalcogenide monolayer catal-
ystsl?2®20] and even better than recently developed nano-
porous graphite-C;N, composites and sulfur doped porous
carbon materials (Table S2). Therefore, NS-500 is one of best
metal-free catalysts in HER known to date. The outstanding
catalytic properties of the nitrogen and sulfur co-doped
graphene grown at low temperature also demonstrate that the
catalytically active sites in doped graphenes are most likely
associated with dopant atoms around defects, such as -C-S-C-
and -C=S- structures. This assumption is supported by the fact
that 4-6 at.% of the -C-S-C- and -C=S- bindings were
converted to -C-SO,- after 1000 HER cycles (Figure S7),
indicating that the -C-S-C- and -C=S- are directly involved in
the electrode redox reactions and responsible for the
degeneration of HER catalysis during cycling. Moreover,
the amount of -C-S-C- and -C=S- motifs etc. in NS-800
(0.56 %) is less than in S-800 (0.90 %) (Table 1). However, the
former shows a higher catalytic activity. Thus, the concen-
tration of sulfur dopant may not be the sole factor for high
HER activity. The co-doped NS-800 sample contains 0.28 %
pyridinic nitrogen dopants. The coupling of these N dopants
with the S dopants appears to play an essential role in the high
HER activity of the co-doped graphene.

Table 1: Quantitative XPS measurements of chemically doped nanoporous graphene at CVD temperatures of 500°C and 800°C."

Graphitic Graphitic Pyridinic Oxidized -C-S-C- -C=S- -C-SO- -C-SO,-

C (at%) N (at%) N (at%) N (at%) (at%) (at%) (at %) (at%)
NS-500 91.14 1.08 1.19 1.52 2.86 1.42 0.54 0.24
NS-800 96.89 1.60 0.28 0.67 0.21 0.10 - 0.25
S-500 90.69 - - . 4.63 2.32 0.31 2.05
S-800 99.0 - - - 0.51 0.26 - 0.13
N-500 933 4.1 1.6 1.0 - - - -
N-800 97.0 1.88 0.58 0.84 - - - -

[a] The carbon atom concentration was determined through the intensity of graphitic carbon.
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Figure 4. HER activity of chemically doped nanoporous graphenes. a) CV curves of the samples produced at different CVD temperatures and with
different dopants in comparison to undoped nanoporous graphene. b) Tafel plots for the different graphene samples. c) Electrochemical
impedance spectroscopy of the graphene samples at HER overpotential of —0.20 V. d) DFT-calculated HER activities of chemically doped
nanoporous graphenes with a geometric lattice defect. Shown is the calculated HER free energy diagram at equilibrium potential for a Pt catalyst
and for pyridinic (pN-G), graphitic (gN-G), sulfur doped (S-G), and nitrogen/sulfur co-doped (NS-G) graphene samples. The inset shows a NS-
doped graphene model with a nitrogen (blue), sulfur (yellow), and hydrogen atom (white).

Electrochemical impedance spectroscopy results (Fig-
ure 4c) display lower charge-transfer resistance (R.) and
internal resistance (R;) of single- and co-doped graphene
samples. Apparently, the enhanced HER performance of
chemically doped graphene is related to the lower resistance
of the graphene and graphene-electrolyte interface. For
examples, the internal and charge-transfer resistances of
NS-500 are as low as 20 Qcm ? and 3.6 Q, respectively. The
high electric conductivity originates from the unique bicon-
tinuous porous structure and the high crystallinity of the
chemically doped graphene as well as increased Fermi energy
by chemical doping,! which will be detailed later. The lower
charge transfer resistance of NS-500 can be attributed to the
large and conductive specific surface and enhanced H*
absorption due to the chemical doping. NS-800 and NS-500
also show high cycling stability. Electrode currents at —0.20 V
were retained for ca. 90 % and 60 %, respectively, after 1000
cycles (Figure S8a). At a constant operating voltage of
—0.20 V NS-800 kept ca. 90% durability after more than
7 days (Figure S8b). Raman spectra show that the graphene
samples were still high crystallinity with slightly increased D
band intensity after 1000 cycles (Figure S9). The low stability
of NS-500 is most likely caused by the excess structural
defects in the graphene lattice, which are not stable during the
electrode reactions. Thus, removing or stabilizing unstable
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lattice defects and, at the same time, keeping high concen-
trations of S and N dopants are expected to be a viable
approach to improve the electrochemical stability of NS-500.

To understand the underlying mechanisms of the co-
doping enhanced HER catalysis, we performed density
functional theory (DFT) calculations to investigate the
electronic structure and H* absorption free energy of the
NS-doped graphene. A simple structural model of a graphene
lattice with one sulfur and one nitrogen atom demonstrates
the existence of positively and negatively charged electron
density distribution (non-electron-neutral states), which
could be helpful for hydrogen generation. In addition, the
Fermi level of NS-doped graphene is negatively shifted to
0.6 eV above the Dirac point (Figure S10) due to the electron-
rich character of the defective structures, which could
contribute to high electrical conductivity! and promote
HER performance. The overall HER mechanism was
reported with a three-state diagram consisting of 1) an initial
stage of H" +e7, 2) an intermediate stage of H* absorption,
and 3) a final stage of 1/2H, generation.”? It is well-known
that highly efficient catalysts have a Gibbs free energy of H*
absorption | AGys | close to zero.?* For example in Figure 4d,
| AGy- | of pure graphene is positive and H* cannot efficiently
absorb on the catalyst. In the case of N- or S-doped graphene,
| AGy- | is negative and H* cannot effectively desorb from the

Angew. Chem. 2015, 127, 2159 —2164


http://www.angewandte.de

catalyst. Among various N- and/or S-doped graphene struc-
tures, NS-doped graphene with one carbon defect near S
doping site (-C-S-C- or -C=S-) in the vicinity of graphitic N
(inset of Figure 4d and Figure S11) has the smallest | AGy- |
value of 0.12 eV, which is comparable to Pt catalyst (| AG™'y. |
~0.09 eV). This local atomic configuration predicted by DFT
for high efficiency hydrogen production is consistent with the
XPS measurements (Figure 3 and Figure S5). The combina-
tion of the positively charged N dopants and the negatively
charged S dopants at a lattice defect provides a fast electron
transfer path for HER. Therefore, interplay of N and S
dopants with geometric lattice defects of the nanoporous
graphene plays the fundamental role in the superior HER
catalysis.

In summary we have successfully synthesized nitrogen and
sulfur co-doped 3D nanoporous graphene by using a nano-
porous-metal-based CVD method. It was found that carbon
defects alone in the graphene lattice are not catalytically
active for HER while the coupling of S and N dopants with
geometric defects in the graphene lattice produces an
synergistic effect in tuning the Gibbs free energy of H*
absorption and hence is responsible for the outstanding HER
catalysis. The catalytic activity of the S and N co-doped
nanoporous graphene with both high concentrations of
dopants and geometric defects is comparable to MoS, nano-
sheets, the best Pt-free HER catalysts known in the literature.
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