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Non-metal catalyst; activity and robust stability has remained a key challenge in recent decades. Herein, sulfur and
Biomass; nitrogen self-doped carbon nanosheets are prepared as efficient non-metal catalysts for HER by

Electronic structure;
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thermal decomposition of peanut root nodules, an abundant biowaste. The obtained S and
N-doped carbons exhibit a porous and multilayer structure with a specific surface area of
513.3m?/g and high electrochemical area of 27.4 mF/cm?. Electrochemical measurements
show apparent electrocatalytic activity for HER in 0.5 M H,SO,4, with a small overpotential of
only —0.027V, a Tafel slope of 67.8 mV/dec and good catalytic stability. The density functional
theory calculations confirmed that both S and N doping significantly change the electronic
structure of carbon catalysts. However, after S-doping into carbon skeleton, the surrounding
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electric density of S atoms and C atoms increases, but after N-doping it only increases that of C
atoms. The results presented herein may offer a novel and effective methodology for the design
and engineering of efficacious and ecologically friendly catalysts for water splitting technology.
© 2015 Elsevier Ltd. All rights reserved.

Introduction pyrolysis at elevated temperatures, as manifested in various

Increasing global concerns over environmental issues and
energy crisis have stimulated a great deal of interest in the
development of novel technologies for clean and sustain-
able energy. Hydrogen has been widely considered as a
promising fuel to address the environmental (pollution-free)
and energy (high combustion value) concerns. Therefore,
hydrogen evolution reaction (HER), the electrochemical
reduction of water combined with wind and solar power,
has attracted increasing attention recently [1-3]. In addi-
tion, highly active HER electrocatalysts as co-catalysts can
observably enhance the efficiency of photocatalytic water
splitting [4-8]. Pt-based electrocatalysts are known to
effectively catalyze HER. However, the widespread applica-
tion has been significantly hindered by the limited reserves
and high costs [5,9]. Hence, development of sustainable
HER catalysts that are composed of cost-effective and
earth-abundant elements has been one of the main chal-
lenges in renewable energy research so far [10-12]. In fact,
Mo-based sulfides, nitrides, carbides and selenides (e.g.,
MoS,, Mo,C, Ni-Mo-N and MoSe;) [12-17], Co/Ni-based metal
sulfides, selenides, phosphides (e.g., CoS,, CoSe,, CoP, and
Nii2Ps) [18-21] and other sulfides (TiS; and Ta$S,;) [22] have
been prepared and examined as effective HER catalysts in a
series of recent studies.

Currently, carbon coated metal nanoparticles (Co, Fe, Ni,
Ag, etc.) [23-27] or carbon doped by all kinds of nonmetal
elements (N, S, P, B, etc.) [28-31] represent one new class
of effective HER catalysts. For instance, Zheng [32]
observed unexpected HER activity with g-CsN, loaded on
N-doped graphene where the overpotential and Tafel slope
were comparable to those of some of the well-developed
metallic catalysts. In another study, Chen et al. [29] show
that nitrogen and sulfur co-doped nanoporous graphene
exhibited high catalytic activity in HER at low operating
potentials, a performance comparable to that of MoS,,
arguably the best Pt-free HER catalyst. However, the
synthetic process was rather expensive, complex, and
tedious, involving the preparation of nanoporous Ni sub-
strates and nanoporous graphene by CVD method. Despite
these breakthroughs, the low cost and high-efficiency HER
catalysts also need to be easily prepared on a large scale. In
addition, a detailed understanding of the fundamental
mechanism for doping carbon based HER catalysts has
remained elusively thus far.

Herein, S and N doped carbon nanosheets are simply
prepared on a large scale by thermal treatment of an
abundant biomass, peanut root nodules, and examined their
corresponding electrocatalytic activity for HER in acidic
media. In the present study, by taking advantage of the rich
sulfur and nitrogen contents in peanut root nodules, S and N
self-doped porous carbons were produced by controlled

spectroscopic measurements. Electrochemical measurements
showed that the resulting S and N doped porous carbon
exhibited apparent HER activity with a low onset potential of
only —0.027V, a Tafel slope of 67.8 mV/dec and remarkable
durability. Finally, DFT calculations confirmed that sulfur
doping, rather than nitrogen doping, played a more impor-
tant role in determining the HER activity.

Experimental section

Synthesis of porous carbons from peanut root
nodules

Peanut root nodules were first washed with DI water for
three times to remove impurities. 1 g of nodules and 3 g of
MgCl, (as activating agent to increase the specific surface
area of the obtained carbon [33,34]) were put into a
ceramic boat, calcined at selected temperatures within
the temperature range of 600-900 °C in an Ar atmosphere
for 2 h, and cooled down to room temperature naturally.
The black products were then washed with a 1M HCl
aqueous solution, which were denoted as RN-T with T being
the calcination temperatures. Four samples were prepared,
RN-600, RN-700, RN-800 and RN-900.

Synthesis of N-doped, N,S co-doped and S-doped
carbons

Samples were prepared with different starting materials to
study the effect of elementary composition on HER: (i) 1 g of
sucrose, 0.05 g of dicyandiamide, (ii) 1 g of sucrose, 0.05 g of
thiourea, and (iii) 1g of sucrose, 0.05¢g of sulfur powder,
which were calcined at 800 °C for 2 h in an Ar atmosphere. 3 g
of MgCl, was also used as activating agent in all calcination
process. The resulting black products were washed with a 1 M
HCl aqueous solution and the obtained porous carbon was
donated as N-doped carbon (NC), N and S co-doped carbon
(NSC) and S-doped carbon (SC), respectively.

Characterization

Field-emission scanning electron microscopic (FESEM, NOVA
NanoSEM 430, FEI) measurements were used to characterize
the morphologies of the obtained samples. Transmission elec-
tron microscopic (TEM) measurements were carried out with a
JOEL JEM 2100F microscope. Powder X-ray diffraction (XRD)
patterns of the samples were recorded on a Bruker D8 Advance
powder X-ray diffractometer with Cu Ka (1=0.15406 nm)
radiation. X-ray photoelectron spectroscopic (XPS) measure-
ments were performed using an ESCALAB 250. Raman spectra
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were recorded on a RENISHAW inVia instrument with an Ar laser
source of 488 nm in a macroscopic configuration. BET surface
area was evaluated by using a Micromeritics ASAP 2010
instrument with nitrogen adsorption at 77 K and the Barrett-
Joyner-Halenda (BJH) method.

Electrochemistry

Electrochemical measurements were performed with an
electrochemical workstation (CHI 760C, CH Instruments
Inc.) in a 0.5M H,SO, aqueous solution. A Hg/Hg,Cl, elec-
trode (saturated KCl) and a graphite rod were used as the
reference and counter electrode, respectively. 4 mg of the
catalyst powders was dispersed in 1 mL of 4:1 (v:v) water/
ethanol mixed solvents along with 80 pL of a Nafion solution,
and the mixture was sonicated for 30 min. Then, 5L of

the above solution was dropcast onto the surface of a
glassy carbon disk electrode at a catalyst loading of
0.285 mg/cm?. The as-prepared catalyst film was dried at
room temperature. Polarization curves were acquired by
sweeping the potential between 0 and —0.8 V (vs. Hg/Hg,Cl;)
at a potential sweep rate of 5 mV/s. The accelerated stability
tests were performed in 0.5 M H,SO,4 at room temperature by
potential cycling between 0 and —0.6 V (vs. Hg/Hg,Cl,) at a
sweep rate of 100 mV/s for a given number of cycles. Cyclic
voltammetry (CV) can be used to probe the electrochemical
double layer at nonfaradaic overpotentials as a means for
estimating the effective electrode surface area. The potential
range of 0.1V with no redox peak was employed. The CV scan
rates should be as large to minimize Faraday current, such as
40, 60, 80, 120, 160 and 200 mV/s. Current-time responses
were monitored by chronoamperometric measurements for
12 h. Hydrogen production of S and N doped carbon
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nanosheets modified electrode was carried out at —0.33 V (vs.
RHE) and the hydrogen gas production rate was quantified by
gas chromatographic measurements (GC-2060F, LuNan Analy-
tical Instruments, Ltd., China).

In all measurements, the Hg/Hg,Cl, reference electrode (SCE)
was calibrated with respect to a reversible hydrogen electrode
(RHE). The calibration was performed in a high-purity H,
(99.999%) saturated electrolyte with a Pt wires as the working
electrode and counter electrode. Cyclic voltammograms (CVs)
were collected at a scan rate of 1 mV/s, and the average of the
two potentials at which the current crossed zero was taken as
the thermodynamic potential for the hydrogen electrode reac-
tions. In 0.5 M H,S0,, E(RHE)=E(Hg/Hg,Cl,)+0.273 V (Figure S1).

DFT calculations

All calculations were performed using the Vienna Ab-initio
Simulation Package (VASP). The Perdew-Burke-Ernzerhof
(PBE) functional for the exchange correlation term was
used with the projector augmented wave method and a
cutoff energy of 400 eV. To investigate the effect of nitrogen
and sulfur doping, a carbon nanosheet doped with N or S
atoms was used as the calculation model, respectively, and
the density of states (DOS) was calculated. All structures
were fully relaxed to the ground state.

Result and discussion

In this study, we developed a novel and simple approach to
synthesize porous carbon nanosheets from peanut root nodules
(Figure S2) by an effective thermal carbonization route. During
carbonization at elevated temperatures under an Ar atmo-
sphere, the carbon source formed a porous sheet structure
(denoted as RN-T with T being the pyrolysis temperature),
which was then subject to structural characterizations with a
range of experimental techniques. Figure 1a and b depicts a
representative SEM and TEM image of the sample prepared at
800 °C (RN-800), from which one can see that the sample
exhibited a porous and multilayer structure with rather exten-
sive stacking and folding. Mapping analysis based on energy-
dispersive X-ray dispersive spectroscopy (EDS) (Figure 1c) con-
firmed that carbon nanosheets were formed and doped with
both N and S elements. The graphitic characteristics of RN-800
were further confirmed by Raman measurements, where the D
band at 1334.5cm~" and G band 1585.6 cm™" can be clearly
seen (Figure 1d). The former is assigned to the vibration of
carbon atoms with dangling bonds in planar terminations of
disordered graphite, and the latter to the E2g mode of 2D
graphite [35,36]. The corresponding XRD patterns are shown in
Figure S3, where the peak at 20=26.5° can be assigned as the
diffraction of graphite (002) crystalline planes. No other
crystalline impurities were detected. Nitrogen adsorption/
desorption measurements showed a type IV isotherm with a
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Figure 2 (a) XPS survey spectrum and high-resolution scans of (b) C1s, (c) S2p and (d) N electrons of RN-800.
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clear H,-type hysteresis loop in the relative pressure region of
0.4-1.0 P/P,, from which a high specific surface area was
estimated to be 513.3m?/g, indicating the formation of a
mesoporous structure (Figure 1e).

XPS measurements were then carried out to analyze the
surface chemistry of the obtained porous carbons. In the
survey spectrum in Figure 2a, the elements of C, O, S, and N
were detected in the RN-800 sample. High-resolution scan
of carbon shows a major peak at 284.5 eV that is character-
istic of C1s (Figure 2b). Deconvolution of the high-resolution
scan of the S2p electrons yielded three peaks at the binding
energies of 164.2 eV, 165.4 eV and 168.5 eV (Figure 2c). The
first two signified the incorporation of sulfur into the
graphitic matrix forming C-S bonds whereas the last one
might be assigned to oxidized sulfur species of C-SO,-C (x=2
or 3) groups [37]. Additionally, the N1s spectrum (Figure 2d)
can be deconvoluted into two peaks centered at 398.3 and
401.1 eV, which are consistent with pyridinic (N1) and
pyrrolic (N2) nitrogens, respectively. This indicates that
nitrogen was also doped into the carbon molecular skeleton.
Furthermore, based on the integrated peak areas of the S2p
and N1s peaks, the atomic contents of S and N in RN-800
were estimated to be 0.27 and 2.02 at%, respectively.

The electrocatalytic activities for HER were then exam-
ined by electrochemical measurements in 0.5M H,SO,.
From Figure 3a, one can see that with a glassy carbon
electrode modified with a calculated amount of RN-800,
apparent non-zero cathodic currents started to emerge
when the electrode potential was more negative than
—0.027 V (vs. RHE), which is only somewhat more negative
than that (—0.004 V) of commercial 20 wt% Pt/C catalysts
at the same catalyst loading. In addition, to reach a current
density of 10 mA/cm?, an overpotential of —116 mV was
required with RN-800, as compared to —0.031 V for Pt/C. In
addition, the linear portions of the polarization curves were
fitted to the Tafel equation (7 =b log j+a, where j is the
current density and b is the Tafel slope), yielding Tafel
slopes of 67.8 mV/dec for RN-800 and 31.6 mV/dec for
20 wt% Pt/C (Figure 3b). Note that a lower Tafel slope
suggests a more drastic increase of HER currents with
increasing electrode potential and hence a better HER
performance. For hydrogen evolution in acid on catalyst
surfaces, the mechanism typically involves three major
reactions [38,39]

H30* +e < H*+H,0 (Volmer reaction, b=120 mV/dec) (1)
2H* — H,*(Tafel reaction, b=30 mV/dec) (2)

H30* +e+H*<H,*+H,0 (Heyrovsky reaction, b=40 mV/
dec) (3)

where H* and H,* represent a hydrogen atom and molecule
adsorbed on to a surface atom, respectively. Thus, one can
see that whereas the HER performance was primarily
limited by the Tafel reaction at Pt/C (Eq. (2)), the rate-
determining step at RN-800 most probably involved both
electroreduction of protons into H* (Eq. (1)) and the
subsequent formation of H,* (Eq. (2)).

It should be noted that such an HER performance of RN-800
(onset potential —0.027V, 59.4 mA/cm? at —0.2V vs. RHE,
b=67.8 mV/dec) is actually markedly better than or compar-
able to those of leading Mo-based HER catalysts (Table S1),

such as MoS,/reduced graphene (—0.10V, 48 mA/cm? at
—0.2V vs. RHE, 41 mV/dec) [11], NiMoN,/C nanosheets
(—0.078V, 13mA/cm? at —0.2V vs. RHE, 35.9 mV/dec)
[12], defect-rich MoS;, nanosheets (—0.12V, 4mA/cm* at
—0.2V vs. RHE, 50mV/dec) [10], WS, nanosheets
(—0.080V, 5.5mA/cm? at —0.2V vs. RHE, 60 mV/dec) [3],
carbon-based HER catalysts, such as cobalt-embedded nitro-
gen-rich carbon nanotubes (—0.05V, 6 mA/cm? at —0.2 V vs.
RHE, 80 mV/dec) [23], g-C5N4 nanoribbon-graphene (—0.08 V,
10 mA/cm? at —0.2V vs. RHE, 54 mV/dec) [30], C3N4@N-
doped graphene (—0.12V, 10 mA/cm? at —0.24V vs. RHE,
51.5mV/dec) [32], and N and S co-doped nanoporous gra-
phene (—0.14V, 10 mA/cm? at —0.39V vs. RHE, 80.5 mV/
dec) [29]. This suggests that the porous carbons derived from
controlled pyrolysis of peanut root nodules might indeed serve
as effective HER catalysts.

Electrochemical impedance spectroscopy (EIS) measure-
ments were then carried out to further probe the electron-
transfer kinetics involved. Figure 3c depicts the Nyquist plots
of the RN-800 modified electrode at various overpotentials,
where one can see that the diameter of the semicircles, i.e.,
the charge-transfer resistance (Rct), diminished markedly
with increasing overpotential. More detailed analyses were
carried out by fitting the impedance data to an equivalent
circuit depicted in the inset to Figure 3c, where Rs represents
uncompensated solution resistance, Rct is the charge-
transfer resistance and CPE is the constant-phase element.
Indeed, Rct decreased significantly with increasing over-
potentials, from 402.6Q at —100mV to 72.4Q at
—150 mV. Note that these values are drastically lower than
those of other HER catalysts at similar overpotentails, such as
MoS; on mesoporous graphene (1810 Q at —90 mV) [40], and
WS, nanoribbons (38 Q at —250 mV) [41].

Typically, the current density is expected to be propor-
tional to catalytically active surface area. Another alter-
native approach to estimate the effective surface area is to
measure the capacitance of the double layer at the
solid — liquid interface with cyclic voltammetry, which were
shown in Figure 3d and e. The high electrochemical area of
RN-800 modified electrode is 27.4 mF/cm?, which is mainly
due to the high specific surface area of porous carbon
nanosheets. It is worth noting that a rectangular shape in all
CV curves was maintained when the scan rate increased
from 40 mV/s to 200 mV/s, suggesting facile ion transport
and good ionic conductivity, which agrees with the electro-
chemical impedance results (Figure 3c).

In addition to excellent catalytic activity, the RN-800
modified electrode also exhibited extraordinary stability in
HER. Figure 3f shows that even after 1000 continuous
potential cycles, the j-V curve of the RN-800 electrode
remained almost unchanged, suggesting long-term viability
under operating conditions. To further investigate the stabi-
lity of RN-800 in HER, the current-time plots at the applied
potential of —0.25V (vs. RHE) was depicted in the inset to
Figure 3f. One can see that the current remain almost
invariable over 12 h of continuous operation. The generated
gas was collected and confirmed to be hydrogen by gas
chromatography, and the hydrogen produced amounts
were shown in Figure S4. Linear regressions of the experi-
mental data yield the corresponding hydrogen production
rate is ~438 mmolg~"h~", which is similar with or better
than that of the reported results, such as three-dimensional
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MoS,/graphene  frameworks  (358.2mmolg~"h~" at
—0.236 V vs. RHE), porous metallic MoO,-supported MoS,
nanosheets (120 mmol g~ "h~"at —0.23 V vs. RHE) and MoS,
grown on graphene-protected 3D Ni foams (13.47 mmol g~
cm~2h~"at —0.2V vs. RHE) [42].

The effects of carbonization temperature on the
morphologies and structure of RN were also examined.
SEM studies (Figure 4a-c) showed similar sheet-like morphol-
ogies of the RN samples prepared at different annealing
temperatures (600 °C, 700 °C, 800 °C, and 900 °C). Raman
measurements (Figure 4d) suggested increasing regularity of
the porous carbons with the calcination temperature

increased from 600 °C to 900 °C, as manifested with a
monotonic decrease of the Ip/l; ratio. More significantly,
XPS measurements (Figure S5) indicated that the bonding
configurations of S dopants in carbon catalysts were differ-
ent. The RN samples obtained at low temperature (600 °C),
the sulfone groups were the major oxidized sulfur moieties,
which induced the lower HER activity (Figure 4f). Overall it
can be seen that the concentrations of oxidized sulfur
moieties decreased and the C-S bonds increased with
increasing pyrolysis temperature from 600 °C to 800 °C.
The corresponding HER catalytic activities increased, as
seen from the gradual decrease in the overpotentials from
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around N (c) or S (e) dopant atom. The blue and yellow symbols denote decreased and increased charge density, respectively.

—0.271V to —0.027 V (Figure 4e). The catalytic activity of
the materials with low S doping obtained at 900 °C
decrease, with overpotential of about —0.253V, due to
the decomposition at high temperature. The linear portions
of Tafel plots were fitted to the Tafel equation, yielding
Tafel slopes of 103.8 mV/dec, 95.8 mV/dec, 67.8 mV/dec
and 84.2 mV/dec for RN-600 °C, RN-700 °C, RN-800 °C, and
RN-900 °C, respectively (Figure 4f). The results confirm that
the C-S bonds in doped carbon play an important role in
enhancing the HER activity.

The effect of S and N doping into carbon on HER was
confirmed by density functional theory (DFT) calculations
(Figure 5). The calculation was focused on hydrogen atom

binding energy on catalyst, an important intermediate state in
HER (Egs. (1)-(3)) [11,38,39]. The structural models of H
adsorbed on the different binding sites on pristine graphene,
S-doped graphene, and N-doped graphene were constructed.
For N-doped graphene, the charge density of the N-H bond
diminished because of spilling of electrons to the nearby
carbon atoms (Figure 5b) and the charge density increases
only on C atoms neighboring N doping atoms (Figure 5c). By
comparison, for S doped graphene, it can be seen from
Figure 5d and e that electrons were transferred from S-
doped graphene to H, which increased the charge density of
the S—H bond. This suggests that the stabilization of the H*
species in HER may originate from the enhanced charge
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density of S-doped carbon atoms, where S atoms are inher-
ently advantageous in interacting with H* than carbon atoms
due to the lone-pair electrons. It is worth noting whether H
absorbed onto C or S, the charge density was increased and
enhanced hydrogen atom binding energy on catalyst. In
summary, DFT calculations strongly suggest that S-doping into
the carbon matrix led to enhanced adsorption of H on S doping
atoms and the neighboring C atoms, whether H was absorbed
on S or C in the C-S bonds. The DFT calculations implied that
the S doping into carbon based catalysts could be more
efficiently to enhance the HER activity than that of N doping.

In order to demonstrate the calculation model, the
additional experiments were also conducted to obtain
some insights into the origin of the superior catalytic
activity as well as their elementary composition-catalytic
activity relationships. In our experiment, the sucrose
(C12H22041, only composed of C, H and O) as carbon source
was used to synthesize N-doped carbon (NC) by adding
dicyandiamide, N and S co-doped carbon (NSC) by adding
thiourea and S-doped carbon (SC) by adding sulfur powder.
The similar carbon nanosheets are shown in SEM images
(Figure S6). The electrocatalytic activities of the different
materials toward HER clearly indicate that the catalytic
activities increase in the order of NC (onset potential of
—0.241V, vs. RHE), NSC (—0.135V), and SC (—0.041 V), as
shown in Figure S7a. The corresponding Tafel plots are
shown in Figure S7b, which are 122 mV/dec for NC, 84 mV/
dec for NSC and 54.7 mV/dec for SC, which further
illustrate that the S doping play a pivotal role in enhancing
the HER activity of carbon.

Conclusion

n this study, an earth-abundant biowaste, peanut root
nodules was used to prepare effective non-metal HER
electrocatalysts by controlled pyrolysis at elevated tem-
peratures. With the rich sulfur and nitrogen contents in the
root nodules, both S and N were doped into the molecular
skeletons of the resulting porous carbons. TEM and SEM
measurements exhibited a porous and multilayer structure
with a specific surface area up to 513.3 m?/g. Electroche-
mical measurements showed that the sample prepared at
800 °C displayed the best HER activity among the series,
with a small onset potential of only —0.027 V (vs. RHE), a
Tafel slope of 67.8 mV/dec, a large catalytic current density
of 59.4 mA/cm? at —0.2V, and prominent electrochemical
durability. Such a performance, while somewhat subpar as
compared to that of commercial Pt/C, was markedly better
than those of leading Mo-based HER catalysts. DFT calcula-
tions confirmed that S doping led to marked changes of the
electronic energy structures and enhanced adsorption of H
atoms on the catalysts, which more efficiently to enhance
the HER activity than that of N doping. The results
presented herein may offer a novel and effective methodol-
ogy for the preparation of non-metal HER catalysts based on
abundant biowastes on a large scale.
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