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The electrocatalytic decomposition of the abundant and toxic H,S
from industrial by-products is a promising energy conversion technology
for H, production and simultaneously removing this environmental
pollutant. However, the development of such a technology has been
hindered by the lack of low-cost, efficient and robust electrocatalysts.
Herein, we reported a remarkable graphene-encapsulated metal catalyst,
i.e., nitrogen-doped graphene encapsulating a non-precious CoNi
nanoalloy as the anode for highly efficient electrocatalytic H, production
from H,S. This optimized catalyst could drive the anode reaction at an
onset potential of 0.25 V, which was 1.24 V lower than that required for
the water oxidation reaction, and delivered almost twice current density
than that of Pt/C. Meanwhile, it exhibited approximately 98% H, faradaic
efficiency and maintained long-term durability for more than 500 h
without any decay. The density functional theory calculations revealed
that the CoNi and nitrogen dopants synergistically facilitated the for-
mation of polysulfides on graphene’s surfaces. Furthermore, a demo
showed 1200 h stability for removing H,S impurities from industrial
syngas to produce hydrogen by this graphene-encapsulated metal
catalyst, demonstrating its great potential for hydrogen production
toward sustainable energy applications.

Introduction

Hydrogen production plays a crucial role in the hydrogen
economy."? The technology for clean H, production, typically
electrocatalytic water splitting, has attracted substantial
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Broader context

Hydrogen sulfide is a toxic by-product of oil and gas production released
in enormous quantities, and it is also a potential source of an important
green energy carrier, namely, hydrogen gas. Based on the Claus process,
the current industrial technology for removing H,S can only recover sulfur
from H,S, while the hydrogen constituent is wasted as steam. The
electrocatalytic decomposition of H,S, which produces hydrogen at the
cathode and recycles sulfur at the anode, has a higher economic value,
realizing atom economy and meanwhile turning waste into energy.
However, it still lacks a kind of cheap and high-activity catalyst as the
reported precious materials have high cost and the bare non-precious
metal materials are easily corroded. Herein, we reported a kind of
graphene-encapsulated non-precious metal material as a low-cost and
high-activity electrocatalyst for the decomposition of H,S. This optimized
catalyst could drive the hydrogen production from decomposing H,S at a
much lower potential, which was 1.24 V lower than that of water splitting.
Meanwhile, it displayed high activity and almost twice current density
than that of the precious Pt/C catalyst, maintaining 500 h stability without
decay. We demonstrated that the superiority of this catalyst originated
from the modulation of the electronic structure of the graphene surface by
the metal core and nitrogen dopants by the combination of theoretical
and experimental results. Moreover, a demo showed more than 1200 h
stability to selectively remove H,S impurities from industrial syngas for
hydrogen production, which further indicated its potential for converting
waste into sustainable energy in practical applications.

research interests.>* However, this process usually needs a
high potential of over 1.23 V in theory because of the sluggish
oxygen evolution reaction at the anode, which results in high
energy consumption. Besides H,0, the H,S molecule, which is
an abundant resource but is usually considered as a toxic by-
product in chemical feedstocks such as natural gas, syngas and
refinery gas,”® is a promising hydrogen source.” The current
industrial technology for removing H,S is mainly based on the
Claus process,® through which only sulfur is recycled, while
hydrogen is wasted and discharged as steam. Therefore, the
efficient removal and utilization of industrial H,S remain big
challenges. By coupling the extraction of valuable sulfur species
with highly effective H, production, the decomposition of H,S
becomes even more appealing and economically profitable.
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The electrocatalytic decomposition of H,S is a mild and
efficient method,® which involves the anodic oxidation of S*>~ and
the simultaneous cathodic evolution of H,. A variety of metal-
based anode electrocatalysts have been explored in previous
works, including precious metal Pt/C, non-precious metals, metal
oxides, and metal sulfides.'®™"® However, bare metals are easily
etched or poisoned by S>~ ions, which substantially decreases the
activity and stability of the catalyst and thus impedes the industrial
application of such a technology. Therefore, developing a low-cost,
highly efficient and robust electrocatalyst is crucial to achieve the
sustainable electrocatalytic decomposition of H,S.

Recently, we developed a strategy for protecting transition
metals (TMs) against corrosion via constructing graphene-
encapsulated metal materials, which we called chainmail catalysts;
here, graphene shells were used as the chainmail to encapsulate
TM cores and separate them from harsh reaction environments.
Meanwhile, the catalytic activity on the surface of the graphene
shells was triggered owing to the electron transfer from the
encapsulated TMs.'”*® This kind of unique chainmail catalysts
can exhibit high stability and activity in a variety of catalytic
systems in harsh reaction environments.'*! Inspired by this,
we herein proposed a new template-assisted method for fabri-
cating a non-precious CoNi nanoalloy enclosed in nitrogen-
doped graphene as the effective electrocatalyst for simultaneous
H, and S production from H,S. The resulting non-precious
chainmail catalyst exhibited a remarkably higher performance
than precious Pt/C and displayed long-term durability of over
500 h without any decay in performance. Furthermore, the
density functional theory (DFT) calculations indicated that the
presence of synergy between the encapsulated metal alloy and
nitrogen dopants could optimize the electronic structure of the
graphene shells and further promote the adsorption of poly-
sulfide intermediates on graphene’s surface, thereby inducing
high sulfide oxidation reaction (SOR) activity.

Results and discussion
Catalyst preparation and characterization

The chainmail catalyst was prepared through a template-assisted
method, which is illustrated in Fig. S1, ESL7 First, CoNi hydroxide
was precipitated on SiO, templates to get the precursor
CoNi(OH),-SiO,. Then, the precursor was reduced to CoNi nano-
particles (NPs) under a reducing atmosphere, and CoNi NPs were
encapsulated by graphene shells through a chemical vapor deposi-
tion (CVD) process at 600 °C. Finally, the chainmail catalyst named
CoNi@NGs was obtained after etching the SiO, templates. Besides,
a series of control samples were synthesized, including reference
chainmail catalysts with a single metal core of cobalt (Co@NGs)
and nickel (Ni@NGs), cobalt and nickel oxide NPs loaded on
carbon nanotubes (CNTs) named CoNiO,~CNTs, and a material
obtained by removing the metal core of CoNi@NGs named
N-Carbon.

Transmission electron microscopy (TEM) and X-ray absorption
fine structure (XAFS) analyses were employed to characterize the
structural and electronic properties of the obtained CoNi@NGs.
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The TEM images in Fig. 1a-c clearly show the morphological
changes in the process of the synthesis of CoNi@NGs. The
precursor CoNi(OH), layers are distributed homogeneously on
the SiO, templates (Fig. 1a and Fig. S2, ESIt). After CVD,
numerous small NPs together with the formation of CNTs
appear on the SiO, templates (Fig. 1b and Fig. S3, ESI{). With
the removal of the SiO, templates, one can see metal NPs
uniformly distributed on the interlaced CNTs (Fig. 1c). The
high-resolution TEM (HRTEM) image (Fig. 1d) confirms that the
metal NPs with an average diameter of 4-6 nm are completely
encapsulated by a single layer graphene shell with a layer thickness
of 3.4 A. According to the statistical analysis of the HRTEM images,
almost 96% of the graphene layers on CoNi NPs are a single layer
(Fig. S4, ESIt). The elemental mapping images of metal NPs
obtained by energy dispersive X-ray spectroscopy (EDX) indicate
that the elemental distributions of Co and Ni encapsulated in the
graphene shells are homogeneous (Fig. 1f). Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) shows that the
mass contents of Co and Ni are 10.5% and 16.8%, respectively, in
CoNi@NGs (Table S1, ESIt). The lattice fringes of the internal
metal NPs display an interplanar spacing of 2.1 A (Fig. 1e), which
matches with the (111) plane of the CoNi alloy. Furthermore,
XAFS, which is sensitive to the chemical states and coordination
environments of atoms, indicates that the states of Co and Ni in
CoNi@NGs are close to those of the corresponding metal foil
references. This demonstrates that both Co and Ni are in the
metallic state (Fig. 1g-j), which is also consistent with the X-ray
diffraction (XRD) (Fig. S5, ESIf) and X-ray photoelectron
spectroscopy (XPS) (Fig. S6, ESIt) results. These observations
prove that the CoNi alloy NPs are completely encapsulated by
the graphene shells, and NPs thus stay in the metallic state.

Electrocatalytic performance

The electrocatalytic performance of CoNi@NGs for SOR was
evaluated in Ar-saturated 1 M NaOH and 1 M Na,S solutions
using a three-electrode system with Hg/HgO and a graphite rod
as the reference electrode and counter electrode, respectively.
Linear sweep voltammograms (LSVs) were recorded to evaluate
the SOR performance of the catalysts. Compared with the onset
potential for the anodic oxygen evolution reaction (OER) of
electrocatalytic water splitting, the onset potential of optimal
CoNi@NGs for SOR (Fig. S7, ESIT) was only 0.25 V (versus RHE)
at 1 mA cm™ 2, which was 1.24 V lower than that of OER (Fig. 2a,
Fig. S8 and Table S3, ESIT). Note that a 1.2 V commercial battery
can easily drive the electrocatalytic decomposition of H,S,
which produces abundant hydrogen bubbles on the graphite
rod, as shown in Fig. 2b and in Video S1, ESL.f However, it is
impossible to run the electrocatalytic splitting of H,O at such a
low potential (Fig. S9 and Video S2, ESIt). This indicates that to
produce the same amount of H,, the electrocatalytic decom-
position of H,S consumes much less electrical energy, which
clearly shows the advantage of low energy consumption for
hydrogen production compared with electrocatalytic decomposition
of H,0. In addition, CONi@NGs show a better SOR performance
than the reference CoNiO,-CNTs and N-carbon (Fig. 2c, d,
Fig. $10-S12 and Table S4, ESIY), indicating that the graphene

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Morphology and structural characterizations of CoNi@NGs. (a and b) TEM images of CoNi(OH),—SiO, and CoNi@NGs-SiO,. (c-e) HRTEM images
of CoNi@NGs. (d) The red marks show the graphene layer with a layer thickness of 3.4 A. The inset schematic illustration shows the model structure of
CoNi@NGs. (e) An enlargement of figure (d) showing the (111) crystal plane of the CoNi alloy. (f) EDX maps of Co and Ni elements in CoNi@NGs. (g and i)
The normalized Co K-edge XANES and the corresponding k?-weighted EXAFS spectra of CoNi@NGs in comparison to Co foil, commercial Co,Os and
commercial CosO4. (h and j) The normalized Ni K-edge XANES and the corresponding k?-weighted EXAFS spectra of CoNi@NGs in comparison to Ni foil
and commercial NiO.

chainmail catalyst and the encapsulated CoNi cores play important ~ superior activity than the control catalysts, including precious
roles in enhancing the SOR activity of CoNi@NGs. Moreover, materials Pt/C and IrO,, metallic sulfides, metallic oxides, metal-
compared with a series of materials mentioned in the previous organic compounds, and carbon catalysts (Fig. 2¢, d and Table
works and some related potential catalysts, CONi@NGs display S5, ESIT). In particular, the current density of CONi@NGs at 0.5 V
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Fig. 2 Electrocatalytic performance test of CoNi@NGs for SOR. (a) Comparison of SOR and OER polarization curves for CoNi@NGs. The difference
value of the two reactions’ onset potentials is 1.24 V. (b) The photo of a device with a 1.2 V commercial battery directly driving the decomposition of H,S.
The enlargement highlighted in red shows the production of abundant hydrogen bubbles on the graphite rod. (c) SOR polarization curves for CoNi@NGs
in comparison with CoNiO,—CNTs, N-Carbon, 40% Pt/C, IrO, and CNTs with the same mass loading. (d) Current densities for CoNi@NGs, CoNiO,—
CNTs, 40% Pt/C and CNTs at the potentials of 0.3V, 0.4V, and 0.5 V in SOR. (e) Nyquist diagrams of the catalysts measured at a constant potential of
0.4 V (versus RHE). (f and g) Durability measurements of CoNi@NGs. The vertical dotted lines in (f) mark the time span (every 36 h) of replacing the
electrolyte in the 500 h chronoamperometry test. The shadow in (f) indicates the current density of CoNi@NGs remaining around 30 mA cm™2 for 500 h.
The polarization curves in (g) record the SOR activity of CoNi@NGs before and after the 500 h durability test in (f).

was almost twice than that of commercial 40% Pt/C and much
higher than that of the other catalysts. The electrochemical impe-
dance spectra (EIS) of the materials (Fig. 2e, Fig. S13 and Table S6,
ESIt) show that CoNi@NGs possess the lowest charge transfer
resistance (R.) value compared with other samples, further confirm-
ing the superior catalytic activity. Besides, in the 500 h durability
measurements at 0.317 V (versus RHE), the current density of
CoNi@NGs remained at around 30 mA ecm ™ (Fig. 2f and Fig. S14,
ESIt). The polarization curve after the 500 h durability test shows a

122 | Energy Environ. Sci,, 2020, 13, 119-126

high performance with almost no decay compared with the initial
test (Fig. 2g), which indicates the excellent durability of CONi@NGs.
The HRTEM images of CoNi@NGs after the 500 h durability test are
given in Fig. S15, ESL{ Note that the structures of CoNi NPs
encapsulated in the graphene shells are well maintained, which
further confirms the robustness of our chainmail catalysts in harsh
environments. Overall, the high activity and remarkable durability of
CoNi@NGs demonstrate their great potential for H, production
from the electrocatalytic decomposition of H,S.

This journal is © The Royal Society of Chemistry 2020
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In order to clarify the actual yield and the reaction process of
the electrocatalytic decomposition of H,S, the decomposition
products and the electrolyte in the reaction were tested.
In a galvanostatic test at 100 mA cm > current density, the
amount of hydrogen production was maintained at around
0.74 mL min~" via realtime monitoring by gas chromatography,
which extrapolated 98% faradaic efficiency of hydrogen production
(Fig. 3a). As the reaction proceeded, the color of the electrolyte
became yellow and gradually got deeper, as shown in the photo
in Fig. 3b. In order to determine the mechanism of the anodic
reaction, we designed an in situ electrochemical ultraviolet and
visible (UV-Vis) spectrophotometry system to test the products
in the electrolyte. The peaks shown at 300 nm, 370 nm and
420 nm correspond to the short-chain polysulfides (S,> -S,>")
in the electrolyte (Fig. 3b, ¢ and Fig. $16, ESI).>*>* The signal
strength of the polysulfides increased obviously as the reaction
progressed, and the peak at 300 nm reached the limit of
detection at the earliest and covered the peak at 370 nm in
the in situ UV-Vis test results. Polysulfides were generated
from the oxidation product sulfur further combining with the
sulfides in the electrolyte.”> With the concentration of poly-
sulfides increasing, the color of the electrolyte became darker.
A yellow powder could be efficiently obtained through the
acid treatment of the electrolyte,”®*” which corresponded to
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elemental sulfur, as confirmed by XRD analysis (Fig. 3d).
Therefore, this demonstrates that CONi@NGs accomplish the
effective decomposition of H,S and simultaneously produce
clean hydrogen and sulfur.

Mechanism investigation

DFT calculations were performed to rationalize the superior
activity of CoNi@NGs toward the electrocatalytic decomposition
of H,S. The prevalent oxidation of S*~ can occur in three different
stages, i.e., an initial S>~ state, an intermediate S* state, and S as
the final product.”®>° Generally, the binding strength of the
reaction intermediates to the electrode’s surface can serve as a
good measure of the electrocatalytic activity of a catalytic
material.??"3> Therefore, a catalyst that gives a free energy of
adsorbed S of approximately zero (AGs« & 0) is considered a good
candidate for SOR to compromise the reaction barriers of the
adsorption and desorption steps. According to the computational
results (Fig. 4a and Table S7, ESIt), pristine graphene, N-doped
graphene shells and CoNi clusters have high |AGs-|, and too weak
or too strong adsorption of sulfur hinders the high activity of
materials. Interestingly, the catalytic activity of N-doped graphene
is substantially improved when it encapsulates metal clusters,
such as Co and Ni and their alloy. In particular, CONi@NGs
can exhibit a near thermo-neutral adsorption of sulfur with
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Fig. 3 Electrocatalytic process and products of H,S decomposition. (a) Faradaic efficiencies and evolution rates of hydrogen production in a
galvanostatic test at 100 mA cm™2. (b) UV-Vis spectra of 250 times diluted electrolyte samples corresponding to the electrolytes in the inset photo
with the reaction proceeding in a galvanostatic test at 100 mA cm™2. The inset graph in (b) shows the UV-Vis spectra for 50 times diluted electrolyte
samples, with the colors corresponding to the reaction times in the inset photo. (c) In situ electrochemical UV-Vis tests for anodic electrolyte with
reaction proceeding in a galvanostatic test at 100 mA cm™~2 in two hours. (d) XRD characterization of product S. The inset photo is the collected product
of S powder.
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Fig. 4 Theoretical interpretation of the SOR over CoNi@NGs. (a) Gibbs free energy (AG) profiles of the SOR for various catalysts. (b) Polarization curves of
SOR for CoNi@NGs, Co@NGs, Ni@NGs, and CNTs in experiment. (c) Difference in charge density (Ap) values of S adsorbed on CoNi@NGs with the red and
blue areas denoting increased and decreased charge density, respectively. Ap is defined as Ap = p(total) — p(S-NC) — p(CoNi), where p(total), p(S-NC) and
p(CoNi) are the charge densities of S-CoNi@NGs, S-NC and CoNji clusters, respectively. (d) Comparison of the projected density of states (DOS) of S(3p) and
its bonded C(2p) when S is adsorbed on the surface of pristine graphene, CoNi@Gs and CoNi@NGs. The dashed lines present the centers of the occupied
bands. (e) The free energy profiles of the formation of polysulfides (S,*) in the aqueous solution on N-Graphene's surface and on CoNi@NGs' surface.

AGgs« = —0.29 eV, which is much lower than that of N-doped
graphene (1.87 eV). This confirms the better catalytic activity of
CoNi@NGs, which agrees with the experimental results (Fig. 4b).
In addition, the analysis of the computed SOR activity of
CoNi@NGs consisting of two graphene layers showed that with
the increase in the number of graphene layers, the promotion
of sulfur absorption by the encapsulated CoNi clusters was
substantially weakened. Nevertheless, the promotion is still
prominent through two layers of graphene (Fig. S17, ESIT). The
calculated projected density of states (DOS) in Fig. 4d shows a
downshifted band center for the occupied state of the C-S bond
(sum of C,, and S;p) on CoNi@NGs compared with that on
CoNi@Gs and graphene. This means that the stronger S-C
chemical bonding enhances the sulfur adsorption on graphene’s
surface and thereby enhances the SOR activity, which is consis-
tent with the experimental results (Fig. S18, ESIT). Furthermore,
the electronic state structure analysis in Fig. 4c reveals that the
stabilization of the S* intermediate on CoNi@NGs may originate
from the enriched charge density of the carbon atoms near the
CoNi cluster and nitrogen dopants.

Besides elemental sulfur, short-chain polysulfides including
S, to S, are formed on the anode’s surface under the operating
conditions. We thus performed DFT calculations to elucidate

124 | Energy Environ. Sci, 2020, 13, 119-126

the mechanisms responsible for polysulfide formation in the
aqueous solution on N-graphene and CoNi@NGs.?*3° The
schematic illustrations of the reaction paths are described in
Fig. S19, ESL ¥ consisting of the different adsorbed S species
from initial S* to S;*. The corresponding free energy profiles
are given in Fig. 4e. It was shown that the formation energies of
the S,* intermediates of each reaction step for CONi@NGs were
obviously lower than those observed for the species formed in
solution. Specifically, S,* on CoNi@NGs showed much better
stability compared with the S;* and S,* species, suggesting that
the short-chain S,>~ species may be the main product in the
electrolyte, which was consistent with the experimental results.

Selective removal of H,S from industrial syngas to produce
hydrogen by CoNi@NGs

In order to determine the effectiveness of CONi@NGs to utilize
waste H,S for hydrogen production in a realistic system, we
constructed a demo for the electrocatalytic selective removal of
H,S from simulated industrial syngas (49% CO, 49% H, and
2% H,S). The LSV test showed that CoNi@NGs had a high
response current after introducing 2% H,S/syngas (Fig. 5a).
In contrast, there was almost no response current for syngas
without H,S at a wide potential, which was lower than the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 A demo for the selective removal of H,S from industrial syngas to produce hydrogen by CoNi@NGs. (a) The LSV curves for the oxidation activity
over CoNi@NGs in different reaction gases, including 2% H,S/syngas (49% CO, 49% H, and 2% H,S), syngas (50% CO and 50% H,) and Ar as a blank
control. The potential peaks at around 1.5 V were caused by the partial oxidation of Ni foam, which was used as the substrate for loading CoNi@NGs in
the polarization curve tests. (b) Durability measurement of CoNi@NGs for removing H,S in industrial syngas via flowing with 2% H,S/syngas. The
measurement was carried out at a galvanostatic current of 20 mA cm~2, and the corresponding potential of CONi@NGs was maintained at around 0.5 V
(versus RHE) (as shown in shadow) for over 1200 h. The vertical dotted lines mark the time span (every 50 h) to replace fresh 1 M NaOH electrolyte and

pre-purge 2% H,S/syngas for 2 h.

potential of oxygen evolution from water. This indicated that
CoNi@NGs had high activity for the selective removal of H,S
from syngas, while the main components CO and H, in the
syngas will not be consumed during the removal of the H,S
impurities. Furthermore, the long-term galvanostatic test at
20 mA cm ™2 current density showed that the potential of SOR
could be well maintained at around 0.5 V (versus RHE) for over
1200 h (Fig. 5b, Fig. S20 and Table S8, ESIt), suggesting
excellent stability in the selective removal of H,S from industrial
syngas. These results demonstrate that the CoNi@NG electro-
catalyst has high reliability to remove H,S impurities from
industrial syngas for producing hydrogen.

Conclusions

In summary, we developed a robust chainmail catalyst via a
template-assisted strategy to achieve a CoNi nanoalloy encap-
sulated within an ultrathin N-doped graphene layer. This kind
of chainmail catalyst had an ultralow onset potential of 0.25 V
for anodic SOR, which was 1.24 V lower than that required for
OER. It exhibited almost twice current density than the commercial
precious metal Pt/C catalyst at 0.5 V potential. The optimized
catalyst showed excellent durability without degradation even
after 500 h and approximately 98% faradaic efficiency toward H,
production. The DFT calculations revealed that the high activity
for SOR may originate from the modulation of the electronic
structure of graphene’s surface by encapsulating a metal alloy
and doping with nitrogen, which facilitated the adsorption of
S* and the formation of polysulfide intermediates on graphene’s
surface. Furthermore, we showed a demo for the direct utilization
of the H,S impurities from industrial syngas to produce hydrogen
employing the CoNi@NG catalyst, which showed high stability
for more than 1200 h. This work demonstrated that the chain-
mail CoNi@NGs can be used as a low-cost, highly efficient and
robust catalyst to achieve efficient conversion of the hazardous

This journal is © The Royal Society of Chemistry 2020

waste H,S gas into clean energy hydrogen and valuable chemical
sulfur, which shows a promising potential for practical applications.
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