RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

In Situ Carbon Thermal Reduction to Enrich Sulfur-Vacancy
in Nickel Disulfide Cathode for Efficient Synthesizing

Hydrogen Peroxide

Sijia Liu, Hao Ren, Fayou Tian, Lina Geng, Wangyang Cui, Jinhui Chen, Yan Lin,*

Mingbo Wu, and Zhongtao Li*

Transition metal catalysts are widely used in the 2e~ ORR due to their
cost-effectiveness. However, they often encounter issues related to low
activity. Defect engineering are used on developing highly active catalysts,
which can effectively modify active sites and promote electron transfer. Here,
carbon-coated Ni;S, (Ni;S, @C), where the additional sulfur vacancies (V) is
prepared induced by the carbon layer is coupled with active nickel sites.
Through in situ and ex situ experiments combined with DFT calculations, it is
demonstrated that the carbon layer can regulate the quantity of V in Ni,S,.
Materials with a higher concentration of Vg exhibit enhanced 2e~ ORR activity
and higher H,0, selectivity. In situ Raman spectroscopy confirms that Ni
serves as the key active site in this catalyst. DFT calculations indicate that the
OOH binding energy (AG) decreases with an increase in the number of Vs,
favoring the protonation of *OOH to generate H,0,. Upon performance
testing, the average H,O, selectivity is 92.3%, with the highest yield reaching
up to 3860 mmol gcat~' h~. It is noteworthy that Ni;S, @C exhibits high

substantial organic by-product waste, and
the need to transport the obtained H,0,
to the point-of-use.l?) To overcome these is-
sues, the electrocatalytic 2e~ ORR for the
preparation of hydrogen peroxide has be-
come an attractive strategy due to its safety,
environmental and economic advantages.[’!
Although there are numerous potential
advantages to electrochemical H,O, syn-
thesis, the actual process is challenging
because many electrode materials favor
the competitive four-electron (4e”) ORR
to H,O over the 2e-~ ORR to H,0,"
Therefore, it is essential to find ORR
electrocatalysts with a high selectivity for
H,0, production via the 2e~ pathwayl’]

Currently, enormous effort has been
devoted to catalyst design for selective 2e~

stability, with only a slight decrease in 2e~ pathway selectivity after 5000

cycles of ADT.

1. Introduction

Hydrogen peroxide (H,0,), as an environmentally friendly and
versatile high-efficiency green oxidant, has been widely applied
in industries such as papermaking, chemical engineering, and
sewage treatment.l!! Currently, H,0, is manufactured via the an-
thraquinone process which has a number of disadvantages in-
cluding non-distributed production, high-energy consumption,
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ORR production, including single-atom
catalysts,[®) noble metal-based catalysts,!’!
and carbon-based catalysts.’] However,
these materials still suffer from poor stabil-
ity, scarcity, and low selectivity, respectively.
Thus, it is important to develop abundant,
highly active, and inexpensive transition metal (Ni, Co, Fe, etc.)
catalysts for electrocatalytic ORR.[?) Among the transition met-
als, Ni has strong adsorption capabilities for atomic oxygen and
molecular oxygen.!'”) Moreover, Ni-based sulfides have received
increasing attention due to their unique d-electron configuration
and excellent conductivity.'!l Ni,S,, as a highly active phase in
various NiSx (i.e. NiS, Ni;S,, NiS,), exhibits excellent HER and
OER electrocatalytic activity. However, it has rarely been explored
in 2e~ ORR.I?I The catalyst can be corroded by acidic or alka-
line electrolytes. High overpotentials and interfaces in the liquid-
solid catalytic system can lead to surface reconstruction of Ni,; S,
which further contributes to the decrease in activity.['*] Addi-
tionally, the crystal structure of Ni;S, consists partly of metal-
nonmetal Ni—S bonds, resulting in hindered electron transfer,
poor electrical conductivity, and electrocatalytic performance.*]
Therefore, maintaining the high stability of inorganic catalysts,
especially non-noble transition metal catalysts, without sacrific-
ing their activity under appropriate reaction conditions remains
a significant challenge.

Encapsulation of metals in carbon effectively prevents corro-
sion and reconstruction of active substances during the electro-
catalytic reaction, thus maintaining high catalytic activity and
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stability.!’] Electrons are freely transferred between metal and
carbon. There is an electronic interaction between metal and
carbon materials. The intermolecular charge transfer effect can
modulate the catalyst charge state and further regulate the elec-
trocatalytic activity.'®! Wang et al. demonstrated that a carbon
layer can protect the catalyst and enhance its conductivity, ensur-
ing that electrons transfer promptly to reactants, thereby avoiding
over-accumulation of electrons, self-reduction leading to struc-
tural collapse, and subsequent performance decline.l'>*! Addi-
tionally, a high-temperature carbon layer has a positive effect on
defect formation. Vacancies in the catalyst can synergize with
nearby active metals to modulate the intrinsic electronic struc-
ture of the catalyst. This can alter the binding strength of the ac-
tive species to O, and intermediates, thereby significantly sup-
pressing the cleavage of the O—O bond in the *OOH intermedi-
ate and thus led to an increase in 2e~ selectivity.['”]

Here, we synthesized a Ni-based sulfide catalyst with S vacan-
cies encapsulated in a carbon layer (Ni,S,@C) through simul-
taneous CVD chemical vapor deposition and high-temperature
annealing, and investigated the mechanism of the impact of its
composite structure on the alkaline 2e~ ORR reaction pathway.
Electrochemical tests showed that Ni,;S,@C exhibits excellent
2e” oxygen reduction selectivity, with the highest H, O, selectivity
reaching 93.7%. When Ni, S, @C was used as a catalyst for assem-
bling an H-cell and a flow cell to produce H,0,, the H,0, yields
were 435 and 3860 mmol gcat™! h™!, respectively. Furthermore,
this catalyst was able to maintain its excellent working efficiency
for 43200s, as well as 5000 CV cycles. The experimental results
show that the Ni; S, @C catalyst induces more Vg through high-
temperature induction of the carbon layer, promoting *OOH for-
mation. The carbon layer enhances conductivity and increases
the internal Ni electron density while slowing down the corro-
sion of electrons on the catalyst. The excellent reactivity was at-
tributed to the increased Vg of the CVD-coated carbon layer, and
in situ characterization demonstrated that this structure reduced
the reaction voltage. This further improved the reaction kinetics
and facilitated the production of H,O, by protonation of *OOH.

2. Results and Discussions

2.1. Morphology and Structure Characterization

Nano carbon-encapsulated transition metal inorganic catalysts
were prepared using high-temperature annealing and in-situ
chemical vapor deposition (Figure S1, Supporting Information).
The samples were denoted as Ni,; S, @C, while those subjected
to only 600°C calcination were denoted as NiS,-600. The sam-
ples of carbon black treated by CVD are noted as CB@C. To
explore the optimal performance, different calcination tempera-
tures and anhydrous ethanol feed amounts were adjusted (exper-
imental part of the supporting information), and the synthesized
Ni,; S, @C were all prepared under optimal reaction conditions.
The synthesis process and microscopic reaction mechanisms of
Ni, S, @C with sulfur vacancies (V) are illustrated in Figure 1a.
The scanning electron microscope (SEM) image showed that the
precursor NiS, was a microsphere composed of nanosheets with
various sizes. The thickness of the initial nanosheets is ~30 nm
and the surface is relatively smooth (Figure S2a, Supporting In-
formation). NiS, lost its nanosheet structure after 600°C high
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temperature (Figure S2b, Supporting Information). The SEM im-
age showed that the microspheres of Ni; S, @C disappeared af-
ter carbon coating, and a network of loose and rough carbon
layers appeared on the surface. The deposited carbon layer sig-
nificantly changed the smooth and intact surface of NiS, and
NiS,-600, which resulted in more exposed sites and surface area
for Ni; S, @C compared to NiS, and NiS,-600, conducive to the
ORR process (Figure 1b). The specific surface area and pore size
distribution of Ni,;S,@C and NiS,-600 were next further ana-
lyzed by performing adsorption and desorption tests under ni-
trogen conditions. The specific surface areas of the two mate-
rials were calculated to be 333 and 100 m? g™, respectively.
The specific surface area of Ni,;S,@C is greater than that of
NiS,-600 due to the surface roughness of the carbon layer car-
bon layer increases the contact area(Figure S3, Supporting Infor-
mation). The high-resolution transmission electron microscopy
(HRTEM) image (the inset in Figure 1c) distinctly showed the
lattice fringes with a spacing of 0.287 nm, corresponding to the
(110) plane of Ni,S,. This indicates that NiS, is successfully
transformed into Ni; S, after CVD deposition (Figure 1c). Trans-
mission electron microscopy (TEM) clearly showed that Ni,S,
nanoparticles were encapsulated with a layer of carbon on the
outer layer (Figure S4, Supporting Information). TEM mapping
showed that the elements are uniformly distributed in the mate-
rial (Figure 1d). Furthermore, XRD results showed that the pre-
cursor nickel disulfide was successfully converted to Ni, S, after
calcination at 600°C. In addition to the diffraction peaks of Ni, S,,
the diffraction peaks of the amorphous carbon (002) crystal sur-
face appeared at 26 = 25.073° in the CVD deposited material. This
above proof suggests that the inner catalyst is still Ni, S, after the
CVD deposition and the carbon layer is successfully covered on
the surface (Figure le). In addition, Raman spectroscopy showed
two characteristic peaks at 278.9 and 476.4 cm™! for the precur-
sor, corresponding to the Eg and Ag phonons of NiS,, further
confirming the successful synthesis of the precursor NiS, (Figure
S5, Supporting Information). The Raman spectrum of NiS,-600
showed characteristic peaks at 185.4, 324.2, 198.1, 222.2, 305.7,
and 349.0 cm™!, corresponding to two A, and four E vibrational
modes of Ni;S,, indicating that NiS, transformed into the Ni, S,
phase after direct calcination at 600°C (Figure 1f). The Raman
spectrum of Ni; S, @C showed only D and G peaks of carbon at
1340 and 1587 cm™!, and characteristic peaks of Ni;S, were not
found. This is because Raman spectroscopy is a surface analysis
method, whereas Ni; S, @C is covered with a porous carbon layer,
so only D and G peaks appear in its Raman plot. (Figure 1g). In
summary, SEM and TEM characterization confirmed the mor-
phology of Ni,S,@C and its encapsulation by a carbon layer,
while XRD and Raman tests demonstrated the successful syn-
thesis of the Ni, S, @C material.

Furthermore, to investigate the effect of the electronic environ-
ment of the catalyst on the ORR reaction, X-ray photoelectron
spectroscopy (XPS) is used to analyze the composition and va-
lence states of the elements in the materials. The XPS spectrum
showed that the catalyst is mainly composed of four elements, S,
C, O, and Ni (Figure S6, Supporting Information). The Ni, S, @C
catalyst exhibited a high carbon content 0f 91.89% (Table S1, Sup-
porting Information), indicating that the porous amorphous car-
bon was successfully encapsulated on the surface of the material.
Apparently, the high-resolution Ni 2p;, and 2p, ,, XPS spectrum
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Figure 1. Morphology and structural characterization. a) Schematic diagram of the formation of defect-rich Ni; S, @C. b) SEM images Ni;S, @C cata-
lysts. ¢) HRTEM images and d) Mapping of Ni;S, @C. e)XRD pattern of NiS,, NiS,-600, and Ni;S, @C catalysts. Raman spectra of f) NiS,-600 and g)

Ni3S, @C catalysts.

for Ni,S, @C shifted to the lower binding energy as compared
to that of NiS,-600(Figure 2a). The area ratio of low-valent Ni in
Ni; S, @C was larger than that of NiS,-600. These two signs im-
plied that the valence state of Ni was reduced in the presence of
a carbon layer, demonstrating the existence of an electronic in-
teraction between the CVD-deposited carbon layer and the inner
catalyst. During the reaction, this interaction maintained the Ni
active site in an electron-rich state, increasing its reactivity.'®! To
further demonstrate the advantageous role played by the carbon
layer for charge transfer, we perform differential charge simula-
tions with or without covering the carbon layer (Figure S7, Sup-
porting Information). Yellow represents electron aggregation and
blue represents electron deletion. The presence of a large blue
color in the carbon layer and a large yellow colour below the car-
bon layer demonstrates the efficient transfer of electrons from
the carbon layer to the inner catalyst. In addition, the comparison
of high-resolution S 2p XPS spectra for NiS,-600 and Ni, S, @C
also revealed the decrease in the valence state of S and the in-
troduction of S vacancies (Figure 2b). Furthermore, a C-S-C peak
appeared at 164.56 eV in Ni; S, @C, suggesting the existence of a
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porous carbon layer on the surface of Ni; S, . In order to compare
the difference between the CVD deposited carbon and the con-
ventional cladding carbon, glucose and precursor NiS, were co-
calcined to form the sample Ni; S,-Glu@C. The Ni 2p spectrum
of Ni;S,-Glu@C showed that the binding energy of Ni 2p;, and
Ni 2p,;, were the same as that of NiS,-600 (Figure 2c), whereas
the binding energy of Ni; S, @C was shifted to lower binding en-
ergy. This demonstrated that the CVD-coated carbon layer pos-
sessed the ability to electronically modulate and lower the inner
Ni valence state, which was not available with conventional an-
nealing thermal synthesis methods. The electron paramagnetic
resonance (EPR) signal (Figure 2d) at g = 2.003 was ascribed
to the formation of S vacancies, with higher EPR signal inten-
sity indicating more concentrated S vacancies.'”] The higher in-
tensity of the Ni; S, @C signal indicated the high Vg concentra-
tion, while faint Vg were present in CB@C.*! This is because
the carbon layer deposited by CVD has a certain reduction effect
at high temperatures, effectively promoting the formation of va-
cancies. Defect vacancies and active material Ni, S, have a strong
interaction, reducing the reaction energy barrier of ORR. In
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Figure 2. XPS characterization of different samples is used to study chemical valence. a) High-resolution Ni 2p XPS of NiS,-600 and Ni;S, @C. b)
High-resolution S 2p XPS of NiS,-600 and Ni3S, @C. c) High-resolution Ni 2p XPS of Ni;S,-Glu@C. d) EPR spectra of NiS,-600 CB@C and Ni;S, @C.

conclusion, the carbon layer deposited via CVD modulates the
electronic structure of Ni; S, and synergistically interacts with va-
cancies to lower the energy barrier of the 2e~ ORR pathway.

2.2. Electrocatalytic Performance of Catalysts

To investigate the effect of the above catalyst structural changes
on the ORR performance, the electrocatalytic activity of all sam-
ples (NiS,, NiS,-600, Ni;S,@C, and CB@C) was evaluated us-
ing rotating ring-disk electrode (RRDE) in 0.1 M KOH electrolyte.
From the cyclic voltammetry (CV) curves, it can be observed that
Ni; S, @C showed an oxygen reduction peak at 0.574 V under
saturated O, atmosphere, which was not observed under satu-
rated Ar. This is an indication that Ni;S,@C has excellent cat-
alytic activity for ORR (Figure S9, Supporting Information). From
the cyclic voltammetry curves of different catalysts in a satu-
rated O, atmosphere (Figure S10, Supporting Information), it
can be seen that Ni; S, @C has the strongest catalytic activity com-
pared to NiS,-600 and CB@C, respectively. From the linear scan-
ning voltammetry (LSV) curve, Ni,;S,@C exhibits the highest
ring current density (Figure 3a,d). This is attributed to the fact
that the surface of Ni, S, @C is coated with a carbon layer, which
can improve the electrical conductivity of the material, thereby
increasing the limiting current. The electron transfer number
(Figure 3b) and H, O, selectivity (Figure 3c) of different materials
at 0.165 V~0.5 V vs. RHE were used to assess the catalytic perfor-
mance. The average electron transfer number of NiS, was 2.81,
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and the highest H,O, selectivity was only 66.9%. On the other
hand, the average electron transfer number of NiS,-600 was 2.26
and the average H,O, selectivity was 89.3%. The 2e~ ORR se-
lectivity of NiS,-600 is much better than that of NiS,, which is
due to the conversion of NiS, phase to Ni,;S, phase. Compared
with NiS,-600, the average electron transfer number of Ni; S, @C
was reduced to 2.18, which was closer to 2. The H,0, selectiv-
ity averaged 92.3% and remained above 90% over a wide voltage
range. The result suggests that Ni,S,@C prefers the 2e~ ORR
pathway. This is attributed to the synergistic interaction between
the CVD-deposited carbon layer and the internal Ni, which ef-
fectively modulates the electron density around Ni and the con-
centration of V¢ The average electron transfer number of CB@C
in the voltage range of 0.165-0.5 V was 2.88, and the highest
H,0, selectivity was only 66.6%. The performance of CB@C
is much inferior to that of NiS,-600 and Ni,S, @C, suggesting
that the Ni,; S, crystalline phase is the main source of 2e ORR
activity. To further explore the ORR catalytic activity, measure-
ments of the double-layer capacitance (Cy) of the electrode were
conducted to evaluate the effective electrochemical active surface
area (ECSA) (Figure 3e). Based on CV curves in Figure S16 (Sup-
porting Information), the Cy values of Ni,;S,@C and NiS,-600
were calculated to be 9.998%107" and 3.335%10"! mF cm™ from
the slope of the linear fit, respectively (non-Faradaic process),
indicating that Ni;S,@C exposed more accessible active sites.
Based on the C, values, the ECSA values for Ni, S, @C and NiS,-
600 were estimated to be 24.9 and 8.3 cm™2, respectively. Further-
more, Ni; S, @C had the smallest Tafel slope of 79.58 mV dec™?,

© 2024 Wiley-VCH GmbH

85UB017 SUOWILLIOD dAeR.1D) 3|qedidde au Aq paueA0b afe S2RILe YO (88N JO S3INJ 0} AReudl1T BUIIUO AB|IM UO (SUOHIPLOD-PLR-SLLLILIOY"AB | 1M ALRIq 1BU1|UO//SANY) SUORIPUOD pUe SWd L 38U} 89S *[7202/TT/S0] Uo ARiqiTauliuo A|IM ‘wriejolid JO AiseAuN euIYD AQ £89507202 ILS/Z00T OT/I0p/wod A3 1M Ariqiipul|uo//Sdny Wwoiy papeojumod ‘0 ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

(a) 0.12 = (b) 40 (C) 100
IS, - YYVYVVVY
0.10- —o— NiS,-600 8 351 " 0""”””‘--...u
T esae E 50 £
—~ 0.08 Q =z >
‘é N o = 25 = 5
E .06 G, 1770090999 %000s008y B
o c 2.0+ o J
\ & 2
= - TR
= 004+ \'\ 154 NiS, ] NiS,
® u o NiS,600 S o Nis,600
0.02 N § v Ni;S,@c = 204 v Ni;S,@C
2 05 CB@C
0.00 S SURe0000- i cBEC
T T T T T 0.0 T T T T T T 0 T T T T T T
0.2 0.4 0.6 0.8 1.0 020 025 0.30 0.35 040 045 0.50 020 025 0.30 0.35 040 045 0.50
(d) Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
0.5 (e) 0.12 = (f) 600
" N
0.0 0-0-0-24 * NijS,@C & s Ni,S,@C
_ 0104, Nis, 500 W / 500+ SR = NiS,-600
N -0.51 o?%/*’ S
E <0.08 D 400 M| e,
: -1.0 E )(/ / \ R fat
£ 1.5 £ 0.06 e 9300 T o
- £ // " - / (@
&L o A\ mF CM / 7
£ =207 NiS, 30.04- 7 5 33510" ™F L w00 ;, =27 "a
» " "
- .25 —a— NiS,-600 « e ! m , - .
—o—Ni;S,@C 0.02 e 1004 /a" 7 "ay
-3.0 1 -
cB@c =1
.35 0.00 +— : : : r ol : . . .
" 02 0.4 0.6 08 10 20 40 60 80 100 0 100 200 300 400 500 600
Scan rate (mV/s) zZ'(Q)

Potential (V vs. RHE)

Figure 3. Electrochemical test. a) disk current density, b) electron transfer number of individual O, molecule, ¢) H,0, selectivity and d) ring current of
NiS,, NiS,-600, Ni;S, @Cand CB@C catalysts obtained by RRDE testing. e) Double-layer capacitance (Cy) for NiS,-600 and Ni;S, @C, f) EIS curves of

NiS,-600 and Ni3S, @C (The equivalent circuit is shown in the inset).

outperforming NiS,, NiS,-600, and CB@C (282.26, 133.71, and
131.65 mV dec™?, respectively) (Figure S17, Supporting Informa-
tion), which indicated that the ORR kinetics of the catalyst with
carbon layer and Vy is considerably improved. Moreover, electro-
chemical impedance spectroscopy (EIS) was employed to further
evaluate the reaction kinetics on catalysts. The Nyquist plot was
fitted using an equivalent circuit (the inset in Figure 3f), and the
charge transfer resistance (R,) of Ni;S,@C was 21.17 Q, much
lower than that of untreated NiS,-600. The results confirm that
the carbon layer can significantly improve the electrical conduc-
tivity of the catalyst.

The properties of Ni;S,@C for the production of hydrogen
peroxide were investigated by electrolysis experiments with dif-
ferent reaction devices. After reacting for 1800 s under a cur-
rent density of -50 mA cm™2 (Figure 4a), the H,0, yield was
435 mmol gcat™! h~! (Figure S18, Supporting Information). The
production rate of H,0, in the H-cell is still limited by mass
transfer. In order to reduce the mass transfer limitation and fur-
ther improve the H, O, yield, a three-phase flow reactor was used
(Figure 4b, the inset in Figure 4b showed a schematic diagram
of the flow cell reaction setup). The H,O, yield in the flow reac-
tor was 3860 mmol gcat™! h=! (Figure S19, Supporting Informa-
tion), which far exceeds that in the H-cell. In addition, stability
tests at 0.5 V disk voltage and 1.2 V ring voltage showed that the
currents of the disk and ring remained stable within 12 h, indi-
cating that Ni; S, @C has good electrocatalytic stability for ORR
(Figure 4c). It is worth noting that Ni,; S, @C exhibits better per-
formance compared to reported advanced metal-based electrocat-
alysts (Figure 4d; Table S2, Supporting Information).
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In order to further demonstrate the structural stability of the
catalyst, the morphology and electrochemical performance of the
samples were analyzed after conducting 5000 cycles of acceler-
ated durability testing (ADT) experiments.[**?! SEM showed that
the initial structure of NiS,-600 was destroyed by current and
electrolyte, exhibiting that the initial structure was reconstructed
into smaller coral-like microspheres after electrolysis. In con-
trast, a small portion of the carbon layer of Ni;S,@C was cor-
roded by the electrolyte, exposing the Ni,S, microsphere struc-
ture without abnormal changes in morphology (Figure S20, Sup-
porting Information). This further confirmed the protective ef-
fect of Ni; S, @C on the inner catalyst. The electron transfer coef-
ficient increased from 2.18 to ~2.5. Hydrogen peroxide selectivity
decreased slightly but remained at ~90% (Figure S21, Support-
ing Information). This further confirms the stability and excel-
lent electrochemical performance of Ni; S, @C.

2.3. Exploration of Catalytic Mechanism

In-suit EIS recorded at various potentials was utilized to track
the electrochemical processes of ORR (Figure 5a). The Bode
phase plots of the catalyst presented a maximum characteris-
tic frequency (wp) in the frequency range of 0.1-100 Hz. As
the applied potential decreases from 0.764 to 0.364 V, the phase
angle of wp gradually decreased, while the peak center shifted
towards the high-frequency side.[*] In this case, the decrease
in wp was faster for Ni;S,@C, while the decrease was slower
for NiS,-600, with a significantly smaller magnitude of peak
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variation (Figure 5b). This indicates accelerated electron transfer
behavior and improved surface reaction kinetics of *OOH inter-
mediates for Ni, S, @C, further facilitating the occurrence of the
2e~ pathway ORR.['5]

To further investigate the catalytic mechanism in the ORR pro-
cess, in-situ Raman spectroscopy was performed on Ni; S, @C in
0.1 M KOH (0.764-0.364 V vs RHE) with a voltage interval of 0.1 V
(Figure 5c). The peaks at 472 and 552 cm™' emerged when the
reduction potential exceeded 0.664 V vs. RHE, which could be
attributed to Ni—O bonds formed by adsorption of *OOH (* de-
notes catalytic site) on Ni; S, @C.?!! Relevant with the experimen-
tal conclusions, Ni served as the active site for the adsorption and
desorption of *OOH in the 2e~ ORR process. As the ORR pro-
ceeded, the peak signals gradually increased and their wave num-
bers showed a slight shift compared to NiS,-600. It is attributed
to the higher concentration of V¢ in Ni,;S,@C that makes the
adsorption of *OOH for Ni sites stronger. In comparison, simi-
lar peaks in NiS,-600 appeared at 478and 552 cm™! during ORR
(Figure 5d), but the formation potential (0.564 V vs. RHE) was
higher than that of Ni;S,@C, further demonstrating the supe-
rior performance of Ni; S, @C.

To further elucidate the role of Vg in the 2e~ ORR, Ni,;S, with
varying Vg concentrations and their corresponding pristine coun-
terparts were synthesized (Figure S22, Supporting Information).
The Gibbs free energy (AG) of the 2e~ ORR was calculated using
density functional theory (DFT) and plotted at the ORR equilib-
rium potential (U = 0.74 V). The catalytic process of 2e~ ORR
in alkaline electrolytes is governed by the following elementary
reactions.??]

O, + %+ H,0+¢ — OOH* + OH™ (1)
OOH* + ¢ — HO, + * 2)

In step (1), the AG for Ni;S,@C was 0.886 eV, while NiS,-
600 was 1.874 eV (Figure 5e; Table S3, Supporting Information).
The AG decreased with the presence of more Vy, indicating that
Ni, S, @C facilitates the protonation of *OOH to generate H,O,.
The Ni; S, @C surface with a higher concentration of Vg exhib-
ited high activity for the formation of H,0O,. Density Functional
Theory (DFT) calculations were used to compare the changes in
AE, 4 (O,) values in Ni;S,@C and NiS,-600 (Figure S23, Sup-
porting Information). Ni,S,@C has an oxygen adsorption en-
ergy of —0.97 eV, while NiS,-600 is —0.44 eV. Simply in terms, a
more negative AE,; (O,) value means a higher saturation cover-
age of oxygen on the substrate. Therefore, Ni,; S, @C has superior
oxygen adsorption capacity. For the oxygen reduction reaction,
Ni, S, @C performs better than NiS,-600. Furthermore, the differ-
ential charge density distribution between the adsorbed *OOH
and the catalyst substrates (Ni; S, @C and NiS,-600) was also sim-
ulated (Figure 5f; Figure S24, Supporting Information). Yellow
and Cyan blue represent electron aggregation and deletion, re-
spectively. By comparing the electronic distribution behaviors of
Ni, S, @C and NiS,-600, it can be observed that the electrons of
*OO0H in Ni,; S, @C were redistributed. There was a more pro-
nounced charge localization between the adsorbed *OOH and
Ni, S, @C, further enhancing the binding of the active site to the
active intermediate, thus facilitating the 2e~ ORR pathway.
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3. Conclusions

Ni,S, nano catalyst with a CVD-deposited carbon layer
(Ni;S,@C) was developed and demonstrated to be a highly
active and selective catalyst for H,0, production in alkaline
electrolytes. The prepared Ni; S, @C showed excellent 26~ ORR
catalytic activity, with the highest H,O, selectivity reaching
93.7%. The H,0, yield was 435 and 3860 mmol gcat™! h™! in
the H-cell and flow cell, respectively. The experimental results
showed that the CVD carbon coating produced more Vg, while
regulating the electron density of Ni in Ni;S,. In situ charac-
terization combined with calculations demonstrated that a high
concentration of Vg reduced the onset potential, optimized the
free energy of *OOH intermediates and inhibited the competi-
tive 4e~ ORR pathway for selective H,O, production. In addition,
the outer encapsulation structure of multilayer carbon slowed
down the dissolution of Ni, S, in the electrolyte and ensured the
stability of the catalyst. Therefore, the Ni,;S,@C composite is a
promising material for preparing H,O, electrocatalysts via the
2e” ORR.

4. Experimental Section

Catalyst  preparation: 0.01 mol of NiSO4-6H,0, 0.01 mol of
Na,S,05-5H,0, and 0.01 mol of sublimed sulfur were dissolved in
a beaker containing 40 mL of deionized water. After ultrasonication, the
mixture was hydrothermally treated at 140°C for 24 h. Subsequently, the
resulting product was sequentially washed with anhydrous ethanol, CS,,
1 M HCl, and deionized water to remove residual sublimed sulfur and
impurities. Finally, the NiS, precursor was obtained by vacuum drying at
80°C for 10 h. 100 mg of NiS, powder was placed on a tubular furnace
connected to a CVD generator and annealed at 600°C for 2 h under
argon protection. During the annealing process, when the temperature
reached 560°C, the gas-phase generator and heating switch were turned
on to introduce anhydrous ethanol into the gas-phase generator. Once
the sample volume reached 40 mL, the gas-phase generator was turned
off. Ni3S,@C was obtained after the tubular furnace heating program
was completed and cooled to room temperature. The chemical vapor
deposition step was omitted for NiS,-600.

Catalyst characterization: The synthesized samples were characterized
using various analytical techniques. Scanning electron microscope (SEM)
images were acquired on a ZEISS Gemini 300 scanning electron micro-
scope operating at an accelerating voltage of 1.5 kV. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) were conducted on
a JEOL-2T00F (Japan) microscope operating at a voltage of 200 kV. The
X-ray diffraction pattern was collected on a Bruker AXS D8 X-ray diffrac-
tometer with Cu K (= 1.54056 A, 100 mA and 40 kV) under a scan rate of
5 degree min~!. XPS spectra were firstly deoxygenated under Ar for 1h and
then investigated on a Thermo Scientific ESCALAB 250 XI spectroscopy
equipped with an Al KX-ray source and the spectra were calibrated with a
binding energy of 284.6 eV for C 1s. In- situ Raman was studied in an alka-
line solution using a standard three-electrode system, where the synthetic
electrocatalyst, Ag/AgCl electrode and platinum wire were used as working
electrodes, reference electrode and counter electrode, respectively. In-situ
Raman measurements were recorded from 0.764 to 0.364 V vs. RHE. with
an interval of 0.1 V. In- situ EIS was tested on the Kooster work station us-
ing the same three-electrode system as above Raman (frequency voltage
mode with frequency range of 10°~10~" Hz, voltage range of 0.764-0.364 V
vs. RHE) and interval of 0.1 V.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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