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Transition metal sulfides (TMSs) are promising electrocatalysts for
hydrogen evolution reaction (HER), while TMSs usually suffer from
inevitable surface oxidation in air, and the impact of the surface
oxidation on their HER catalytic activity remains unclear. Herein, we
demonstrate an effective strategy for reducing the surface oxida-
tion degree of easily oxidized CoS, by introducing glued vanadium
pentoxide (V,0s) nanoclusters, taking advantage of the preferential
adsorption and strong interaction between high-valence V and O,.
Combining oxidation protection and elaborate oxidation control
experiments reveal that reduced surface oxidation degree of CoS; is
conducive to affording promising HER catalytic performance, as the
oxidized surface of CoS, can hinder the dissociation of water and
thus is harmful to the HER process. Direct evidence is provided that
surface oxidation should be carefully considered for TMS-based
HER catalysts. The present work not only develops a new strategy
for protecting CoS, from surface oxidation, but also provides deep
insight into the impact of surface oxidation on the HER perfor-
mance of transition metal compounds.
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Surface oxidation protection strategy of CoS, by
V,05 for electrocatalytic hydrogen evolution
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and Ping Xu

New concepts

Transition metal sulfides (TMSs) are important catalytic materials being
widely used in the field of electrocatalysis, photocatalysis and thermal
catalysis. Surface of TMSs can be easily oxidized under ambient condi-
tions, however, the impact of the inevitable surface oxidation on the
catalytic performance of TMSs has been always ignored. What’s worse,
efficient strategy for preventing TMSs from serious surface oxidation,
crucial for academic and even industrial field, has not been developed.
Herein, a novel strategy for preventing multiple TMSs from serious
surface oxidation has been developed by introducing amorphous V,0s
clusters with close affinity to oxygen. Taking electrochemical hydrogen
evolution reaction (HER) as a model reaction, the huge impact of the
surface oxidation degree on the catalytic performance of TMSs has been
shown clearly. We believe this work can not only arouse the attention on
the surface oxidation of TMSs-based catalyst, but also provide a useful
strategy for the surface protection of transition metal compounds
including but not limited to TMSs.

Introduction

Hydrogen evolution reaction (HER) is the cathodic reaction of
water electrolysis, which is recognized as an important and
sustainable approach to hydrogen production as clean fuels and
chemical feedstocks."” Pt-based materials exhibit excellent activ-
ity for HER, but their high cost and scarcity limit the wide-spread
applications.>* Transition metal sulfides (TMSs) have been
widely explored as a class of non-noble metal-based HER cata-
lysts due to their unique physical and chemical properties.”®
Both layered MS, (e.g. MoS,” and WS,® and non-layered M,S,
(e.g. C0S,,” FeS,™ and Ni,S,,"" etc.) exhibit outstanding catalytic
performance towards the HER, which are comparable or even
superior to commercial Pt/C. Notably, multiple factors can
impact the HER activity of TMSs, such as metal elements, ratios
of metals and S atoms, vacancies, and electronic structures.'>*?
However, the impact of inevitable surface oxidation of TMSs on
their HER performance has been paid less attention.

Like many TM compounds (e.g. carbides,'*'® nitrides
and phosphides'®'?), surface of TMSs can be easily oxidized
under ambient conditions. In fact, the phenomenon that TMSs
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are susceptible to surface oxidation has been widely discovered
and reported for almost all kinds of TMSs, though the degree of
surface oxidation depends on the kinds of metal and crystalline
phase.?*® For example, surface oxidation degree of CoS,
calculated based on X-ray photoelectron spectroscopy (XPS)
increases from ~20% to ~90% only after 8 days exposure to air
at room temperature.>* In contrast, the surface oxidation degree of
CoS,, with the same metallic element as CoS,, only increases from
10% to 20% under the same condition. Furthermore, the surface
oxidation of MoS, is even too slight to be tested by some well-
known surface sensitive characterization techniques such as XPS,
which can only be detected by scanning tunneling microscopy.”***
To the best of our knowledge, most of the current works on this
topic have not carefully considered the surface oxidation, and
theoretical calculations based on the intrinsic TMS model are
performed to explain the structure-performance relationship and
catalytic mechanism. In our view, this is not rigorous for the easily
oxidized TMSs (e.g. CoS,).

Since the importance of surface oxidation of TMSs has not
been paid enough attention, efficient strategy for preventing
TMSs from serious surface oxidation, crucial for academic and
even industrial field, has not been developed. High-valence
early transition metals (e.g. V) have close affinity to O due to the
characteristic of strong metal-O bonds,**"*® and therefore can
be used to stabilize the structure of the catalyst under the
oxidative condition. Inspired by this strategy, herein we develop
a new method for reducing the surface oxidation degree of
easily oxidized CoS, by introducing glued V,0s nanoclusters
(marked as CoS,-V,0s). The structure and surface oxidation
degree of CoS, have been investigated by using electron micro-
scopic and spectroscopic characterizations. Moreover, the
impact of the surface oxidation degree of CoS, on the HER
performance are explored through control oxidation experi-
ments. This work provides a new method to protect the surface
oxidation of TMS, and investigates the influence of the surface
oxidation on the electrocatalytic HER performance of CoS,.

Results

The synthesis process of CoS,-V,0s5 supported on carbon cloth
(CQ) is shown in Fig. 1. Firstly, CC supported Co zeolitic
imidazolate frameworks (marked as Co MOFs) were immersed
in NazVO, solution to get CozV,05-Co MOFs intermediate via
ion exchange process (Fig. S1-S7, ESIf). Subsequently, the
Co3V,05-Co MOFs was subjected to mild sulfidation at
400 °C under Ar atmosphere to obtain the CoS,-V,0; catalyst.
The Co;V,05-Co MOFs intermediate with highly mixed Co and
V elements may be a key factor for the generation of highly
dispersed V,05 nanoclusters around CoS,. For comparison, the
CoS, catalyst was synthesized via the same sulfidation treat-
ment by directly using Co MOFs as the precursor (Fig. S8 and
S9, ESI:).

X-ray diffraction (XRD) was carried to study the structures of
the as-synthesized samples (Fig. 2a). The XRD pattern of as-
synthesized CoS, matches well with the standard cubic CoS,
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Fig. 1 Schematic illustration of the synthesis strategy of CoS, and CoS,—
V,0s5 nanoarrays supported on carbon cloth (CC).

crystal phase (JCPDS No. 41-1471). However, for the V-incor-
porated CoS, sample, only diffraction peaks assigned to CoS,
appear because V species cannot be detected by XRD due to low
crystallinity and small particle size. The chemical composition
of the V species was further investigated by using X-ray absorp-
tion fine structure (XAFS). The V K-edge X-ray absorption near-
edge spectroscopy (XANES)of the as-synthesized sample is
drastically similar to that of V,0s (Fig. 2b), suggesting the
formation of CoS,-V,0s. Moreover, the bonding structures of
V species were carried out by extend X-ray absorption fine
structure (EXAFS, Fig. 2c). There are only V-O (1.56 A) and
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Fig. 2 Structural analysis of CoS,-V,0s. (a) XRD patterns of CoS, and
C0S,-V,0s, (b) V K-edge XANES of CoS,-V,0s, V foil, V,0s and VsS4, (c) V
K-edge EXAFS of Co0S,-V,0s, V foil, V,0s and V3S4, (d) SEM image of
CoS,-V,05 nanoarrays loaded on CC, (e) HAADF-STEM image of CoS,—
V05 particles, (f) radial intensity profile of CoS,-V,0s (black line) and the
simulated radial intensity profile of CoS, (blue line), inset shows the SAED
of CoS,-V,0s, (g) atomic HAADF-STEM image of CoS,—-V,0s5 along with
the zone axis [1—11] direction (inset shows the atomic model of CoS,), (h)
cobalt and vanadium colormix, (i) cobalt mapping, (j) vanadium mapping,
EELS spectra of k cobalt L edge, () oxygen K edge, and vanadium L edge
acquired from the blue rectangular region in (g).
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V-O-V (2.83 A) scatterings in the V K-edge EXAFS spectra of
CoS,-V,05, while the V-S scattering (1.97 A] is absent. This is a
direct evidence for the existence of vanadium oxides in the as-
synthesized CoS,-V,05 heterostructure.

The morphology and crystallinity of the CoS,-V,0s hetero-
structure were further investigated by electron microscopy. The
scanning electron microscopy (SEM) shows the similar nanoar-
ray morphology to that of the Co MOFs precursor and CozV,0g—
Co MOFs intermediate (Fig. 2d and Fig. S1, ESI%). Upon closer
observation by the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image in
Fig. 2e, the nanoarray grown on the carbon cloth consists of
CoS,-V,05 nanoparticles that are about 8 nm in size. Notably,
the integrated radial intensity profile (Fig. 2f) extracted from
the selected area electron diffraction (SAED) corresponding to
Fig. 2e is similar to the simulated radial intensity profile of
CoS,, where no peak can be attributed to V,0s, which indicates
that the V,05 is amorphous in nature.

Aberration corrected STEM and corresponding electron
energy loss spectrum (EELS) were further employed to char-
acterize the structure of CoS,-V,0s. The atomic resolution
image of CoS, is presented in Fig. 2g with the zone axis
[1—11]. The measured lattice spacings of 3.94 A and 3.86 A
indicate (110) and (0—11) planes with an angle of 120°. The
simulated HAADF-STEM image of CoS, (110) facets with a
d-spacing of 3.92 A is presented at the bottom right corner of
Fig. 2g, matching well with the atomic model of CoS, with (110)
planes (inset in Fig. 2g).>” More importantly, an area marked by
the blue dashed rectangle in the STEM image was scanned for
collecting the EEL spectra of V and Co elements to map the
distribution of Co and V. As shown in Fig. 2h-j, Co and V
elements were separated in space. Moreover, the low magnifi-
cation mappings (Fig. S10, ESIi) can also indicate that V,05 was
adhered on the surface of CoS, nanoparticles, with the size
about 1-2 nm. As the amorphous V,05 has been confirmed
according to the previous characterizations, V,05 nanoclusters
(1-2 nm) are glued to the crystalline CoS, nanoparticles. The
valence of V and Co were also analyzed from the EEL spectra
(Fig. 2k-1). The peak intensity of V-L; (518.8 eV) is lower than
that of V-L, (526.1 eV) with a ratio of L;/L, = 0.7, indicating the
valence of vanadium oxides in the as-synthesized sample is
+5,%8 consistent to the XANES result. The calculated Co-Ls/L,
ratio of 3 reveals that the valence of Co in the CoS, is a mixture
of +2 and +3.°

Based on the above characterizations, the as-prepared CoS,—
V,0;5 heterostructure is composed of crystalline CoS, nano-
particles around with amorphous V,0s nanoclusters. The
homogeneously distribution of V,05 and CoS, at nanoscale is
a key to the surface oxidation protection due to the formation of
abundant CoS,-V,0; interfaces.

To demonstrate the surface oxidation protection effect of
V,0s5 nanoclusters, the surface oxidation degree of the CoS, and
CoS,-V,05 samples is investigated by using spectroscopic char-
acterizations and control experiments (Fig. 3). Raman spectrum
of CoS, sample (Fig. 3a) shows peaks centered at ~487, 529,
600 and 698 cm ™' corresponding to the Eq, Fog, Fae and Ayq
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Fig. 3 (a) Raman spectra of CoS,, CoS,-V,0s5, CoS,-V,05-Ox-1h and
CoS,-V,05-0x-3h, in which Ox means a control oxidation process in Air
at 150 °C, (b) schematic illustration of surface oxidation phenomenon of
CoS,, comparison of (c) Co 2p and (d) S 2p XPS spectra of CoS,, CoS,—
V,05, CoS,-V,05-Ox-1h and CoS,-V,05-Ox-3h, and (e) the ratios of
Aco-0:Aco-s and Aoxidized s : Asuifidic s, IN Which A represents the peak area
in the XPS spectra.

modes of Co-O species, respectively,>® whereas the peak cen-
tered at 382 cm ™! is identified as the A, mode of Co-S species.*!
The appearance of the Co-O species in the Raman spectrum
have been reported to result from the surface oxidation of CoS, in
air.*® As seen from the Raman spectrum, the as-reported HER
performance for CoS, has been heavily affected by the sponta-
neous surface oxidation, which may not reflect its catalytic activity.
In contrast, the peaks assigned to Co-O species disappear in the
Raman spectrum of the CoS,-V,05 sample. Instead, two peaks for
V-O species (centered at 743 and 806 cm ™ ') emerge along with the
peaks for Co-S species.>*** This result implies that the surface
oxidation degree of CoS, is significantly reduced upon the intro-
duction of V,05 nanoclusters.

Even though the CoS,-V,05 and CoS, catalysts have different
surface oxidation degree, it is not enough to compare their HER
performance to show the impact of surface oxidation. Therefore,
we carried out a control oxidation experiments for the CoS,-V,05
(Fig. 3b) to obtain more control groups with different surface
oxidation degree. Specifically, the CoS,-V,05 was oxidized in air
at 150 °C for different time periods to tune the surface oxidation
degree of CoS,, which were marked as CoS,-V,05-Ox-1h and
Co0S,-V,05-0x-3h, respectively. XRD patterns and SEM images of
the control groups (Fig. S8 and S9, ESI#) tell that the crystalline
structures and morphologies of these oxidized samples almost
keep unchanged. However, as seen in Fig. 3a, the four peaks
assigned to Co-O peaks appear clearly in the Raman spectra of
C0S,-V,05-Ox-1h and CoS,-V,05-Ox-3h, indicating that con-
trolled surface oxidation of CoS, has been successfully realized.

XPS was further employed to investigate the surface oxidation
degree of the above four samples. There are only Co, V (absent
for the CoS, sample), O, S, C, and N elements in the survey
spectra, indicating the purity of the as-synthesized samples
(Fig. S11, ESIY). In the V 2p spectra of the CoS,-V,05 and the
oxidized samples, the peaks centered at 517.5 and 524.8 eV are
assigned to V(+ 5) species (Fig. S12, ESI$).>* The Co 2p spectra of
the samples can be divided into three couples of peaks (Fig. 3c).
Specifically, the peaks centered at 778.7 and 794 eV are assigned

This journal is © The Royal Society of Chemistry 2023
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to the Co-S species, whereas the peaks at 782, 797.6, 786.5 and
803 eV are assigned to the Co-O species and the corresponding
satellite peaks.*® For the CoS, sample, the peak intensity of Co-O
is relatively higher than that of Co-S, indicating the serious
surface oxidation of CoS,. The area ratio of Co-O and Co-S
(Aco-0:Aco-s), which can reflect the surface oxidation degree of
CoS,, is calculated to be 2.75 for CoS,. For CoS,-V,05, both Co-S
and Co-O species can be detected in the Co 2p spectrum,
because XPS is more sensitive to the surface species than Raman
spectroscopy. The intensity of Co-O is much lower than that of
Co-S and the value of A, 0:Aco-s decreases sharply to 0.7, a
strong proof that the surface oxidation of CoS, is effectively
reduced with the introduction of V,05 nanoclusters. Further-
more, the peaks of Co-S for CoS,-V,Os are located at 778.18 and
793.08 eV, which are negatively shifted compared with CoS,,
suggesting the construction of CoS,-V,0s5 heterojunction struc-
ture. When the CoS,-V,0s is oxidized in air, the peak intensity of
Co-O increases, while the peak intensity of Co-S decreases. The
Aco-0:4Aco-s are calculated to be 1.36 and 2.46 for the CoS,-V,0s5-
Ox-1h and CoS,-V,05-Ox-3h, respectively.

The above analyses based on the Co 2p spectra can be
further supported by the S 2p spectra of these samples
(Fig. 3d). In brief, both oxidized S and sulfidic S species can
be found in all the S 2p spectra of CoS,, CoS,-V,05, CoS,-V,05-
Ox-1h and Co0S,-V,05-Ox-3h, and the ratio of Aoxidized s : Asulfidic s iS
calculated to be 1.22, 0.25, 0.31 and 0.94, respectively, following
the same trend as Aco-0:Aco-s (Fig. 3e).

Three major conclusions about the surface oxidation of CoS,
can be drawn according to the above Raman and XPS results. 1)
As reported, CoS, suffers from serious surface oxidation in air.
2) Construction of the CoS,-V,05 hybrid materials can signifi-
cantly reduce the surface oxidation degree of CoS,. 3) The
control oxidation experiment of CoS,-V,0s5 can tune the surface
oxidation degree, which is helpful to understand the effect of
surface oxidation on the HER performance of CoS,.

The electrocatalytic performance of CC, commercial Pt/C,
CoS,, CoS,-V,05 as well as the control samples towards the
HER was tested in alkaline media (1 M KOH). The reference
electrode is calibrated experimentally (Fig. S13, ESI:).”” As
shown in the iR-corrected linear sweep voltammetry (LSV,
Fig. 4a) curves, bare CC shows very poor catalytic performance
towards HER. The CoS, exhibits much better catalytic perfor-
mance towards HER, requiring an overpotential of 272 mV to
deliver a current density of 10 mA cm ™. Significantly, once the
CoS,-V,0;5 heterostructure is fabricated, the required overpo-
tential is sharply reduced to 128 mV at 10 mA cm 2. Moreover,
CoS,-V,0;5 affords a mass activity of 0.71 A g’1 at an over-
potential of 100 mV (Fig. S14, ESI}), which is much higher than
that of CoS, (0.18 A g~ "). Interestingly, when the C0S,-V,05
samples are oxidized for 1 h and 3 h, the HER performances
drop gradually, requiring an overpotential of 166 and 196 mV at
10 mA cm 2, respectively.

To further understand the impact of surface oxidation on
the HER performance of CoS,-based catalysts, we plot the
overpotential of the above Co0S,-V,0s and CoS, catalysts
as a function of the Aco-0:Aco-s from XPS (Fig. 4b). For the
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View Article Online

Nanoscale Horizons

o

Cos, " s12zmvdec
@75, 212mV)
e B o

CoS,-V,0, foos 119.2 mV dec”
07,128 m) €05,1,0,3h

(246,196 mV)|

. e
1053mVdec’  « Cos,
€0S,V,0,-1h os_v,0,
(136, 166 mv) H + Gos V.0 0xth
0.05 358 mV dec” ity
Smvdecl . Cos,v0,0xn

04 03 o o1 10 1 1z 13 14 18

o2 01 o
Potential(V vs RHE) loglj (mA.cm™)

oS,

16} . cos.v0,

14| ¥ COSVOOxIh 29 mF em®
- CoS.V,0,-0x3h

£ 18.5 mF om®

1.45 mF om*

-z (ohm)

£
7
g 25
\ AT
Potantas s RA
100 120 140 160 180 5 10 15 20 25 30 35 10
Scan Rate (mVis) 7 (ohm)

20 30
Time ()

Fig. 4 HER performance of the as-prepared electrocatalysts in 1 M KOH
solution. (a) LSV curves after iR correction in comparison to Pt/C, (b) the
relationship between Aco_o/Aco_s and the overpotential at 10 mA cm™2,
(c) Tafel plots, (d) Cq extracting from the CV curves, (e) EIS spectra (inset
shows the equivalent circuit used to simulate the Nyquist plots), and (f)
long-time stability of CoS,-V,0s for 36 h (inset exhibits the LSV curves
before and after 1000 CV cycles test).

Co0S,-V,05 and CoS,-V,05-Ox samples, the overpotential
increases almost linearly with surface oxidation degree from
128 to 196 mV, suggesting the surface oxidation degree is the
dominant role for the different HER performance of these
samples. The overpotential increases sharply for the CoS,
catalyst (272 mV), implying that the V,05 nanoclusters in the
heterostructure may also contributes to the catalytic process. In
sum, the lower surface oxidation degree of CoS,, the better HER
performance.

Furthermore, the HER kinetics of the CoS,-based catalysts
are informed from the corresponding Tafel plots in Fig. 4c. The
Tafel slope of C0S,-V,05 is 105.3 mV dec™*, which is smaller than
that of CoS, (312.2 mV dec ™), C0S,-V,05-Ox-1h (119.2 mV dec )
and Co0S,-V,05-0x-3h (126.8 mV dec '), indicating the
facilitated reaction kinetics during HER process over CoS,—
V,0s. Additionally, electrochemical double layer capacitance
(Cq)) is obtained from the cyclic voltammetry (CV) curves at
different scan rates in the non-faradaic potential range (Fig. 4d
and Fig. S15, ESIi), which is an important parameter to derive
the electrochemically active surface area (ECSA).>® As the con-
struction of CoS,-V,05 heterojunction structure, which is con-
sidered to effectively improve the capacitance performance®**°
and as the more catalytical active sites (Co-S) are maintained
due to the protection of V,0s, the CoS,-V,05 owns the highest
ECSA (725 cm?, Fig. S16, ESI$). Thus, the CoS,-V,05 owns the
highest Cq; (29 mF cm™?) according to the equation ECSA =
Cai/Cs, in which Cy, is positively correlated to ECSA. As shown in
Fig. $17 (ESI%), we also conducted the turn over frequency (TOF)
of CoS, and Co0S,-V,05. The TOF values of CoS, and CoS,-V,05
are 0.13 s~' and 0.08 s~' at the overpotential of 150 mV,
indicating the better intrinsic catalytic activity of CoS,-V,0s,
which is in accordance with Cq4 and ECSA results. Moreover, as
has been reported, the interface between CoS, and V,05 can
accelerate the kinetics of HER process and promote electron
transport and finally reduce the charge transfer resistance.*!
Thus, the electrochemical impedance spectroscopy (EIS) for
these samples suggests that the charge transfer resistance for
Co0S,-V,05 (3.86 Q) is much smaller than that of CoS, (31.24 Q),
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C0S,-V,05-Ox-1h (9.87 Q) and Co0S,-V,05-Ox-3h (8.46 Q)
(Fig. 4e), demonstrating the enhanced charge transfer effi-
ciency and improved reaction kinetics of CoS,-V,05 during
the HER process. And CoS,-V,05 catalyst is also demonstrated
to have an excellent mass transport property (Fig. S18, ESIL).
Besides, the HER Faraday efficiency (FE) of CoS, and C0S,-V,05
were performed under the current of 10 mA cm > for 6000 s,
which were 98.1% and 98%, indicating the high selectivity
during the HER process for both catalysts (Fig. S19, ESIi).

The poor stability is a main drawback for CoS,-based
HER electrocatalyst. The chronoamperometric i-t curves at
10 mA cm 2 of CoS, and CoS,-V,05 were conducted for 36 h
(Fig. 4f). There is significant degradation of current density of
CoS,, whereas the i-t curve of CoS,-V,05 keeps stable. It means
the lower surface oxidation degree may also help to improve the
stability of CoS,-based HER catalyst. Moreover, the LSV curve of
CoS,-V,0;5 after 1000 CV cycles basically coincides with the
initial one (Fig. 4f, inset). Both experiments indicate the
excellent long-term stability of the CoS,-V,05 catalyst towards
HER. The excellent stability of CoS,-V,05 can be attributed to
the well-maintained morphology and maintained Co-S surface,
which is confirmed by using SEM, TEM and XPS (Fig. S20 and
S21, ESIF). We have also carried out Co K-edge XANES and
EXAFS of CoS, and CoS,-V,0; after HER tests to understand
the different stability of these two catalysts. Both XANES and
EXAFS (Fig. S22, ESI%) show CoS, converts to cobalt (hydr)o-
xides, which is consistent to the reported literatures.”® In
contrast, the Co-S and Co-S-V bonds in EXAFS clearly show
that CoS, in the CoS,-V,05 catalyst retain stable after HER test,
which is also supported by XPS result (Fig. S21, ESI). The V,05
clusters can not only reduce the surface oxidation degree of
CoS, in air, but also keep it stable during HER by avoiding the
bulk oxidation. It is the structural stability of CoS,-V,0Os5 that
leads to the outstanding stability and long-term durability of
this catalyst.).

Density functional theory (DFT) calculations were carried
out to understand why the CoS, with lower surface oxidation
degree exhibits better catalytic performance for HER. As shown
in Fig. 5a-c, CoS, (100) and O modified CoS, (100) (marked as
CoS,-0) were selected as the models for simplification according
to XRD results. Moreover, V,0s5 clusters on CoS, (100) are built to
represent the CoS,-V,05 sample. Generally, the elemental HER
steps in alkaline solution include H,O adsorption, H,O activa-
tion, H desorption and OH desorption.*>** The chemisorption
models of reaction intermediates adsorbed on the (100) surface
of CoS, (*H,O, *OH-H and *OH) are displayed concretely in
Fig. S23 (ESI%). The standard free energy (AG) diagrams for CoS,
CoS,-0O and CoS,-V,05 of HER reaction steps are shown in
Fig. 5d. For CoS,, the Gibbs free energies of H,O adsorption
and H,O0 dissociation are 0.37 and 0.67 eV, respectively, while the
following steps are spontaneous. It can be learned that H,O
dissociation is the rate determining step (RDS) for CoS,. With
the CoS, surface modified by O, although the H,O adsorption is
effectively accelerated (AG = —0.05 eV), the energy barrier for
H,O dissociation is even higher, resulting in a much higher
AGrps of 1.56 eV. The above results clearly show that the surface
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Fig. 5 (a—c) Crystal structures of CoS,, CoS,-O and CoS,-V,0s, (d)
comparison of standard Gibbs free energies at the rate determining step
of CoS,, CoS,-0 and CoS,-V,0s5 during the HER process, and (e) the
adsorption energies of O, molecules at metal sites (Co sites and V sites)
and the electronic numbers gained by O, molecules.

oxidation of CoS, is harmful to the HER process due to the
hindering of H,O dissociation.

We further investigate the synergetic effect of V,05 and CoS,
through DFT calculations. The contribution of V,05 to HER is
highlighted by comparing CoS, and CoS,-V,05 models (the red
and yellow line, Fig. R6, ESIt). The introduction of V,05 will not
bring an obvious change for H,O adsorption, but it significantly
accelerates the H,O dissociation, leading to a spontaneous
process (AG = —0.11 eV). As a result, the H,O adsorption step
becomes the RDS for CoS,-V,0;, with a AGrpg of 0.32 eV. The
AGgrps of CoS,-V,05 is lower than that of CoS,, which means
CoS,-V,05 possesses better catalytic activity for HER than CoS,
from a theoretical point of view, matching well with the
experimental results. Based on the theoretical calculations,
the homogeneously distributed V,05 can facilitate the dissocia-
tion of water and further the whole HER process. Therefore, the
synergetic effect of V,05 and CoS, include two parts. On one
hand, V,05 can reduce the surface oxidation of CoS, in air and
the bulk oxidation of CoS, during HER, leading to exposed and
stable Co-S sites for HER. On the other hand, V,05 also
contributes to the HER by facilitating the dissociation of water
and further the whole HER process.

Another important issue is why the V,05 nanoclusters can
protect CoS, from surface oxidation. To answer this question, it
is reasonable to investigate the adsorption and interaction
between O, and the CoS, or CoS,-V,05 catalyst. V,0O5 clusters
on CoS, (100) were built to represent the CoS,-V,05 sample
(Fig. 5¢) and multiple theoretical methods were adopted. On
one hand, the adsorption energy of O, molecule (Ep ) on the
CoS, (Co sites) and CoS,-V,05 (Co sites and V sites) was
calculated (Fig. 5e, blue bar). Eq, of Co site in CoS, is calculated
to be —0.436 eV, meaning the adsorption of O, is sponta-
neously. By contrast, Eo, of Co sites in the CoS,-V,0s is slightly
reduced to —0.553 eV, which may result from the electronic
interaction between the CoS, and V,0s species. Significantly,
Eo, of V sites in the CoS,-V,05 reaches —1.935 eV, much lower
than that of Co sites. The results clearly indicate that O,
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molecule preferentially adsorbs on V sites rather than Co sites
in the CoS,-V,0s. On the other hand, Bader charge analysis was
applied to explore the charge transfer process between metal
sites and adsorbed O, molecules (Fig. 5e, yellow bar). The
number of the transferred electron is 0.330 for Co sites in
CoS, and 0.332 and 0.559 for Co sites and V sites in CoS,—
V,0s. The more transferred electron, the stronger interaction
between O, and metal sites. According to the above calculations,
0O, molecules in air can preferentially adsorb on V,05 rather than
CoS, and interact strongly with the V sites rather than Co sites in
the CoS,-V,05 catalyst. As a result, the V,05 nanoclusters protect
the CoS, nanoparticles from serious surface oxidation.

Conclusions

In this work, we demonstrate a novel surface oxidation protec-
tion method for CoS, by introducing V,0s nanoclusters, and
systematically investigate the impact of surface oxidation on
the HER performance. XAFS, HADDF-STEM and EELS demon-
strate that amorphous V,05 nanoclusters homogeneously glue
to CoS, nanoparticles thanks to the MOFs-derived synthetic
method, leading to significantly reduced surface oxidation
degree of CoS, and excellent stability of CoS,-V,05 during
HER by avoiding the bulk oxidation. The preferential adsorp-
tion and strong interaction between O, and V,Os clusters help
to protect CoS, from serious surface oxidation. As a result,
CoS,-V,0;5 delivers a superior HER performance in alkaline
media, requiring a low overpotential of 128 mV to deliver a
current density of 10 mA cm ™2, which is much better than that
of CoS, (272 mV). Through the control oxidation experiments of
Co0S,-V,05, it is demonstrated that the lower surface oxidation
degree of CoS,, the better HER performance. DFT calculations
indicate that the surface oxidation of CoS, can hinder the
dissociation of water, and the introduction of V,05 can effec-
tively facilitate the dissociation of water and further improve
the HER process. This work shows the crucial impact of the
surface oxidation of TMSs on their HER performance and
provides a new idea for surface oxidation protection of CoS,
that may be expanded to other TMSs and transition metal
compounds.

Experimental section

Materials

Cobalt(n) nitrate hexahydrate (CoNO;-6H,0), dimethyl imida-
zole (C,4HgN,), sodium orthovanadate (NazVO,), sulfur powder
(S), potassium hydroxide (KOH), iridium dioxide (IrO,) and
Nafion were all were purchased from Aladdin Industrial Cor-
poration. Pt sheet was purchased from Aldrich. And deionized
water (DI), absolute ethanol (C,H;OH). All chemicals were used
directly without any purification treatment.

Methods

Synthesis of Co MOFs. In the synthesis of Co MOFs, 0.582 g
CoNO;-6H,0 and 1.314 g C,HgN, were dissolved in 40 mL of DI
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water, which were stirred for 15 minutes rapidly in order to mix
evenly. Then, the solution of C;HgN, was quickly poured into
the cobalt ion solution, which was stirred for again 5 minutes.
After that, stop stirring and put the hydrophilic CC into the
above mixed solution. After standing for 4 hours under
the ambient conditions, the CC covered with blue Co MOFs
was taken out, and then was washed by water, alcohol. Finally,
drying it under vacuum overnight.

Synthesis of Co;V,03-Co MOFs. During the typical
production of CozV,05-Co MOFs, ion-exchange method was
employed to etch the fresh Co MOFs. The specific method is as
follows. Firstly, we prepared the etching solution by dissolving
0.3 g Na;VO, in 60 mL of deionized water through a warm water
bath. Subsequently, Co MOFs were put into the above solution.
By adjusting the etching time, the samples of incompletely
etched (Co3V,05-Co MOFs) and fully etched (CozV,Og) are
obtained. The Co etching time for Coz;V,03-Co MOFs was
20 minutes.

Synthesis of CoS,-V,0; and CoS,. Co3;V,03-Co MOFs were
submitted to sulfidation at 400 °C with the heating rate of
5 °C min~' under Ar inert atmosphere, producing Co0S,~V,Os.
During the sulfidation process, 0.5 g S power was used as the sulfur
source. Additionally, CoS, was also synthesized via the same
sulfidation treatment only without the ion-exchange process.

Characterization. Rigaku D/MAXRC X-ray diffractometer
(45.0 kv, 50.0 mA), equipped with the anticathode of Cu target,
was used to collect XRD patterns. Quanta 200 S (FEI) and Tecnai
F20 were used to take the scanning electron microscopic (SEM)
and transmission electron microscopic (TEM) images, respec-
tively. The X-ray energy dispersive spectroscopy (EDS) mappings
were acquired by the microscope of FEI Talos™ F200X, working
at 200 kv. The electron energy loss spectroscopy (EELS) was
obtained under scanning transmission electron microscopy
(STEM) mode at 300 kv using a Titan Themis G2 60-300
equipped with a monochromator and a probe corrector. The
simulated STEM image of CoS, facets was generated using the
kinematic scattering method, which is developed as a software
running in Matlab. Before simulating, the atomic model of
CoS, plane was built based on a cubic structure, whose space
group is Pa3. The software read the coordinates of Co and S
atoms from the generated atomic model, creating the simu-
lated image along with the direction of [1—11]. We used
Renishaw in Via micro Raman spectroscopy system (laser
wavelength: 532 nm) to record the Raman spectra. X-ray photo-
electron spectra (XPS) were received by operating PHI 5700
ESCA system, in which an Al Ko radiation was used as a source
(hv = 1486.6 eV). The Fourier transform infrared spectroscopy
(FT-IR) was received by operating with Tensor-27, Germany,
Bruker system. The X-ray absorption fine structure spectra V K-
edge were collected at 44A beamline of National Synchrotron
Radiation Research Center (NSRRC) Taiwan.***®

Electrode preparation and electrochemical measurements.
Standard three-electrode system was carried to test the electro-
chemical performance of the as-prepared materials, in which
the carbon rod, Hg/HgO and the electrode clip equipping with
the catalysts were used as counter electrode, reference electrode
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and working electrode, respectively. Furthermore, all the tests
are carried out on CHI 660E workstation.

Theoretical calculations. At the DFT calculations part of this
paper, the VASP software was conducted to perform the first-
principles density functional theory calculation by the method
of PAW.">" In the calculation, the exchange functional is
processed based on the PBE formula®® and the generalized
gradient approximation method.*>*° The spin-polarized all
results with a cut-off energy of 450 eV as the plane-wave basis set.
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