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Transition metal chalcogenides have been identified as low-cost and efficient
electrocatalysts to promote the hydrogen evolution reaction in alkaline media.
However, the identification of active sites and the underlying catalytic
mechanism remain elusive. In this work, we employ operando X-ray absorp-
tion spectroscopy and near-ambient pressure X-ray photoelectron spectro-
scopy to elucidate that NiS undergoes an in-situ phase transition to an
intimately mixed phase of Ni,S, and NiO, generating highly active synergistic
dual sites at the Ni3;S,/NiO interface. The interfacial Ni is the active site for
water dissociation and OH* adsorption while the interfacial S acts as the active
site for H* adsorption and H, evolution. Accordingly, the in-situ formation of
Ni3S,/NiO interfaces enables NiS electrocatalysts to achieve an overpotential
of only 95+ 8 mV at a current density of 10 mA cm™ Our work highlighted that
the chemistry of transition metal chalcogenides is highly dynamic, and a
careful control of the working conditions may lead to the in-situ formation of
catalytic species that boost their catalytic performance.

Electrolysis of water powered by renewable electricity to produce green
hydrogen is widely considered as a promising pathway to a global clean
and sustainable energy future'”. The key to enable this technology is the
development of low-cost and highly efficient electrocatalysts to accel-
erate the water splitting reactions, i.e., oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). In particular, the design of
high-performance electrocatalysts for HER in alkaline conditions has
received intensive attention, because the alkaline water electrolysis is
the most commonly used route in the industry, and the alkaline HER is
also a key step in the chlor-alkali process*’. However, the alkaline HER
still suffers from sluggish reaction kinetics compared to that in acidic

solution, due to the additional water dissociation step (Volmer step:
H,0+M +e >MH+OH) in order to supply the absorbed H* inter-
mediate for subsequent H, generation®. The water dissociation has a
higher activation barrier and is considered to be the rate determining
step that limits the overall reaction®’. Even the state-of-the-art Pt-based
catalysts show about two orders of magnitude lower HER activity in
alkaline than in acidic media**’. Significant progress has been made to
improve the HER activity of Pt and other noble metals in alkaline
environments by constructing dual active site heterostructures, e.g.,
Pt-Ni(OH),, in which the Ni(OH), functions as a promotor to accelerate
the water dissociation'®. Improving the activity of noble metal-based
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catalysts with a single active site has been challenging mainly due to the
scaling relationships in the formation energy of intermediates, which
affects not only the HER but also the OER and the oxygen reduction
reaction (ORR)™2. Dual active site catalysts provide alternative reaction
mechanisms that may break such scaling relationships, offering
more chance for achieving better catalytic performance, compared with
single active site catalysts™".

Nevertheless, the scarcity and high cost of Pt group materials
restrict their large-scale application™. In this regard, earth-abundant
transition metal (TM)-based chalcogenides, phosphides, nitrides, and
carbides have been recently emerging as cost-effective alkaline HER
electrocatalysts® 2. Many TM-based catalysts exhibit comparable alka-
line HER activity as Pt group materials®. In addition, doping, defect, and
strain engineering have been further explored to modulate their elec-
tronic structure to enhance the activity and stability” . Nickel sulfides
such as NiS, NiS,, and Ni5S, have drawn significant attention because of
their high catalytic activity, as well as easy and scalable methodologies
for the preparation®~°, Despite this rapid development of alkaline HER
catalysts, the underlying reaction mechanism and the active sites for the
alkaline HER, which are different from the well-documented acidic HER,
are still under considerable debate®”. Furthermore, it has been
demonstrated that TM-based compounds catalysts for the OER undergo
structural or compositional reconstruction, or even transform into a
new phase under OER working condition®*. On the other hand, the
structural and chemical conversion of catalysts under HER conditions
has been less explored, and it has been even assumed HER catalysts are
stable during the HER process”. However, recent works indicated that

some transition metal chalcogenides may indeed undergo a phase
transition under alkaline HER working condition®*°. Therefore, real-
time monitoring of the catalytic processes and identifying the real active
sites under HER operation conditions are of vital importance to uncover
the catalytic mechanism.

In this study, we present an in-depth elucidation of the phase
conversion process based on operando X-ray absorption spectroscopy
(XAS) and operando Raman spectroscopy under HER working
conditions. We found that NiS electrodes undergo a significant HER
performance enhancement due to an in-situ transformation into
a mixed phase of NisS, and NiO, which is identified to be the
actual active catalyst phase for alkaline HER. The ex-situ spectroscopy
and theoretical investigations further reveal that the interfacial Ni (O-Ni-
S) of Ni3S,/NiO provides the active sites to accelerate water dissociation
while the interfacial S (O-Ni-S) facilitates the adsorption of hydrogen
intermediates and its subsequent association to form molecular
hydrogen. As a result, the in-situ formed NisS,/NiO exhibits a superior
HER activity, requiring a low overpotential of 95+ 8 mV to reach a cur-
rent density of 10 mA cm™ in our performance tests.

Results and discussion

Phase transition of NiS to Nis;S,/NiO induces enhanced HER
activity

The NiS samples were synthesized on carbon paper using one-step
hydrothermal method (Supplementary Fig. 1a). Details of the synthesis
and characterization are provided in the Methods section. X-ray dif-
fraction (XRD) pattern shown in Fig. 1la and X-ray photoelectron
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Fig. 1| HER performance and structural characterizations of NiS catalyst before
and after measurement. a XRD patterns of the as-synthesized NiS and NiS after
HER measurement (marked as NiS-40). b Ni 2p XPS spectra for NiS and NiS after
HER measurement (marked as NiS-40), along with NiO and NisS, as reference.
c iR-corrected Linear sweep voltammetry (LSV) polarization curves of as-
synthesized NiS, NiS-10, NiS-20, NiS-30, NiS-40, and NiS-50 samples measured in

1M KOH solution. NiS-10, NiS-20, NiS-30, NiS-40, and NiS-50 are NiS samples
after 10, 20, 30, 40, and 50 minute chronoamperometry measurements at
-1.00 V vs. RHE, respectively. d The large-area TEM image, e high-resolution TEM
image (the right panel shows the FFT images of both regions) and f the corre-
sponding elemental mapping of the NiS-40 sample after conducting 25-h
chronopotentiometric measurement at a current density of 200 mA cm™
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spectroscopy (XPS) of Ni 2p core level in Fig. 1b suggests that the as-
synthesized samples are characteristic of the hexagonal a-phase of
NiS?. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images in Supplementary Fig. 1 show that the
samples consist of NiS particles with a size of ~200 nm uniformly
coating on the carbon paper substrate.

The HER activity was evaluated in 1M KOH using a three-
electrode system (details in the Methods section). Cyclic voltam-
metry (CV) measurements were carried out in order to adjust the
conditions for the evaluation of the HER catalytic activity (Supple-
mentary Fig. 2a, b). In the first cycle of as-synthesized samples, there
is a sharp onset of the current density for the HER at around -0.30 V
vs. RHE, which continues to increase steadily as the sample is further
polarized to negative potentials. After that sharp onset of the cur-
rent density, the CV profile is reproducible in the second cycle, with
an upper limit of the potential at 0.05V vs. RHE. However, as the
upper limit of the potential is extended to 0.40V vs. RHE in the 3™
and 4™ cycles, there is an oxidation wave with a peak at +0.27 V vs.
RHE and a 15% increase of the current density when the sample is
polarized back to negative potentials. Remarkably, the current
density keeps on increasing as the sample is subject to chron-
oamperometry at —-1.00V vs. RHE (Supplementary Fig. 2c). Linear
sweep voltammetry (LSV) of the sample after the chron-
oamperometry measurement shows that the current density
increases 25% compared with the pristine sample, and there is also a
clear shift of the onset to lower overpotential (Supplementary
Fig. 2d). These electrochemical studies clearly demonstrate that in-
situ modifications of NiS electrodes lead to a significantly enhanced
HER catalytic activity.

On these bases, we carried out a more detailed study of the
chronoamperometric conditions of NiS electrodes on their HER
catalytic activity. Figure 1c shows the LSV curves of the as-
synthesized NiS, as well as NiS samples after 10, 20, 30, 40, and 50
minute chronoamperometry measurements at -1.00V vs. RHE,
labeled as NiS-10, NiS-20, NiS-30, NiS-40, and NiS-50, respectively. In
order to avoid deviations caused by ohmic drops, the potential was
adjusted by an iR factor (Supplementary Fig. 3a, b). The as-
synthesized NiS initially exhibits a low HER activity, but the HER
activity gradually increases with the chronoamperometry measure-
ment time until it is conducted for 40 minutes. A similar trend of HER
activity is also observed when the current density is normalized by
electrochemical active surface area (ECSA) (Supplementary
Figs. 4 and 5). As shown in Fig. 1c, the NiS-40 sample exhibits a high
HER catalytic activity, requiring an overpotential of 95+8 mV to
reach a current density of 10 mA cm™ (acquisition of error bar can be
seen in Supplementary Fig. 3c.). Further electrochemical character-
izations showed that the Tafel slope and charge transfer resistance
(Supplementary Fig. 6a, b) decrease in the order of NiS > NiS-10 >
NiS-20 > NiS-30 > NiS-50 > NiS-40, indicating that the performance
enhancement after the chronoamperometric treatments results
from an intrinsic faster HER kinetics. Compared with previously
reported HER catalysts, electrochemically treated NiS electro-
catalysts exhibit competitive HER activity in terms of overpotentials
at 10mA cm™ and Tafel slope (Supplementary Fig. 7 and Supple-
mentary Table 1). Additionally, the catalytic activity of the NiS-40
sample is very stable, showing no overpotential increase over 25 h of
continuous operation at a current density of 200 mA cm2in1 M KOH
(Supplementary Fig. 6c).

A series of ex-situ characterizations of the highly active
samples after performance tests were conducted. The as-
synthesized NiS is converted into a mixed phase of Ni3S, and
NiO after HER measurement. Figure 1a shows an XRD pattern of
the NiS-40 sample, from which a pattern characteristic of NisS,
can be identified, suggesting a full-phase conversion of NiS to
crystalline Ni;S,**2. The XPS in the Ni 2ps/, region for the NiS-40

sample exhibits a pronounced spectral feature possibly arising
from NiO (Fig. 1b). Additionally, the Ni K-edge XAS of sample NiS-40
(Supplementary Fig. 8) can be fitted by a linear combination of
spectra of NisS, and NiO, which further confirms the formation of
Ni3S; and NiO. We further characterized the NiS-40 sample after 25-h
chronopotentiometric measurement at a current density of
200 mA cm?, the XRD, XPS and XAS confirm the HER-post catalysts
are present in the form of Ni;S, and NiO (Supplementary Fig. 9).
Spherical Aberration Corrected Transmission Electron Microscope
(SAC-TEM) was used to further examine the microstructure of the
HER-post catalysts. As shown in Fig. 1d, the large-area TEM image
reveals numerous small NiO clusters anchored onto the large NisS,.
The HR-TEM image exhibits a distinct interface that partitions the
image into two regions (Fig. 1e). By analyzing the FFT images cor-
responding to these two regions, the cluster region has an inter-
planar spacing of 0.21nm corresponding well to the (200) lattice
plane of NiO, while the other region has an interplanar spacing of
0.30 nm which matches well with (-110) lattice plane of Ni5S,. More
importantly, the elemental mapping shows the preferential enrich-
ment of oxygen elements on the small cluster (Fig. 1f), which
strongly reveals the small cluster is assigned to NiO. It should be
noted that the formed NiO may exist in the form of a very small
cluster, which is hard to determine by XRD patterns. To investigate
the influence of the ratio of Ni;S; to NiO on the catalytic activity, NiS
samples received by 1, 5, 10, and 50 LSVs in the range from 0.00 V to
-1.00 V vs. RHE were prepared. The Ni K-edge XAS of these samples,
shown in Supplementary Figs. 10a-d, consists of a linear combina-
tion of spectra of NisS, and NiO, which indicates that a full trans-
formation of NiS occurs after a single LSV. However, the NiO to Ni5S,
ratio increases upon increasing the number of LSVs. We extracted
the NiO to NizS, ratio based on the XAS spectra (Supplementary
Figs. 10a-d and Supplementary Table 2) and found that the HER
activity increases with the amount of NiO (Supplementary Fig. 10e),
which clearly indicates the beneficial effect of the Ni oxide species on
the HER process.

Phase transition dynamics revealed by operando XAS and
operando Raman spectroscopy

An operando XAS spectroscopy was employed to gain detailed insights
into the NiS>Ni3S,/NiO transition process, and details of the experi-
mental method are provided in the Methods section. Figure 2a shows a
three-dimensional (3D) plot of the Ni K-edge XAS of the NiS electrode
as a function of the applied potentials during cyclic CV measurement
(Fig. 2b). Note that two important changes in the spectral profile occur
at applied voltages of —0.27 V and +0.27 V vs. RHE, dividing the 3D plot
into three regions as I (applied voltage from +1.00V to -0.27V), Il
(-0.27 Vto -1.50 V and back to +0.27 V) and Il (from +0.27 V t0 1.00 V).
Selected Ni K-edge XAS spectra at specific applied voltages within
regions I, Il and Ill are shown in Fig. 2¢. In region I, with applied voltage
from +1.00 V to —0.27 V, the spectrum of the sample remains as that of
the NiS phase. The transition from region I to region Il at —0.27 V can be
identified as the phase transition NiS>Ni3S,, based on spectral fitting
and comparisons with reference samples of NiS and Ni3S, (region I and
Il'in Fig. 2c). The associated reduction of the formal oxidation state of
Ni?* in NiS to Ni'**" in NisS, can be observed as a cathodic wave peak in
the CV profile just at the onset of the HER current shown in Fig. 2b (see
the inset), clearly showing that the HER catalytic activity is associated
with the formation of Ni5S,. After the phase transition, the Ni3S, phase
is stable under HER conditions. However, with a more negative voltage
applied (region II in Fig. 2a), a continuous decrease of the spectral
intensity of the white line of the Ni K-edge XAS spectra suggests a
further reduction of the oxidation state of Ni. Consistently, the fitting
of Fourier Transform moduli of spectra in region Il revealed a decrease
of the average coordination number of Ni coordinated by S (Fig. 2d,
Supplementary Figs. 11 and 12, and Supplementary Tables 3 and 4, and
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Fig. 2 | Operando characterizations and the mechanism of phase transition.

a Operando Ni K-edge XAS for NiS catalyst as a function of applied voltages. Top
panel shows a 3-dimensional view of Ni K-edge XAS spectra; bottom shows a
2-dimensional projection from a 3-dimensional view. b The corresponding CV
profile used for the operando XAS measurement. The inset shows the magnified
region marked in the rectangular box. ¢ The Ni K-edge XAS spectra at specific
applied voltages of +1.00V (1 V_.N means +1.00 V in negative sweep of CV), -1.50V

(-1.50 V_N means -1.50 V in negative sweep of CV), and +0.50 V, +1.00 V (+0.50 V_P
and +1.00 V_P mean +0.50 V and +1.00 V in positive sweep of CV) in region I, II, and
Il respectively, extracted from Fig. 2a, and their linear combination of Ni3S, and
NiO. d The coordination number of Ni as a function of applied voltages. e Operando
Raman spectroscopy of NiS at different applied voltages. f Schematic illustration
for phase transition of NiS catalyst during HER measurement.

the simulations procedure in Supplementary Note 1), suggesting the
formation of S vacancies, i.e., NisS,_s. As the sample is polarized from
negative back to positive potentials, the transition from II to IIl at
+0.27 V can be associated with an oxidation process observed in the CV
profile shown in Fig. 2b, consistent with a constant increase of the
white line of the spectrum as the sample is further polarized (region I
in Fig. 2a). The spectrum can be fitted with a linear combination of
NisS, and an increasing contribution of NiO (region Il in Fig. 2¢), and
details of the fitting are discussed in Supplementary Notes 2-5. Based
on this analysis, we estimate that the NiO contribution at +0.50V is
about 13%, which further increases to 22% when the sample potential
reaches +1.00 V (Fig. 2c and Supplementary Table 5). Thus, the coor-
dination of Ni by O occurs gradually in region Ill (Fig. 2d), probably
caused by the filling of the sulfur vacancies in Ni;S,_s with water or OH™
ions, leading to an intimately mixed phase of NisS, and NiO, which is
further verified by the Wavelet transform (WT) analysis of extended
X-ray absorption fine structure (EXAFS) and Fourier-transformed
k*-weighted EXAFS at applied voltage of +1.00V in region III

(Supplementary Fig. 13). The corresponding results of fitting at +1.00 V
were shown in Supplementary Table 4, and the Ni-O show a bond
length of ~2.00 A. Highly crystalline NiO has a characteristic Ni-O
distances around 2.09 A; however, the short-range order in NiO reveals
that the Ni-O distances for amorphous and/or nanocrystalline NiO may
decrease to 2.00-2.06 A***, This result further confirms the formed
NiO is in the form of a very small cluster.

The formation of mixed-phase of Ni3S, and NiO was further ver-
ified by an operando Raman spectroscopy study (the details of the
experiment in the Methods section). The top Raman spectrum in
Fig. 2e can be assigned to pristine NiS, with characteristic bands
appearing at Raman shifts 281 cm™ and 473 cm™. As the sample was
polarized to negative potentials, the characteristic peaks assigned to
NiS disappear, while the characteristic peaks assigned to Ni3S, appear
at 221, 303, 322, and 349 cm™ (marked as a, b, ¢, and d, respectively),
indicating the complete phase transition from NiS to NiS,*. In addi-
tion, the newly emerged peaks e, f, g, h, and i located at 453, 493, 600,
800, and 1060cm™ can be assigned to Ni-O**, suggesting the
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formation of NiO under HER conditions. Raman spectra features
associated with NiS, Ni5S,, and NiO are very well resolved so that even
small trace concentrations of NiO species can be detected.

Based on the analysis of the operando XAS and operando Raman
spectroscopy data, we propose a three-step mechanism for the phase
transition of NiS->NisS,/NiO under alkaline HER conditions, as sche-
matically shown in Fig. 2f*°. The electrochemical reduction of NiS to
Ni;3S, at —0.27 V vs. RHE can be driven by the thermodynamic instability
of NiS under HER conditions (step 1). As more negative potentials are
set to reach higher HER current densities, S leaching leads to the for-
mation of S vacancies in NizS,_s (step 2). As the sample is polarized to
more positive potentials, substantial oxidation occurs at +0.27 V vs.
RHE, and S vacancies are occupied by the oxygen species from the
media (water/OH™ ions), leading to the formation of an intimately
mixed phase of Ni;S,/NiO (step 3).

The stability of NiS, NisS,, and NiO under different conditions
relevant to the HER catalytic performance was further investigated by
operando XAS spectroscopy. Figure 3a shows operando XAS at Ni
K-edge of the NiS electrode in chronoamperometry for 30 minutes at
consecutively applied potentials: 0.00V, -1.00V, 0.50V, and back to
-1.00V (all potentials are vs. RHE). As expected, the sample retains its
pristine NiS structure at 0.00 V and converts to NisS, when polarized
to -1.00 V (Fig. 3a), due to the electrochemical reduction at —0.27 V as
discussed above. Then, as the sample is polarized to +0.50 V, the white
line of 8350eV assigned to Ni-O increases noticeably (the inset in
Fig. 3a) and the spectrum can be fitted with a linear combination of
90% of NisS, features and 10% of NiO spectral features (Supplementary
Fig. 14a and Supplementary Table 6), due to the bulk oxidation that
occurs at +0.27 V as previously discussed. When the sample is brought
back to HER conditions at -1.00V, the content of NiO seems to
decrease but still exist (the inset in Fig. 3a) as the spectrum can be
fitted with a linear combination of 94% of NisS, spectral features and
6% of NiO spectral features after 30 minutes under the reaction (Sup-
plementary Fig. 14b and Supplementary Table 6). In addition, Fig. 3b
shows operando Raman spectra of a NiS electrode in chron-
oamperometry at —0.30 V vs. RHE for 30 minutes, further confirming
the existence of NiO under the HER process. In order to demonstrate
the long-term stability of the Ni3S,/NiO mixed phase, we extended the
operando Raman experiment at an applied potential of -0.30 V vs. RHE
to 25 h. The results demonstrate NizS, and NiO remain stable under
HER conditions over an extended period of time (Supplemen-
tary Fig. 15).

Insight into the HER mechanism
The HER in alkaline media mainly involves the step for water dis-
sociation to form H* and OH*, i.e., Volmer step, followed by the cou-
pling of H* to form H, in the Heyrovsky and Tafel steps. The Volmer
step has been shown to be the rate-determining step for alkaline
HER®’. Therefore, to identify the active sites formed after the elec-
trochemical treatment of the samples, we carried out a study for the
dissociative adsorption of water on NiS and NiS-40 (Ni3S,/NiO) cata-
lysts by means of near-ambient-pressure (NAP)-XPS (experimental
details in the Methods section). NAP-XPS is a commonly used spec-
troscopic technique to study the dissociative adsorption of water on
catalysts in a humid environment®, Figure 4b shows the XPS spectra
of NiS and NiS-40 (Ni3S,/NiO) in the O 1s region in the presence of 0.5
mbar water vapor. Oxygen related species including lattice oxygen in
NiO (lattice O), adsorbed OH*, adsorbed H,0* and vapor H,0 (H;Oyap)
can be identified, and their relative amounts can be quantified by fit-
ting the peak area (Supplementary Fig. 16 and Supplementary Table 7).
In particular, the adsorbed OH* originates from the dissociative H,O
adsorption, and therefore can be used as a measure of the degree of
water dissociation on the catalyst surface, i.e., the higher the value, the
better the ability to dissociate water. As shown in Fig. 4c, the ratio (Rg;s)
of OH* to (H,O* + OH*) in NiS-40 (Ni3S,/NiO) is much higher than that
in NiS in the presence of different water vapor pressure, suggesting a
stronger ability of dissociative adsorption of water on the NiS-40
(Ni3S,/NiO). In addition, the surface chemistry of the catalyst was
further investigated by monitoring changes in the Ni 2p and S 2p core
levels upon water exposure. For the NiS-40 (Ni3S,/NiO) sample, water
exposure induces a pronounced change in the Ni 2ps,, and S 2p. As
shown in Fig. 4d, compared with the Ni 2p5/, spectrum in vacuum, the
spectral intensity associated with Ni-O increases significantly upon
water exposure, which may result from the preferential adsorption of
OH* at Ni sites. On the other hand, for S 2p shown in Fig. 4e, after water
exposure, a shoulder feature appears at the lower binding energy side,
which may result from the reduction of sulfur ions when H* adsorbs at
S sites in Ni3S,. In contrast, for NiS (Supplementary Fig. 17), there is no
obvious change in Ni 2p and S 2p after water exposure, which suggests
that there is much less OH* and H* intermediates generated on NiS
surfaces, in accordance with the weak water dissociation ability of NiS
observed for this sample.

Considering the involvement of Ni and S sites in the water dis-
sociation process, the influence of each site on the alkaline HER was
investigated by a systematic poison experiment (experimental details
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in the Methods section). Specifically, we used thiocyanate ions (SCN")
and dodecanethiol to selectively block the Ni and S sites,
respectively** . Figure 4a shows the change in current density at
-0.15V vs. RHE before and after blocking Ni and S sites in as-
synthesized NiS and NiS-40 (Ni3S,/NiO). The change in current density
is a measure of the activity of a specific site; essentially, the greater the
change after blocking a site, the higher the catalytic activity of the site
in the non-poisoned state. For as-synthesized NiS, there is only a
0.5 mA cm2 decrease in the HER current density after blocking Ni sites,
while 3.8 mA cm™ after blocking S sites; suggesting that S sites are the
active sites. On the other hand, for the NiS-40 (NizS,/NiO) sample, it
can be seen that the change is 2.0 mA cm after blocking Ni sites, and
9.5 mA cm™ after blocking S sites. This result indicates that both the Ni
and S sites are the active sites in NizS,/NiO.

The above experiments indicate the synergistic effect of Ni;S, and
NiO in the transformed phase leading to the enhanced HER activity, in
which the interfacial Ni sites play a crucial role in accelerating the rate
determining step of water dissociation and producing H* inter-
mediates while the interfacial S facilitates H* adsorption to gen-
erate H,.

In order to support our experimental mechanistic studies for the
enhanced HER activity after the formation of the mixed phase of Ni5S,/
NiO, we performed theoretical calculations based on density func-
tional theory (DFT) (computational method in the Methods section). In
our model, we employ a heterostructure of NisS, and NiO with O sites
covered by H (marked as Ni;S,/NiO). We also construct models for
individual NisS, and NiO for comparison. Schematics and details of the
models are shown in Supplementary Fig. 18, and the atomic

coordinates of the optimized models are supplied in Supplementary
Data 1. We used crystalline NiO with an FCC crystal structure in our
model because our thermodynamic analyses suggest that the stable
state of NiO is crystalline (see Supplementary Fig. 19, and corre-
sponding atomic coordinates are supplied in Supplementary Data 1).
The NizS,/NiO model with O sites covered by H can be rationalized
because the adsorption of H at the unsaturated oxygen sites of NiO is
spontaneous and very strong, as indicated by the large values of AGy-
of up to -0.86 eV shown in Supplementary Fig. 20. We carried out our
DFT mechanistic study based on comparisons of these three modes,
drawing conclusion from the trends we found rather than from indi-
vidual values.

Using these models, we calculated the Gibbs energy change
toward HER for the Ni3S,/NiO heterostructure and the corresponding
individual phases, and the results are graphically shown in Fig. 5a. For
individual NisS,, the energy barrier for the water dissociation step is
high (0.42 eV), which is mainly due to the weak adsorption of OH* on Ni
sites (Supplementary Fig. 21). Similarly, the water dissociation energy
for individual NiO catalyst is as high as 0.51eV, due to the weak
bonding strength between Ni and adsorption H*. On the other hand,
for the Ni3S,/NiO heterostructure, by taking complementary advan-
tages of stronger adsorption of OH* at Ni sites at the NiO side and
stronger adsorption of H* at S sites at the Ni;S, side, the energy barrier
for water dissociation can be dramatically reduced to 0.11eV. Fur-
thermore, Ni3S,/NiO heterostructures also facilitate the coupling of H*
to produce H,. The adsorption energy of H* on S sites at the Ni;S,/NiO
heterostructure is —0.18 eV, which is closer to the optimal value (0 eV)
for coupling of H* to form H,, compared with the corresponding value
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(-0.31eV) for individual NisS, (Fig. 5a). Interestingly, our DFT results
reveals that a strong electronic interaction between Ni3S, and NiO at
the interface provide favorable energetics for coupling of H* to form
H,. Figure 5b shows the density of states (DOS) of NiO and NisS,. NiO
has low DOS at the Fermi level, and NisS, has a metallic state, showing a
high density of occupied electrons around the Fermi level. Therefore,
electrons can easily transfer from Ni5S, to the empty state of NiO. As
shown in Fig. 5c, the charge differential analysis for the Ni3S,/NiO
hetero-interface clearly reveals that electrons transfer from S sites of
the NisS; side to the NiO side. The depletion of electrons at S sites of
the Ni3S, side can tune the electronic states of S atoms further weaken
the adsorption energy of H* from -0.31 eV to -0.18 eV, which provides
favorable energetics for coupling of H* to form H,. Therefore, as shown
in the schematic model in Fig. 5d, our experimental and theoretical
mechanistic study results clearly reveal that the in-situ formed Ni5S,/
NiO hetero-interface provides dual active sites to promote water dis-
sociation, and the strong electronic interaction between Ni5S, and NiO

interface also modifies the electronic state of interfacial S sites and
thus provide optimized energetics for coupling of H* to form H,.

In summary, an operando XAS and operando Raman were
employed to investigate the dynamic restructuring of NiS under
alkaline HER conditions. It was found that NiS was electrochemically
reduced to Ni3S,, which subsequently oxidized with water and OH"
ions from the electrolyte, leading to the formation of a highly active
Ni3S,/NiO hetero-interface. The combination of operando spectro-
scopy and theoretical investigations further unveiled that the Ni5S,/
NiO hetero-interface would function as the actual active sites, i.e., the
interfacial Ni sites provide the active sites to accelerate water dis-
sociation while the interfacial S sites facilitate the adsorption of H*
intermediates and its subsequent association to form H,. Our work
shows that the chemistry of transition metal chalcogenides is highly
dynamic, and careful control of the working conditions may lead to the
in-situ formation of catalytic species that boot their catalytic
performance.
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Methods

Synthesis of NiS samples

Carbon paper was used as the substrate for NiS. Carbon paper was
consecutively washed with HNO5; (1 M) and deionized water under
sonication for 15 minutes in each solution to thoroughly remove
impurities and improve hydrophilicity. 0.2448 g nickel acetate
(99 wt%, Alfa Aesar) and 0.2300 g thioacetamide (99 wt%, Alfa Aesar)
were dissolved in 35 mL deionized water. After stirring, the mixture
was poured into a 50 ml autoclave with a piece of carbon paper
(0.5 x1.5cm?). The growth was carried out at 120 °C in an electric
oven for 12 h. After the autoclave cooled down naturally to room
temperature, the samples were removed, washed with deionized
water, and then dried in a vacuum oven at room temperature.

Preparation of electrolyte and electrode

1M KOH can be obtained by dissolving 32.0058 g of KOH (85 wt%,
Sinopharm Chemical Reagent) in 500 ml of deionized water. Store it in
a plastic bottle. We usually prepare it freshly as needed. The pH value
was 14.00 + 0.03 measured by pH meter (details in the Supplementary
Table 8 and Supplementary Fig. 22). As shown in Supplementary
Fig. 1a, a portion of the carbon paper with 0.5x 1.0 cm? of geometric
dimensions is covered by the NiS sample, while another portion with
0.5 x 0.5 cm? of geometric dimensions is left bare for connection to the
glassy carbon electrode. Clamping the exposed portion of the carbon
paper with the glassy carbon electrode forms the working electrode.

Material characterizations

The crystal structure was analyzed using X-ray diffraction (XRD)
employing Cu Ka radiation. Surface morphology was assessed using a
ZEISS Sigma field emission scanning electron microscope (SEM). For
analysis with transmission electron microscopy (TEM) and spherical
aberration-corrected transmission electron microscopy (SAC-TEM),
samples were suspended in absolute ethanol and subsequently
deposited onto a Cu grid. High-resolution X-ray photoelectron spec-
troscopy (XPS) measurements were conducted using a monochro-
matic Al Kal X-ray source (hv=1486.6¢€V) equipped with a SPECS
PHOIBOS 150 electron energy analyzer, achieving a total energy
resolution of 0.50 eV. The binding energy was calibrated using the C 1s
peak’.

Electrochemical measurements

All electrochemical measurements were carried out using a three-
electrode configuration controlled by a CHI 750E electrochemical
workstation, consisting of an as-prepared sample on carbon paper as
working electrode, Hg/HgO (1M KOH) as the reference electrode
and graphite rode as the counter electrode (Supplementary Fig. 23).
The reference electrode was calibrated by comparing it with the
standard Hg/HgO (1 M KOH) purchased from Tianjin Aida Co., LTD.
The potentials reported in this work were normalized versus the RHE
using Erpe = Eng/higo + 0.059 pH + 0.098 V. We conducted all HER
measurements in 1M KOH electrolyte. Prior to measurements, all
fresh electrolytes were bubbled with pure nitrogen for 30 minutes.
Linear sweep voltammetry (LSV) was employed to obtained polar-
ization curves by sweeping the potential from 0.00V to -1.00V vs.
RHE at a scan rate of 5mVs™. The electrochemical impedance
spectroscopy (EIS) was performed in the same configuration at
-0.20V vs. RHE applied potential over frequency range from
100 kHz to 0.1 Hz at the amplitude of the sinusoidal voltage of 5 mV.
To correct the ohmic drop, the measured potentials were calibrated
using equation E.,, = E - iR, where E, was corrected potentials, E was
measured potential, i was current and R was the contact resistance
determined either through iR measurement or by analyzing EIS
curves. In this work, 85% iR was conducted. The polarization curves
were replotted as overpotential (n) versus log current (logj) to get
Tafel plots for assessing the HER kinetics of investigated catalysts.

Capacitance measurements in the potential region of no faradaic
process at different scan rates of 20, 40, 60, 80, 100, and 120 mV s™
can be used to determine electrochemical active surface
area (ECSA).

Operando electrochemical X-ray absorption experiment
Operando XAS measurements were carried out on NiS samples
grown on carbon paper as the working electrode at the CLAESS
beamline of the ALBA synchrotron in Spain, using a specially
designed in-house electrochemical cell setup (see Supplementary
Fig. 24). A platinum wire served as the counter electrode, and an Ag/
AgCl (3 MKCI) electrode was used as the reference electrodeinalM
KOH solution. These electrochemical experiments were done in a
computer-controlled electrochemical workstation. Spectra at the Ni
K-edge were continuously collected as the samples were subject to
cyclic voltammetry (CV) from the open circuit potential to -1.50 V
versus RHE and scan rate of 0.5 mV s™.. Spectra acquisition was per-
formed using a Si (311) monochromator that offered an incident
energy resolution of 0.3 eV. Appropriate angle and coating for the
collimating and focusing mirrors were selected to ensure harmonic
rejection. The measurements were done in fluorescence mode, and
both NiO pellets and Ni foils were employed for energy calibration.
XAS data processing was conducted using the ATHENA software
package™.

Operando Raman experiment

Raman spectra were acquired using a Jobin-Yvon Horiba Xplora con-
focal Raman system. All experiments were done with an excitation
wavelength of 638 nm and a x50 microscope objective with a numer-
ical aperture of 0.55. Laser power was maintained at ~1.5 mW. Oper-
ando experiments took place in a K006 Raman cell (see
Supplementary Fig. 25), and Raman spectra were recorded at various
applied potentials.

Near-ambient-pressure photoemission spectra experiment
Near-ambient-pressure photoemission spectra (NAP-XPS) were recor-
ded on a lab-based spectrometer (SPECS GmbH, Berlin) using a
monochromated Al Ka source (hv =1486.6 eV) operating at 50 W. The
analyzer is a SPECS PHOIBOS 150 NAP, a 180° hemispherical energy
analyzer with a 150 mm mean radius. The entrance to the analyzer is a
nozzle with a 300 pm diameter orifice. The analyzer is run in fixed
analyzer transmission (FAT) mode. The pass energy was set to 40 eV
for survey scans and 20 eV for high-resolution regions. Water vapor
dosing was carried out via a leak valve, Ni 2p, S 2p, and O 1s NAP-XPS at
all pressures were recorded after at least 15minutes of pressure
stabilization.

Poisoning experiment

In order to explore what is the active site during the HER process, the
influence of thiocyanate ion (SCN°) and dodecanethiol on the HER
activity of investigated catalysts was evaluated by adding 10 mM SCN-
and 10 mM dodecanethiol in the electrolyte respectively, where SCN-
and dodecanethiol are known to poison the Ni sites and S sites,
respectively™ >,

Density functional theory calculations

For the density functional theory calculations (DFT), Perdew-Burke-
Ernzenhof (PBE) method is used to obtain exchange correlation
functional”, and projector-augmented wave (PAW) pseudopotentials
are employed®*’. Hubbard-U and DFT-D3 (B-)) are also introduced in
the calculations to correctthe electron correlation. The whole DFT
calculations are implemented in the Vienna Ab initio Simulation
Package (VASP) code®*®’. The value of U-J term was set as 4.0 eV for Ni
cations®>®*, A T-centered Monkhorst-Pack grid with a 2 x 2 x1 k-point
mesh was used. The wave functions of valence electrons were
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expanded using a plane wave basis set with a cut-off energy of 500 eV.
The convergence criterion was set as 10 eV between for electronic
optimization. For the structural optimization loops, the maximum
force on each atom was less than —-0.01eV/A%. All calculations were
spin-polarized.

Gibbs free energy calculations
The steps involved in HER in alkaline media are listed in Eqs. (1)-(3), as
shown below:

Volmer : H,0()+2M" — M'OH+M'H @

MOH+MH+e™ — M +M'H+OH"~ 2)

Heyrovsky : M'H+H,0+e~ — M +H, +OH™ /Tafel : M'H — M" +1/2H,
3)

Here, we applied a method developed previously for modeling the
thermochemistry of electrochemical reactions based on density
functional calculations®. Specifically, the Gibbs free energy of reac-
tions, served as the criterion to determine the spontaneity of reactions,
can be acquired based on DFT with corrections including entropic (TS)
and zero-point energy (ZPE) contributions by the following equation:

AG = AEpe; +ZPE — TAS (4)

Here, the Eppr represents the DFT energy computed for the
respective systems, ZPE refers to the change in zero-point energy
determined from the vibrational frequencies, and AS is the change in
the entropy. For Gibbs free energy calculations, the free energy of a
proton (Gy-) is replaced by half of a hydrogen molecule in gaseous H,
(1/2Gyy) for every step of electrochemical reactions®. The entropies of
corresponding species were obtained from the vibrational fre-
quencies. For gas molecules such as H,, the value of entropy can be
described in the sum of the translational, vibrational, and rotational
sections. Furthermore, the translational and rotational entropic values
were not considered due to negligible contributions. The entropy is
obtained by the following equation:

3N ho; N, hv; e—hv,-/kBT
- ot A
S =2 1{"”"(1‘6 ) - M
<

5)
where R denotes the gas constant, kg is the Boltzmann constant, h
represents Plank’s constant, N, corresponds to Avogadro’s number, v;
signifies the frequency and N is the number of adsorbed atoms.
Additionally, for frequency calculations, all substrate atoms were fixed
and only adducts-related reaction intermediates are calculated, and
the contributions from the catalyst phase to ZPE and AS are not
involved in the Gibbs free energy of those reactions. The accuracy of
calculations is provided in Supplementary Note 6.

Data availability

Additional data supporting this study’s findings are available from the
corresponding author upon request. Source data are provided with
this paper.
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