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ARTICLE INFO ABSTRACT

Keywords: Constructing heterostructure catalysts with rich defects and lattice distortions is an efficient strategy to enhance
Nio.gsSe/WO2.90 the activity of electrocatalysts, and identifying true active sites in-situ is also a major challenge in water elec-
Heterostructure

trolysis. Herein, an oxygen-rich vacancy heterostructure (NiggsSe/WO2.90) is fabricated via three-step route,
which is provided with an extraordinary oxygen evolution activity in alkaline solution, achieving low over-
potentials of 230/295 mV at current densities of 20/100 mA cm 2, respectively. And a small Tafel slope of
40.6 mV dec™! indicating favorable reaction kinetics. Besides, it shows outstanding long-term stability, main-
taining its performance for 100 h at 20 mA cm 2 with negligible degradation. Besides, only a cell voltage of
1.76 V is needed to offer 100 mA cm ™2 by the assembled Nig gsSe/WO3 g0||Pt/C electrolyzer. In situ studies reveal
that Nig gsSe undergoes dynamic reconstruction into active NiOOH species during operation. Meanwhile, W
stabilizes in the form of W-O within WO 9o matrix. The abundant oxygen vacancies and lattice distortions
synergize with adjacent sites. This synergy optimizes the adsorption/desorption energetics for oxygen in-
termediates, thereby dramatically accelerating the oxygen evolution reaction (OER) kinetics. This strong
alignment of experimental and theoretical results highlights the potential of Nip g5/WO3.g9 as a leading candidate
for water oxidation applications.

Oxygen vacancy
Oxygen evolution reaction
Overall water splitting

1. Introduction reaction (HER) at the cathode [5-7]. Currently, the overall efficiency of

the water electrolysis process is principally restricted by the high energy

The ongoing reliance on fossil fuels and the resultant rise in carbon
emissions have intensified research into renewable energy technologies.
To date, the electrochemical conversion of renewable resources into
electricity and fuels stands out as a pivotal approach towards clean
energy [1-4]. The overarching technique of water splitting through
electrochemistry is viewed as pivotal for producing green hydrogen, a
versatile energy carrier and a foundational element for energy storage
and chemical industry inputs. This process incorporates the oxygen
evolution reaction (OER) at the anode and the hydrogen evolution
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consumption caused from the overpotential of the OER half-reaction,
which involves the complex and sluggish multistep proton-coupled
electron transfer process and O-O bond formation [8-10]. As a result,
accelerating the research of reaction kinetics and fundamental under-
standing of OER are imperiously demanded to achieve energy-efficient
water oxidation. Whereas, the significant hindrance of water electrol-
ysis is the reliance on scarce, expensive, and unstable noble metals like
Pt, IrO5, and RuO,.

The development of affordable and abundant transition metal-based
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electrocatalysts that offer similar activity and stability is, therefore,
imperative. Recent studies have made significant strides in designing 3d
transition metal-based materials, with OER catalysts comprising various
compositions including selenides [11,12], oxides [13,14], hydroxides
[15,16], and phosphates [17], etc. One promising approach is to
construct heterostructures that combine two or more components. The
advantage is that these heterostructures can combine the strengths and
offset the weaknesses of each individual component, optimizing their
structure and electronic characteristics to enhance OER performance
[18,19]. Specifically, these structures can promote electron rearrange-
ment and active site exposure, leading to a reduction in the OER’s en-
ergy barrier [20-22].

While the idea of heterostructure engineering is conceptually simple,
the choice of components for a specific purpose requires careful
consideration. Notably, recent nickel-based heterostructures, for
instance NiO/Co304 [23], M0S5/NiS, [24], NiSy/NiSey [25], FeSo@NiSy
[26], Ni3Sny-NiSnOy [27], etc, which have demonstrated efficient OER
performance thanks to their chemically adjustable structures. Still, the
challenge remains to identify new nickel-based electrocatalysts through
straightforward synthesis methods. Leveraging defects and lattice strain
in heterostructures can amplify their catalytic properties. Given tung-
sten oxide’s unique redox and Lewis acid/base attributes [28,29], it
offers robust interactions with other active components, aiding both in
optimizing the activity of active substances and stabilizing substrates.
Oxygen-deficient tungsten oxide also enhances hydrolysis kinetics,
speeding up O release. Thus, this study proposes a catalyst modified by
WO, 90 on a Nig gsSe base, aiming to enhance catalytic performance and
stability. Additionally, research indicates that OER pre-catalysts un-
dergo structural transformations in alkaline solutions, resulting in the
creation of metal-based (oxy)hydroxides (MOOH) as the real catalytic
agents [30-32]. Therefore, a thorough understanding of these trans-
formation behaviors is crucial for designing effective catalysts [33-35].

In our study, we developed a catalyst featuring NipgsSe nano-
particles anchored to a WO g9 nanowire structure with a high oxygen
vacancy content. This composition showcased exceptional OER effi-
ciency and stability in an alkaline solution. When paired with Pt/C in a
water electrolyzer, the catalyst required a mere 1.53 V to achieve a
20 mA cm ™2 output. This superior performance is largely attributed to
the composite’s large active surface area and oxygen-rich vacancies,
ensuring effective electron transfer. Both experimental and DFT calcu-
lations show that the designed Nig gsSe/WO2 g9, with its induced lattice
distortion, can enhance conductivity, aid electron transfer, and lower
the energy barrier of the rate-determining step, significantly boosting
electrocatalytic activity. This research offers a viable design pathway for
non-precious metal OER catalysts vital for future renewable energy
applications.

2. Experimental sections
2.1. Materials

All reagents and chemicals were commercially available and without
further purification. Nickel nitrate hexahydrate (Ni(NOs)2-6 H5O,
99.0 %), selenium powder (Se, 99.99 %), tungsten hexachloride (WCls,
98.0 %), potassium hydroxide (KOH, 90.0 %), ethanol (CoHsOH,
99.7 %), hydrazine hydrate (NoH4-H20, 80 %), Pluronic P123, hydro-
chloric acid (HCl, 37.0 %). Carbon cloth (CC) was purchased from
commercial company. The 5 wt% Nafion solution and commercial Pt/C
(20 wt% for platinum) were all purchased from Adamas Chemical Re-
agent Co. Ltd. The deionized water (18.2 MQ cm™~2) was produced by an
ultrapure water system (Millipore).

2.2. Preparation of NiSeO3-3 H;0

In a typical synthesis of the NiSeO3-3 H,0, 0.1579 g selenium pow-
der was firstly dissolved in 4 mL hydrazine hydrate with stirring for
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30 min. Then 0.5816 g Ni(NO3)2-6 H20, 300 mg Pluronic P123, 15 mL
water and 15 mL ethanol were added. The mixture was kept stirring at
room temperature for 12 h. The resulting black precipitates were
collected by centrifugation, washed with water and ethanol three times,
and finally dried at 60 °C overnight.

2.3. Preparation of NiSe2/WOz2.99

Typically, 100 mg WCl¢ was dissolved in 10 mL water and 10 mL
ethanol with stirring for 30 min, and then the as-prepared NiSeO3-3 H,O
(100 mg) was added in the above solution. The mixture was kept stirring
at room temperature for 3 h. The obtained solution was then transferred
to a Teflon-lined stainless steel autoclave and heated at 180 °C for 6 h.
After natural cooling, the resulting dark gray precipitates were collected
by centrifugation, washed with water and ethanol three times, and
finally dried at 60 °C overnight.

2.4. Preparation of Nig g5Se/WO2.99

The as-prepared NiSea/WO; g9 was annealed at 380 °C for 2 h at a
heating rate of 5 °C min~! in Hy/Ar (10/90) atmosphere to obtain
Nio_gsse/WOZ.go. Similarly, NiSez/W02_90-350 and Ni0.35Se/W02490-4OO
were prepared with the same method except for the calcination tem-
peratures (350 and 400 °C, respectively). A set of catalysts with various
relative W loading were also prepared by varying the amount of WClg (e.
g.,50 and 200 mg), which were denoted NiggsSe/WO2.90-1/2 and
Nig.g5Se/WO2.g0-2.

2.5. Preparation of RuO, wt% Pt/C electrodes

The commercial RuCls-3 HyoO was directly calcined at 400 °C for 3 h
in the air to obtain RuOy powders. And then 2 mg RuO;3 or 20 wt%
commercial Pt/C was dispersed into a mixture of 200 pL deionized
water, 200 pL ethanol and 10 pL 5 wt% Nafion, respectively. The
mixture was ultrasonically treated for at least 30 min to form a uniform
catalyst ink, then dropped onto the surface of CC (1 cm x 1 cm) and
dried naturally in the air.

3. Results and discussion
3.1. Analysis of oxygen vacancies structure and lattice strain

The synthesis of NiggsSe/WO3 99 heterostructure material with
oxygen-rich vacancies was accomplished using a simple method. This
involved a room temperature coprecipitation, followed by a hydro-
thermal reaction and reduction treatments using a Hp/Ar mixture, as
depicted in Fig. 1a. The process began with the creation of NiSeO3-3 HoO
nanoparticles using coprecipitation (Fig. S1). These nanoparticles sub-
sequently served as a template to absorb W ions from a solution. The
final catalyst, rich in oxygen vacancies, was obtained through
calcination.

To evaluate the structure and morphology of Nig gsSe/WO3 g9, both
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM) were utilized. The SEM (Fig. 1b) alongside TEM images at
low magnification (Fig. 1c and Fig. S2) highlighted the distinctive
urchin-like structure of Nig gsSe/WO5 go. This structure was seen to be
evenly coated with numerous nanoparticles. Structures of this kind have
been associated with beneficial properties in electrocatalysis, such as
generating more defects, offering a multitude of accessible active sites,
and promoting shorter electron/ion and gas evolution pathways [36,
37]. The high-resolution TEM (HRTEM) image of Nig gsSe/WO2 9o pre-
sented in Fig. 1d unveiled further structural details. Notably, the
measured spacings between consecutive lattice fringes, 0.374 nm and
0.290 nm, correlate well with the (110) plane of tetragonal WO 9o and
the (101) plane of hexagonal Nig gsSe, respectively. This observation is
corroborated by the selected area electron diffraction (SAED) pattern
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Fig. 1. Fabrication and characterization of Nig gsSe/WO5 g9. (a) Preparation scheme. (b) SEM image. (c) TEM image. (d) High-resolution TEM (HRTEM) image. (e-f)
The magnified HRTEM of the corresponding region. (g) Water contact angle test on the surface of the as-prepared catalyst. (h) HAADF-STEM and related elemental

mapping images in Niy gsSe/WOs go.

(Fig. S2), which distinctly shows diffraction rings related to these planes
[38,39].

As marked by red circles in Fig. 1e, reveals abundant anionic oxygen
vacancies in the HRTEM images. The intensity profile within the framed
area (inset of Fig. le) lends further support to the presence of these
oxygen vacancies in the Nig gsSe/WO, g catalyst. An enlarged version of
the HRTEM image (Fig. 1f) illustrates the evident lattice distortion, a
sign of the alteration of the host’s original crystalline structure due to
the introduction of WO3 g9. Importantly, such lattice defects are known
to enhance the oxygen evolution reaction (OER) performance, particu-
larly by augmenting the adsorption capacity of reaction intermediates
[40].

Furthermore, the energy dispersive X-ray spectrum (EDX) confirms
the presence of Ni, W, Se, and O elements in the sample (Figs. S2-4). The
elemental mapping of Nip gsSe/WO3 g exhibits a clear pattern: Ni and Se
elements are evenly distributed across the nanoparticles found on the
surface of the urchin-like structure, whereas W and O are uniformly
distributed throughout the entire urchin structure, lending further evi-
dence to the formation of this distinctive urchin morphology (depicted
in Fig. 1h). Beyond structural considerations, other properties like

electrical conductivity and hydrophilicity play pivotal roles in
improving both electron and mass transfer. To gain insight into how the
interfacial ion/molecule interactions influence water adhesion, we
conducted contact angle tests on all the synthesized materials. Results
visible in Fig. 1g and Fig. S5, show that NigpgsSe/WO2. 9o exhibits a
particularly high hydrophilic nature, with a static contact angle of just
13.1°. This is notably lower when compared to NiSey/WO3 g9 (with a
contact angle of 21.4°), NiSeOs3-3 H,O (37.8°), WO2.9¢ (36.2°), and
Nip.gsSe (25.1°). This heightened hydrophilicity can be credited to the
distinctive urchin-like structure of the material.

This enhanced surface wettability translates to improved kinetics for
NiSez/WO3 g9, promoting both hydroxyl oxidation kinetics and the O-O
bond coupling process both essential for the OER reaction. Furthermore,
the unique urchin-like nanostructure not only enhances hydrophilicity
(allowing for better penetration of the electrolyte into active sites) but
also ensures that gas bubbles are kept at a distance from the catalyst
surface. Both these factors combined result in an augmentation of the
catalytic activity during the OER process.

The crystalline characteristics of the synthesized samples were vali-
dated through powder X-ray diffraction (XRD) tests. In the composite
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material, diffraction peaks observed at 33.15°, 44.95°, 50.49°, and
60.24° can be aligned with the (101), (102), (110), and (103) planes of
the hexagonal NiggsSe structure (JCPDS: 18-0888) [41]. Simulta-
neously, peaks at 23.77°, 33.80°, 54.94°, and 60.46° correspond to the
(110), (200), (310), and (311) planes of the tetragonal WO5 g9 (JCPDS:
18-1417) (Fig. 2a and Figs. S6-8). The Ni/W molar ratios, as determined
by inductively coupled plasma atomic emission spectrometry (ICP-AES),
align well with the initial feed ratios (Table S1). In the Raman spectra
depicted in Fig. 2b, characteristic peaks positioned at 262, 683, and
980 cm ! are identifiable as stemming from nickel selenides [25].
Further insight into the density of oxygen defects in Nig gsSe/WO2 g9 is
provided by the electron paramagnetic resonance (EPR) spectra. Here,
the EPR signal, pinpointed at a value of 2.003, is indicative of electrons
confined within oxygen vacancies, paralleling past research (Fig. 2c and
Fig. S9) [42]. When contrasting the EPR signals, Nij gsSe/WO3 g9 stands
out with a significantly enhanced and distinct signal compared to other
samples. Such unusual lattice expansion observed in Nij gsSe may be
attributed to the creation of negatively charged anion vacancies, as
confirmed by EPR- a phenomenon well-documented in prior studies
[43]. These examinations collectively underscore that the
Nig.g5Se/WOs g9 is enriched with oxygen vacancies, likely resulting from
the Hy/Ar calcination process- an observation that dovetails with find-
ings from the HRTEM. In oxide materials, a high concentration of oxy-
gen vacancies can uncover more metal sites, thereby amplifying the
count of active catalytic sites and consequently speeding up the reaction
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kinetics pivotal to the OER process [44].

The as-prepared samples’ electronic states and chemical composition
were probed using X-ray photoelectron spectroscopy (XPS). The XPS
survey spectrum for Nig gsSe/WO3 g9 confirmed the presence of Ni, W,
Se, and O elements (as seen in Fig. S10), aligning with the earlier EDX
and ICP-AES observations. A deeper look at the high-resolution Ni 2p
spectra of both Nig gsSe/WO2 g9 and Nig gsSe (displayed in Fig. 2d) re-
veals two distinct regions: Ni 2p;/» and Ni 2p3,5. These can further be
split into three peak pairs. The predominant Ni 2p XPS peaks correspond
to the typical spin-orbital peaks of Ni®" and Ni?". Specifically, the bands
for Ni 2p3,» and Ni 2p; 2 at 853.2 and 870.8 eV, respectively, coupled
with their satellite peaks at 860.3 and 879.4 eV, are indicative of Ni2* in
Nip g5Se/WO2.90. Meanwhile, the peaks at 855.6eV (2ps2) and
873.7 eV (2p1») align with Ni®" ions. Notably, a positive shift (roughly
0.25 eV) in the Ni%* binding energies of Nig g5Se/WO3 g9 compared to
Nip gsSe alone indicates a change in electron distribution, likely driven
by the interaction between Nig gsSe and WO gg, with a slight shift to
higher energy upon introducing lattice strain. For the W 4 f XPS spec-
trum (Fig. 2e), the two peaks at 36.0 and 38.2 eV match the W 4f;, and
W 4fs/2 of WO, respectively. Moreover, two additional deconvoluted
peaks at 34.7 and 36.9 eV can be associated with W>*. Compared to pure
WO4.00, Nig g5Se/WO4 g0 showcases an increased W>*/W®™ ratio and a
distinct shift towards lower binding energy (0.25 eV). This indicates the
partial reduction of W6 to W5, in tandem with the growing content of
oxygen vacancies and a reinforced electronic link between W and Ni
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Fig. 2. Phase structure and chemical composition study of the catalysts. (a) XRD pattern of NipgsSe/WO go. (b) Raman spectra of NiggsSe/WO5 99 and NiSeop/
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(Figs. S11-13). Examining the Se 3d spectra reveals peaks at 54.2 and
55.3 eV, corresponding to Se 3ds,2 and Se 3ds,2, which originate from Se
species bound to Ni2™. A peak at 58.9 €V can be attributed to Se-O
species, suggesting some surface oxidation (Fig. 2f). The O 1 s spectra
(Fig. 2g) contain three deconvoluted peaks: 530.5 eV for metal oxygen
(M-0), 531.7 eV for oxygen vacancies (Oy), and 533.0 eV for adsorbed
water molecules (H2O,qs). These further confirm the creation of oxygen
vacancies. These XPS findings are harmonious with EPR and HRTEM
results. Additionally, the oxygen vacancy percentage in Nig gsSe/WO2. g9
is found to be approximately 47.2 %, in line with the W>' content
deduced from the W 4 f XPS spectra.

Various studies have highlighted that the surfaces of Ni-based cata-
lysts undergo transformation, specifically converting into layered (oxy)
hydroxides (NiOOH) as nickel cations oxidize to higher valence states
under strong oxidative OER potentials [45,46]. In order to both sub-
stantiate the operando reconstruction of our material and identify the
genuine reactive intermediates, we employed potential-dependent in
situ Raman spectroscopy. Alongside electrochemical testing, this
allowed for the real-time observation of the catalyst’s dynamic changes
under OER conditions. The operando Raman spectrum, which
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monitored the intermediates at applied potentials ranging from the
initial setting to 1.65 V for Nig g5Se/WO3 gp, is illustrated in Fig. 2h-i.
The primary Raman spectrum of Nip gsSe/WO3 g9 showcased a distinc-
tive peak near 262 cm ™, which can be associated with the Ni-Se vi-
brations upon its submersion in 1.0 M KOH. However, as the applied
voltage was incrementally increased to 1.50 V, the Ni-Se peaks almost
entirely disappeared. This indicates that structural modifications tran-
spired within the NiggsSe/WO3 g9 catalyst upon the application of an
oxidative potential. When this potential reached 1.5 V (relative to RHE),
two pronounced Raman peaks emerged around 475 and 553 cm L.
These can be ascribed to the bending and stretching vibration modes of
Ni-O-O-H [47,48]. Interestingly, as the applied potential surged, these
peaks not only emerged but also gained in intensity [49]. This suggests a
gradual transformation of Nig gsSe into NiOOH. This alteration implies
that NiOOH, acting as the actual active phase, prompts a complete
overhaul of the catalyst’s surface during the process.

Furthermore, the formation of the NiggsSe/WO5 99 was further
corroborated by X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) measurements. The Ni
K-edge XANES spectra of the Niggs5Se/WO3.99 and NiggsSe samples
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indicates that the valence state of Ni is between 0 and + 2, in line with
the XPS results. Notably, the absorption edge for Nig gsSe/WO3 99 shifts
noticeably toward the lower energy relative to that of Nig gsSe, implying
the lower average Ni valence state (Fig. 3a). From the Ni K-edge fourier
transforms EXAFS (FT-EXAFS) spectra, the dominant peaks of Nig gsSe/
WO, gp are attributed to the scattering of Ni-Se (Fig. 3b). It can be clearly
seen that the Ni-Se bond transforms into Ni-O bond post OER, which
indicate that it gradually transforms into NiOOH during the OER pro-
cess, which is consistent with the results of in situ Raman spectra. It is
worth noting that compared to Nig gsSe, Nig.g5Se/WO3.90 has a shorter
Ni-Ni bond length, which may be due to lattice distortion of the heter-
ojunction at the interface. These results have also been confirmed in
wavelet transform (WT) (Fig. 3c, f). The coordination configuration and
atomic spacing were determined through quantitative least squares
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EXAFS curve fitting analysis. Compared with Nig gsSe, the lower Ni-Se
coordination number (CN) of NipgsSe/WO3. 99 confirms the presence
of more oxygen vacancies and higher degree of disorder. As shown in the
Fig. 3d-e, for the W-L3 edge spectrum, the white line peak position of
Nig.g5Se/WO3 g9 is located at WO, (+4) and WO3 (+6). Due to the in-
crease of oxygen vacancies, its oxidation state is lower than that of the
original Nig gsSe. Although the FT-EXAFS spectrum has almost the same
peak position at the W-L3 edge, the W-O intensity of Nip gsSe/WO2 99
decreases, indicating that the CN coordinated by W-O is lower due to the
effect of oxygen vacancies. In addition, the WT-EXAFS analysis of
Nig.g5Se/WO399 provides higher radial distance resolution, further
confirming the results of EXAFS, and Post OER, the W-W bonds were
generated. As shown in Fig. 3h-i, analyzing the Se K edge of Nig gsSe/
WO g9 before and post OER and Niy gsSe, it can be found that there is no
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significant change in the valence state of Se. The corresponding FT
EXAFS spectra suggest that the Se-Se coordination bond weakens post
OER, indicating that it is gradually oxidized during the OER process.

3.2. Regulation of oxygen vacancies and lattice strain on electrocatalytic
oxygen evolution

The electrochemical performance of the as-prepared sample-modi-
fied electrodes, in relation to the OER, was initially assessed in a 1.0 M
KOH electrolyte. The linear sweep voltammetry (LSV) curve for
Nip.g5Se/WO3 o9 exhibits an oxidation peak around 1.38 V, likely due to
the transition of Ni®* to Ni>* cations. As evident in Fig. 4a, the Nig gsSe/
WO gg electrode demands an overpotential at 20 mA cm~2 (n20) of just
230 mV. This is significantly lower than the overpotentials of Nij gsSe
(271 mV), WO3 99 (296 mV), NiSes/ W05 99 (231 mV), and even the
benchmark RuO (256 mV) catalyst. Strikingly, for Niy gsSe/WOs g0, the
required overpotentials rise with the current densities: 265 mV at
50 mA cm™2 and 295 mV at 100 mA cm™2, showcasing the outstanding
OER activity of Nig gsSe/WO2 9o (Fig. 4b). To delve deeper into the OER
kinetics, we turn to the Tafel slopes extrapolated from the polarization
curves (Fig. 4¢c). Here, Nip g5Se/WO3 o9 stands out, presenting the fastest
kinetics with a minimal Tafel slope of 40.6 mV dec™ L. This is in stark
contrast to NiSey/W0O3. 9¢ (59.8 mV dec_l), Nig gsSe (192.1 mV dec_l),
and WOa.99 (198.0 mV dec™), clearly emphasizing the superior OER
kinetics of NigpgsSe/WO2.99 in comparison to these control catalysts.
With the increased applied potentials, the phase angles at low frequency
for Nip gsSe/WO3 99 show an accelerating trend of decline, indicating
that the combination of Nig gsSe and WO g can facilitate the electron
transfer at electrolyte-catalyst interface and consequently lead to a su-
perior OER kinetics (Fig. 4d).

Further experiments were conducted using catalysts prepared under
varying conditions, including different temperatures, metal ratios, and
an Ar-only calcination atmosphere. The outcomes, spanning from
differing crystal structures to catalytic performances, uniformly suggest
that Nip.gsSe/WO3 9o offers optimal OER activity (Figs. S14-16). It’s
hypothesized that the Ni component enhances the bridging oxygen site’s
activity, serving as a proton acceptor during the OER to expedite
deprotonation and thus enhance kinetics. The enhanced performance of
Nig.g5Se/WO3 g9 over NiSeo/WO3 oo may be attributed to charge-transfer
characteristics from Nig gsSe to its growth template. Electrochemical
impedance spectroscopy (EIS) was utilized to further verify charge-
transfer kinetics. The charge-transfer resistance (R.) was derived from
the semicircle’s radius in the Nyquist plot’s high-frequency domain. EIS
results, as depicted in Fig. 4e and Fig. S17, demonstrate that R values
are ordered as NiggsSe/WO390 (1.4 Q) < NiSep/WO399 (4.8 Q)
< Nip.gsSe (7.8 Q) = WO3.99 (7.8 Q) (Table S2). This suggests that an
abundance of defects can ease interfacial charge transfer via intra-
molecular electron transfer [50]. Lastly, as highlighted in Fig. 4g and
Table S3, the OER electrocatalytic activity demonstrated in this study
surpasses many recently reported catalysts, both in terms of over-
potential and Tafel slope.

The electrochemical surface area (ECSA), which is directly propor-
tional to the double-layer capacitance (Cq)) of electrocatalyst, is a crucial
parameter for understanding intrinsic activity. Cyclic voltammetry (CV)
curves were recorded in the non-Faradaic region at various scan rates
(Figs. S18-20). The calculated Cq; values for NigpgsSe/WO2.99, NiSeo/
WO3.90, Nig g5Se, and WO5 g were found to be 5.39, 5.39, 3.98, and 3.57
mF cm ™2, respectively (Fig. 4h). Furthermore, the ECSA values were
calculated as 134.8, 99.5, and 89.3 cm? for Nig g5Se/WO5 g9, NiSes/
WO 90, and Nig gsSe, respectively (Fig. S21). A larger ECSA indicates the
exposure of more active sites, which is a significant contributing factor
to the excellent performance of the material. To delve deeper into
intrinsic catalytic activity, LSV curves were normalized to the ECSA. As
anticipated, NipgsSe/WO3 99 exhibited the highest intrinsic activity,
affirming that defects engineering and lattice strain effectively enhance
the OER activity of Nig gsSe/WO2 9o (Fig. 4f). The operational stability of
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electrocatalysts is crucial for evaluating their catalytic activity. A fast-
degradation test, based on continuous CV cycling, was conducted
(inset in Fig. 4i). There was only a slight decay in overpotential after
1000 CV cycles. Following a 100h chronoamperometry test at
20 mA cm~? (Fig. 4i), the Nig gsSe/WO5 g¢ catalyst exhibited minimal
voltage attenuation (17.0 %). It is presumed that the catalyst’s voltage
attenuation primarily results from catalyst detachment and structural
collapse during continuous testing. Ex-situ characterization methods,
including TEM, HRTEM, EDX, and XPS, were employed to assess the
structural stability. Post-stability test TEM characterization revealed a
morphology change to a transparent sheet containing small particles
(Fig. S22a). HRTEM images indicated changes in lattice spacing, with
0.374 nm and 0.239 nm corresponding to the (110) plane of WO5 ¢ and
(011) plane of NiOOH, differing from the original 0.290 nm attributed
to the (011) of NipgsSe (Fig. S22b). SAED patterns demonstrated
reduced crystallinity, indicating changes on the catalyst surface
(Fig. S22c). These TEM findings were consistent with in situ Raman
results. After the long-term stability test, Nip gsSe on the catalyst surface
gradually evolved into NiOOH, confirming NiOOH as the real active site
of the catalyst. Building upon the impressive OER capabilities of
Nip.g5Se/WO3 ¢ catalyst, it was implemented as an anode in tandem
with Pt/C as the cathode to form an electrolyzer (Nig gsSe/WO3.90||Pt/
C) designed for comprehensive water splitting. The experimental as-
sembly utilizing a two-electrode configuration is depicted in Fig. 4j and
Fig. S27a. For comparative analysis, a benchmark catalyst, RuO,, was
paired with Pt/C (RuOg||Pt/C) and tested under identical conditions.
The polarization curves for the assembled Nig gsSe/WO2 99| |Pt/C elec-
trolyzer, shown in Fig. 4k, highlight its remarkable performance in
overall water splitting. The electrolyzer achieved current densities of 20
and 100 mA cm ™2 with a cell voltage requirement of just 1.53 V and
1.76 V, respectively. These results are competitive with the RuO,||Pt/C
pair, which required 1.52 V to achieve 20 mA cm 2. It’s significant to
note that the NiggsSe/WO3.90||Pt/C electrolyzer outperforms the
benchmark RuOs||Pt/C, especially at elevated current densities.
Comparatively, as seen in Fig. S27b and Table S4, the assembled elec-
trolyzer demonstrates a significant edge in activity when benchmarked
against other previously reported catalysts. Moreover, the long-term
stability of the electrolyzer was assessed at a constant current density
of 20 mA cm 2. Fig. 41 shows a compelling operational stability for the
electrolyzer. Even after rigorous testing for 120 h at 20 mA cm ™2, the
cell voltage remained largely unchanged, attesting to its commendable
performance in alkaline water electrolysis. All in all, these findings
firmly establish Nig gsSe/WO3299 as a promising anode candidate for
viable hydrogen production through water electrolysis.

3.3. Catalytic reaction pathway and activity analysis of OER process

Elemental analysis revealed a considerable dissolution of Se and a
significant increase in oxygen content in the catalyst (Fig. S23). This
indirectly indicated the formation of a substantial amount of NiOOH.
XPS spectra demonstrated an increase in Ni>* from 61.3 % to 82.5 %
post OER, indicating more Ni cations becoming active OER sites
(Fig. S22d and Fig. S23) [51]. The presence of Ni species in a high
valence state is favorable for surface interactions between reaction in-
termediates and active sites, contributing to the superior OER activity
[52].

Tracking the changes of intermediates during the OER is crucial for
monitoring the reaction process and clarifying the pathway in real-time,
a series of in-situ characterizations were conducted under actual OER
working conditions to determine the key intermediates of reaction
active sites. Firstly, the key reactions of intermediates in the OER process
were detected using in-situ Fourier transform infrared (FTIR) spectros-
copy to elucidate the mechanism of catalytic reactions. Under voltage, a
clear peak was detected near 1108 em ™! for NiggsSe/WO2g0 and
Nig.gsSe, representing the characteristic vibration of *OOH. In Fig. 5a, b,
as the applied potential increases, the *OOH vibration band recorded by
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Nig.g5Se/WO3 g9 is much stronger than that of Nij gsSe, indicating faster
oxygen exchange on Nip gsSe/WO3 qo. In addition, *OH was detected at
3350 cm™! (Fig. 5¢). In order to gain a more comprehensive under-
standing of the dynamic structural changes of materials during opera-
tion, a series of XPS test results were collected at different potentials to
monitor the elemental valence states and electronic structural changes
of the materials. As shown in the Fig. 5d-f, detailed quantitative mo-
lecular analysis reveals a rapid increase in the relative percentage of
Ni®*/Ni?* in Nip.g5Se/WOs.qp, indicating the rapid formation of high
valence active species, consistent with in situ Raman spectroscopy. The
corresponding phenomenon is the Oy /Oy ratio of the O 1 s spectrum,
and the graph shows the variation of the Or/Oy ratio. The ratio of Or/Oy
can be used as a scale to estimate the relative number of surface oxygen
vacancies. For Nig gsSe/WO5 g0, the relative content of O;/Oy increased
from 0.38 to 0.57, and the potential increased from OCP to 1.6 V,
indicating that higher Oy, values are beneficial for stabilizing the struc-
ture. For the W 4 f spectrum, as the voltage increases, the ratio of W8/
W5 gradually increases, indicating that the substrate of WOs,.gg plays a
key role in stabilizing the Nig gsSe/WO2 9o system.

To gain deeper insights into the high OER (oxygen evolution reac-
tion) activity of the Nig gsSe/WO, oo heterostructure, density functional
theory (DFT) calculations were conducted. To ensure the representation
of the system, a complex NiggsSe/WO2 90@NiOOH/WO; g9 structure
was selected as the computational model. This model consists of the
Nig.g5Se/WO, ¢ surface covered with NIOOH/WO, g9 material, aligning
with the OER reaction process and supported by the results from in situ
Raman and XPS/TEM post stability testing (Fig. S24) [26,53]. Charge
density distribution in the NiggsSe/WO3.99@NiOOH/WO3 9p hetero-
structure (Fig. 5g and Fig. S25) reveals intriguing patterns. Electrons are
shown to accumulate around oxygen (O) atoms while depleting around
nickel (Ni) and tungsten (W) atoms [2]. This illustrates the role of the
heterostructure in adjusting the electronic structure of the material to
improve its electrocatalytic performance. The alkaline OER reaction
pathway involves four proton-electron steps, with the adsorption en-
ergies of intermediates (*OH, *O, and *OOH) on the active sites being
crucial determinants of OER activity (Fig. 5h and Fig. 526). The density
of states (DOS) analysis (Fig. 5i) demonstrates that forming a hetero-
structure with WO3 g9 significantly alters the electronic structure of Ni
atoms, leading to a lower d-band center (&4) and improved conductivity
and electron migration [54]. Lower &4 values contribute to lower anti-
bonding energy states and weakened interactions between adsorbed OH
and the catalyst, ultimately accelerating OER kinetics. As depicted in
Fig. 5j, the rate-determining step (RDS) for the Ni sites of NiggsSe/-
NiOOH is the deprotonation of *OH to *O with a Gibbs free energy of
1.55 eV (overpotential, 1=0.32 V). In contrast, for Nigp g5sSe/WOz2 9o@-
NiOOH/WO; g9, the RDS has a lower Gibbs free energy of 1.37 eV
(n=0.14 V) [51]. This lower theoretical overpotential demonstrates a
lower reaction barrier and aligns with the superior OER performance of
the heterostructure. Besides, revealing that WOz 99 could effectively
regulate the energetics for OER intermediates. Fig. Sk shows the in-situ
reconstruction mechanism of the catalyst under alkaline conditions,
which better explains the reconstruction model.

In brief, the electrocatalyst achieved through this strategy offers
several advantages: 1) Geometric stress caused by the replacement of
atoms induces lattice distortion, increasing active sites. 2) Modification
of W03 99 with NiggsSe optimizes the adsorption energy of reaction
intermediates and reduces the OER catalytic barrier. 3) The structure
enhances the local electric field and promotes the escape of generated
gas, leading to significantly improved OER performance. This study
sheds light on the enhancement mechanism of the catalyst’s OER per-
formance, highlighting its potential in practical applications.

4. Conclusions

In summary, the NipgsSe/WO299 heterostructure exhibits
outstanding electrocatalytic performance for the OER. Its unique sea-
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urchin-like morphology increase defect sites, facilitating mass trans-
port and exposing abundant active sites. And demonstrates exceptional
stability evidenced by over 100 h with minimal voltage attenuation. The
heterointerface induces significant lattice strain and abundant oxygen
vacancies, effectively modulating the local electronic structure and
promoting interfacial charge redistribution and delocalization, thereby
reducing the Gibbs free energy of the rate-determining step. Combined
experimental characterizations and first-principles calculations reveal
that the built-in electric field at the interface facilitates charge transfer
and optimizes the adsorption/desorption behavior of reaction in-
termediates, leading to significantly enhanced OER kinetics. Further-
more, in situ formed NiOOH serves as the active phase during operation,
while W-O species contribute to structural stabilization. This work
provides important theoretical and experimental insights for the atomic-
level design of highly efficient heterostructured electrocatalysts.
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