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Understanding and manipulating the structural evolution of water oxidation electrocatalysts lays the
foundation to finetune their catalytic activity. Herein, we present a synthesis of NiSe,-Ce,(COs3),0
heterostructure and demonstrate the efficacy of interfacial Ce,(C03),0 in promoting the formation of cat-
alytically active centers to improve oxygen evolution activity. In-situ Raman spectroscopy shows that
incorporation of Ce,(CO3),0 into NiSe, causes a cathodic shift of the Ni>*—Ni3* transition potential.
Operando electrochemical impedance spectroscopy reveals that strong electronic coupling at heteroge-
neous interface accelerates charge transfer process. Furthermore, density functional theory calculations
suggest that actual catalytic active species of NiOOH transformed from NiSe,, which is coupled with
Ce,(C03),0, can optimize electronic structure and decrease the free energy barriers toward fast oxygen
evolution reaction (OER) kinetics. Consequently, the resultant NiSe,-Ce,(CO3),0 electrode exhibits
remarkable electrocatalytic performance with low overpotentials (268/304 mV @ 50/100 mA cm™) and
excellent stability (50 mA cm for 120 h) in the alkaline electrolyte. This work emphasizes the signifi-

cance of modulating the dynamic changes in developing efficient electrocatalyst.
© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by
ELSEVIER B.V. and Science Press. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.
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1. Introduction

Electrochemical water splitting to generate green hydrogen
stands out as a promising avenue for renewable energy conversion
and storage, as well as achieving carbon neutrality [1,2]. Current
hindrance mainly originates from the multiple proton-coupled
electron transfer steps in anodic oxygen evolution reaction (OER),
necessitating significant overpotential to surmount its sluggish
reaction kinetics [3-5]. In this regard, an appropriate catalyst is
essential to accelerate the OER for enhancing energy conversion
efficiency. While precious metal-based catalysts like IrO, and
RuO, are the most active OER catalysts, their scarcity and poor
long-term stability limit industrial application [6]. Therefore,
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developing highly active and stable nonprecious OER electrocata-
lysts is of pressing relevance for practical water-splitting
applications.

Recently, transition metal selenides (TMS) have emerged as a
propitious candidate due to their favorable conductivity, tunable
electronic structure, and low cost [7,8]. With insights into the
OER process, TMS generally undergo dynamic self-reconstruction
under oxidizing potentials to form metal oxides/(oxy)hydroxides,
which exhibit significantly enhanced OER activity compared with
directly synthesized oxide/(oxy)hydroxide counterparts [9-11].
For instance, Niu et al. verified that FeSe nanosheets underwent
in situ phase transformation to active FeOOH species [12]. Hu's
group also reported that Ni,Fe;_,Se, transformed into correspond-
ing hydroxides during electrochemical cycling process, showing
superior OER performance [13]. These results have demonstrated
that the reconstruction-derived metal oxy-hydroxide (MOOH) is
the origin of high catalytic activity. Hence, seeking reasonable
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strategies to promote the in-situ formation of active (oxy)hydrox-
ides is crucial. During the dynamic reconstruction process, metal
sites undergo oxidation, accompanied by the adsorption of oxygen
species and/or deprotonation of hydroxyl [14]. Accordingly, struc-
ture evolution is intricately linked to the chemical affinity between
metal sites and oxygen species, which can be subtly tuned by alter-
ing electronic states [15]. Heterogeneous multi-junction catalysts
typically possess superior activities compared to single-metal cat-
alysts, as the interfacial interactions can efficiently modulate elec-
tron transfer and optimize local coordination environment of
active sites and reaction intermediates adsorption/desorption
behaviors, thus facilitating conversion of active species during sur-
face reconstruction [16-19]. Xu's work indicated that Mott-
Schottky heterojunction promoted the surface reconstruction of
NiSe,/MoSe, to form NiOOH as the actual active site [20]. Jiang
and colleagues unveiled that in Ni,P/FeP heterostructures, Ni could
increase the bond strength of superficial Fe-O and accelerate the
formation of high active FeOOH phase during OER, which is
response for enhancing catalytic performance [21]. Li et al
employed interface interactions to design the FeEOOH@NiFe (lay-
ered double hydroxide, LDH) heterostructure [22], where the abun-
dant heterogeneous interface between FeOOH and NiFe LDH
promoted electron transfer, expeditiously inducing the reconstruc-
tion of NiFe LDH into Ni(Fe)OOH. Therefore, constructing heteroge-
neous structures is an advantageous strategy for promoting the
reconstruction.

Although the concept of heterostructure engineering appears
straightforward, selecting components necessitates rigorous and
meticulous deliberation. Ce, as one of the most abundant rare-
earth elements, features excellent redox properties, stable crystal
structure, and good electronic/ionic conductivity [23]. Therefore,
the addition of Ce can greatly improve the OER performance by
tuning the microstructure including the electronic state of transi-
tion metal ions, defect type and concentration, and the binding
energy of the intermediates [24]. Recently, Ce compounds have
demonstrated their efficacy as co-catalysts in facilitating dynamic
reconfiguration by forming robust heterointerfaces with host sur-
faces [25,26]. In situ Raman identified that the CeO, additives
accelerated the structural transformation of NiO, Ni3S, [27], and
CoS,97 [28] to active (oxy)hydroxide species towards efficient
OER. Such promotion is not unique to CeO,, but also potentially
presents in Ce,(CO3),0, which has attracted great attention due
to its distinct phase structures and morphologies [29]. In particu-
lar, our group previously highlighted the substantial enhancement
in electrocatalytic activity and efficiency achieved by combining
Ce,(CO3),0 with CoP [30]. Based on the above inspiring achieve-
ments, interfacial Ce,(C0O3),0 is highly anticipated to hasten the
formation of catalytically active centers by activating reconstruc-
tion process in TMS, thereby systematically boosting the OER
performance.

In this work, we have synthesized for the first time NiSe,-
Ce,(CO3),0 heterojunction uniformly grown on carbon cloth,
which is used as a self-supported electrode for the highly efficient
OER. The dynamic evolution of surface structure of NiSe,-
Ce,(C0O3),0 and the transformation of active center/intermediate
are confirmed by the comprehensive use of various in-situ charac-
terization techniques. The formation of interfacial Ce,(CO5),0 not
only facilitates the activation of structure reconstruction into true
catalytic activity centers at reduced potential, but also accelerates
charge transfer. Meanwhile, density functional theory (DFT) calcu-
lations show that interfacial Ce,(CO3),0 can greatly optimize elec-
tronic structure of NiOOH/Ce,(CO5),0 and the Gibbs free energy of
OER pathways. In summary, experiments and theoretical calcula-
tions demonstrate that the establishment of heterostructure opti-
mizes the coordination environment and facilitates the activation
of dynamic reconstruction into true catalytic active centers at
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lower potential, thereby boosting electrocatalytic activity. As a
result, the optimized catalyst exhibits excellent OER activity with
overpotentials (additional voltage applied above thermodynamic
requirements to drive electrochemical reactions) of 268 and
304 mV at 50 and 100 mA cm respectively, and good long-term
stability in 1.0 M KOH. Furthermore, the alkaline electrolyzer
assembled with the NiSe,-Ce,(C0O3),0 as anode and Pt/C as cathode
achieves a current density of 100 mA cm™ at a low voltage of
1.65 V, as well as substantial endurance. Our study spotlights the
interfacial engineering inducing the highly active NiOOH during
OER, which is expected to inspire the mechanistic understanding
of OER and shed some light on catalyst design.

2. Experimental
2.1. Reagents and materials

The materials in this work include nickel (II) nitrate hexahy-
drate (Ni(NOs),-6H,0, 99%, Xilong), cerium nitrate hexahydrate
(Ce(NOs),-6H,0, 99.5%, Aladdin), selenium (Se, 99.9%, Aladdin),
potassium hydroxide (KOH, 90%, Macklin), sodium borohydride
(NaBH4, 98.0%, Sinopharm Group), ethylene glycol (C;HgOo,
99.9%, Xilong), nitric acid (HNOs, 68%, Kelong), Nafion (5 wt%, Alfa
Aesar), commercial Pt/C (20 wt% Pt, Sinero), and carbon cloth (CC,
Kunshan). RuO, powder was synthesized by directly annealing
RuCl5-3H,0 (37%, Inno-chem) at 400 °C in air. All chemicals were
used as received without further purification.

2.2. Synthesis of NiCeCHO

The NiCeCHO was in-situ grown on CC by a hydrothermal
method. In detail, a piece of CC (2 cm x 3 cm) was initially cleaned
with HNOs, and then washed alternately with deionized (DI) water
and ethanol. 0.51 g (1.75 mmol) Ni(NO3),-6H,0, 038 g
(0.875 mmol) Ce(NOs);3-6H,0, and 0.525 g urea were dissolved into
30 mL aqueous solution, which was then sealed in a 50 mL Teflon-
lined autoclave. After immersing the pretreated CC into the
homogenous solution, the autoclave was maintained at 120 °C
for 10 h. The precursor on CC (denoted as NiCeCHO) was success-
fully synthesized after washing by deionized water several times
and drying in the 60 °C oven overnight.

2.3. Synthesis of NiSe,-Ce,(C03),0

Initially, 0.12 g (1.5 mmol) Se powder and 0.13 g (3.4 mmol)
NaBH, were added into 10 mL deionized water to form solution
A. Mixing 10 mL deionized water with 10 mL ethylene glycol
results in the formation of solution B. Then solutions A and B were
mixed and stirred for 1 h together to form a homogeneous mixture.
The mixture was poured into a 50 mL Teflon-lined stainless-steel
autoclave containing the NiCeCHO. The autoclave was sealed and
maintained at 180 °C for 10 h. After cooling to room temperature,
the product (denoted as NiSe,-Ce(C03),0) was washed with
deionized water and ethanol several times and then dried at
60 °C. Following the same line of thought, a series of samples with
different ratios of Ni/Ce (1/2, 1.5/1.5, 3/0, and 0/3) were synthe-
sized with the same method.

2.4. Fabrication of RuO, and 20 wt¥% Pt/C electrodes

2 mg RuO, or 20 wt% Pt/C was dispersed into a mixture com-
prising 50 pL DI water, 150 pL ethanol, and 5 pL 5 wt% Nafion,
respectively. The mixture was ultrasonicated for 30 min, and the
resulting slurry was then applied onto a CC substrate, which was
dried under ambient condition.
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3. Results and discussion
3.1. Synthesis strategy and structural analysis

The self-supported NiSe,-Ce,(CO3),0 electrode, as schemati-
cally shown in Fig. 1(a), was synthesized through an accessible
two-step hydrothermal method. Initially, the detailed morpholog-
ical evolution of the samples is tracked by scanning electron micro-
scopy (SEM). In a typical synthesis, the NiCeCHO precursor is
initially obtained via in-situ growth in aqueous solvents. As
depicted in Fig. S1(a and b), NiCeCHO exhibits a morphology of
downy nanorods, uniformly grown on a smooth CC substrate. After
selenization, the resulting NiSe,-Ce;(CO3),0 legibly delineates
rice-granular structure composed of protuberant nanoparticles
firmly anchored on the CC, imparting higher stability to the NiSe,-
Ce,(CO3),0 (Fig. 1b). In addition, pure NiSe, showcases the typical
microspherical morphology (Fig. S1c). Pure Ce,(CO5),0 in Fig. S1(d)
features the characteristics of interspersed sparse nanospheres
cross with abundant nanorods. As shown in Fig. 1(c), transmission
electron microscopy (TEM) images further confirm that the NiSe,-
Ce,(C03),0 possesses a unique rice-granular morphology, in accor-

Ni2+C es+

Hydrothermal Selenization
—<> —(<>
120 °C, 10 h

NiCeCHO precursor
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dance with the SEM observations. Fig. 1(d) presents a high-
resolution TEM image (HRTEM) of NiSe,-Ce,(CO3),0. Thereinto,
the well-resolved lattice fringes with the interplanar distances of
0.298, 0.308, and 0.576 nm are assigned to cubic NiSe; (200) plane,
orthorhombic NiSe, (020) plane, and Ce,(C0O3),0 (011) plane,
respectively, preliminarily confirming the successful preparation
of NiSe,-Ce;(C03),0 heterostructure. The high-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) image and the corresponding energy dispersive spectrome-
ter (EDS) elemental mapping images of NiSe,-Ce,(CO3),0
demonstrate the homogeneous distribution of Ni, Ce, Se, O, and C
elements over the entire heterostructure (Fig. 1e). Moreover, the
inductively coupled plasma mass spectrometry (ICP-MS) analysis
shows the detailed loading of different electrocatalysts. Thereinto,
the NiSe,-Ce,(C0O3),0 catalyst comprises Ni (23.09 wt%/1.41 mg
cm™2) and Ce (7.3 wt%/0.45 mg cm™) (Table S1).

The crystallographic texture of the obtained catalysts was eluci-
dated by X-ray diffraction (XRD) patterns. The XRD patterns pro-
vided in Fig. S2(a) confirm that the strong peaks of NiCeCHO
match the signals of Ni,CO5(OH),-H,O (JCPDS: 29-0868) and
Ce,(CO3),0 (JCPDS: 43-0602). After selenization, the diffraction

180 °C, 10 h
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Fig. 1. Synthesis process and microscopy characterization. (a) Schematic diagram for the fabrication of NiSe,-Ce;(CO3),0. (b) SEM of NiSe,-Ce,(C0O3),0. (c) TEM and (d)
HRTEM of NiSe,-Ce,(C03),0. (e) EDS mapping of Ni, Ce, Se, O, and C elements in NiSe,-Ce,(C03),0. (f) XRD pattern of NiSe,-Ce,(C03),0. High-resolution XPS spectra of (g) Ni

2p and (h) Ce 3d regions in NiSe,-Ce,(C03),0, NiSe;, and Ce,(C0O5),0.
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peaks of NiSe,-Ce,(C03),0 in Fig. 1(f) are corresponded well with
cubic NiSe, (JCPDS: 11-0552), orthorhombic NiSe, (JCPDS: 18-
0886), and Ce,(C03),0 (JCPDS: 43-0602), in good accordance with
the HRTEM results. It is noteworthy that Ce,(CO3),0 remains unal-
tered, as transformations only occur when calcined at 400 °C [30].
Meanwhile, the single NiSe, catalyst also manifests two distinct
crystallographic phases of NiSe, (Fig. S2b). Additionally, Fig. S2(c)
confirms the formation of pure Ce,(COs3),0 (JCPDS: 43-0602). The
valence states of the surface metal species were further examined
by X-ray photoelectron spectroscopy (XPS). The survey spectrum
(Fig. S3) clearly corroborates the coexistence of Ni, Ce, Se, O, and
C elements in NiSe,-Ce;(C03),0. As shown in Fig. S4(a), the high-
resolution C 1s XPS spectrum of NiSe,-Ce,(C03),0 catalyst is
deconvolved into C=C (284.0 eV), C-C (284.8 eV), C-0 (285.8 eV),
and C=0 (286.6 eV) [31]. Within the Ni 2p spectral range for NiSe,-
Ce,(CO3),0, the peaks centered at 853.25 and 870.76 eV can be
assigned to nickel selenide, which shows a marginally downward
shift relative to pure NiSe, [32]. Additionally, the spin-orbit dou-
blets at 855.55 and 873.06 eV, along with satellite peaks, are char-
acteristic of nickel in an oxidized state, likely a consequence of
unavoidable surface exposure to atmospheric oxygen (Fig. 1g)
[26,33]. Regarding the Ce 3d core level spectra, notably different
peak patterns can be observed in NiSe,-Ce,(C0O3),0 and pure Ce,(-
C05),0, suggesting distinct alterations in the local electronic envi-
ronment of Ce caused by the construction of heterostructure
(Fig. 1h). The Ce 3d spectrum of NiSe,-Ce,(C0O3),0 is fitted with five
pairs of spin-energy separations. The characteristic peaks located
at 881.02, 885.07 eV (1, 3) and 899.27,903.37 eV (1, 3) are assigned
to Ce3* (3d'°4f!), whereas the six peaks at 882.42, 887.87,
895.97 eV (2,4, 5)and 901.23,906.17,916.17 eV (2, 4, 5) are attrib-
uted to Ce** (3d'°4f°), demonstrating the existence of Ce** and Ce**
[34]. The Ce 3d spectrum in pure Ce,(COs3),0 clearly could be
deconvoluted into three series of subpeaks. The two peaks at
885.77 and 904.01 eV (2, 2) are attributed to Ce3*. Additionally,
the peaks at 882.1, 896.35 eV (1, 3) and 900.49, 915.64 eV (1, 3)
are attributed to the oxidation states of Ce*" [30,35]. Based on
the above results, valence shifts of Ni and discernible changes in
the local electronic environment of Ce conjointly bear out the sub-
stantial electronic coupling between them, which effectually opti-
mize the electronic structure and the adsorption energy of reaction
intermediates, thus ameliorating catalytic activity [36]. In the Se
region, the peaks at 54.98 and 55.88 eV are attributed to the Se
3ds;; and Se 3dsp, orbitals of Ni-Se, respectively, and a peak at
59.24 eV confirms the presence of oxidized selenium species (SeO,)
on the surface (Fig. S4b) [37,38].

3.2. Electrocatalytic OER performance

A standard three-electrode setup was employed to assess the
electrocatalytic performance of NiSe,-Ce,(C03),0 for the OER in
1.0 M KOH solution. As shown in Fig. 2(a), the linear sweep voltam-
metry (LSV) curves demonstrate the exceptional OER activity of
NiSe,-Ce,(C03),0 with only 268, 304, and 335 mV required to deli-
ver the current densities of 50, 100, and 200 mA cm2, respectively,
surpassing other tested catalysts. Further insights into the kinetic
mechanism are gleaned from the Tafel plot. The Tafel slope for
NiSe,-Ce,(C0O5),0 stands at 86.2 mV dec”!, markedly smaller than
that of RuO,, (96.4 mV dec™!), NiSe, (130.0 mV dec™!), and NiCeCHO
(151.2 mV dec™!), suggesting faster OER kinetics (Fig. 2b). The value
of n/log|j| is a descriptor of the correlation between current density
(j) and overpotential (#). A smaller #/log|j| ratio implies a lower
hindrance to increasing current density [39,40]. Fig. 2(c) shows
that NiSe,-Ce,(C03),0 maintains a smaller ratio than NiSe, under
different current densities, further confirming its good reaction
kinetics. The electrochemical double-layer capacitance (Cg;) values
extracted from cyclic voltammetry (CV) are closely related with
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electrochemically active surface areas (ECSA). The NiSe;-
Ce,(C0O3),0 manifests the higher values of Cy (2.2 mF cm™) and
ECSA (55.0 cm?), unequivocally implying more active sites exposed
(Fig. 2d and Figs. S5 andS6a). In order to exclude the influence of
different mass loadings, the LSV curves are normalized by ECSA
to compare their intrinsic activity. As demonstrated in Fig. S6(b),
the ECSA-normalized current of NiSe,-Ce,(C03),0 is distinctly
higher than that of others, demonstrating the excellent OER intrin-
sic activity. Therefore, the enhanced electrocatalytic activity of
NiSe,-Ce,(C03),0 depends on the improved intrinsic activity of
the metal sites rather than the size of the active area [41]. In addi-
tion, to explore the effect of Ni/Ce molar ratio on the OER activity,
various samples with different ratios (Ni/Ce = 0, 0.5, 1, 2, and 3)
were prepared. When Ni/Ce = 2, NiSe,-Ce,(CO3),0 exhibits the best
OER performance, which may result from the best synergistic
effects via suitable Ce species introduction (Fig. S7). Moreover,
OER activity of NiSe,-Ce,(C0O3),0 under acidic (0.5 M H,SO4) and
neutral (1.0 M phosphate-buffered saline, PBS) conditions were
studied. As illustrated in Fig. S8(a), NiSe,-Ce,(C03),0 fails to
demonstrate appreciable OER performance under both 0.5 M
H,S0,4 and 1.0 M PBS. Considering that CeO, is the most prevalent
Ce-based compound, we examined its effect on the OER properties
of NiSe, and found that the OER activity of NiSe,-CeO, is inferior to
that of NiSe,-Ce,(C0O3),0 (Fig. S8b).

Stability is also a crucial parameter for evaluating high efficient
electrocatalyst. NiSe,-Ce,(C0O3),0 maintains a consistent operation
at 50 mA cm™ over a duration of 120 h, with no discernible decay
in activity (Fig. 2e), underscoring the outstanding durability in
basic solution. We performed contact angle tests on synthesized
materials to understand the impact of interfacial ion/molecule
interactions on water adhesion. The contact angle of NiSe,-
Ce,(CO3),0 is 16.4°, which is apparently smaller than that of NiSe,
(85.2°), indicative of the higher hydrophilicity of NiSe,-Ce,(CO3),0
heterostructure electrode (inset in Fig. 2e). Such good hydrophilic-
ity can obviously facilitate electrolyte wettability with electrocata-
lysts, thereupon favoring the transport of electrolyte within the
electrode [42,43]. Impressively, NiSe,-Ce,(C0O3),0 surpasses other
representative non-precious metal catalysts recently reported in
terms of both OER overpotential and Tafel slope, as presented in
Fig. 2(f) and Table S2.

3.3. Finite element method simulation

The hydrophilic and electrochemically-active interfacial layer
between the electrocatalyst and electrolyte has been proved to
play a significant role in the thermodynamic reaction kinetics of
OER regarding that this reaction requires hydrophilic/aerophobic
and rapidly electron/mass-transportable interfaces [44-46], which
includes the electrical energy transfer and the energy-converted
mass transfer [47]. The finite element method (FEM) simulation
(see the Supporting Information for more details about computa-
tional method) was thus performed to investigate the transporta-
tion process during the oxygen production. Two models assigned
to NiSe,-Ce,(C03),0 and NiSe, were constructed according to their
interfacial water wettability, electrochemical impedance, and elec-
trochemically active area. The geometric model used for the simu-
lation is shown in Fig. S9. As exhibited in Fig. 3(a and e), it can be
clearly noticed that the electrode using NiSe,-Ce,(C0O3),0 catalyst
possesses the fastest oxygen production rate, which was well in
line with the experimental results. It is worth noting that the bub-
ble breakage in movement after the action of the electrode cell wall
is an important process in the electrochemical oxygen production
and mass transfer process. Concerning the bottom of the electrode
is the gas production outlet, the generation and collapse of a large
number of bubbles lead to the accelerated local gas flow rate, caus-
ing a speed difference in the surrounding relatively static elec-
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Fig. 2. Electrocatalytic OER properties of the catalysts recorded in 1.0 M KOH. (a) LSV polarization curves and (b) Tafel plots of various catalysts. (c) Ratio of #/log|j| at different
current densities. (d) Double-layer capacitance (Cq) plots. (e) Chronopotentiometry of NiSe,-Ce,(C0O5),0 at 50 mA cm (the inset displays the contact angle test for NiSe,-
Ce,(C05),0 and NiSe,. (f) Comparison of overpotentials at 100 mA cm™ and Tafel slopes for previously reported OER catalysts.
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Fig. 3. FEM analysis on the OER performance of NiSe,-Ce,(C0O3),0 and NiSe; catalysts. Simulation result of the oxygen production rate for (a) NiSe,-Ce»(C0s3),0 and (e) NiSe,.
The surface tension of oxygen bubbles on the anodic (b) NiSe,-Ce»(C0O3),0 and (f) NiSe,. The potentials and current density of electrolyte in the system of (c) NiSe,-Ce,(CO5),0
and (g) NiSe,. The current density distribution contour map for (d) NiSe,-Ce;(C0O3),0 and (h) NiSe,.

trolyte. Therefore, a vortex caused by the different mass flow rates
results in an eddy current near the electrode, further promoting
mass transfer processes and improving OER performance. Virtually
illustrated in Fig. 3(b and f), the surface tension of oxygen bubbles
generated on the anodic NiSe,-Ce;(CO5),0 surface is a more pow-
erful driving force for fluid flow in the electrochemical reaction.
Visibly, the size of the bubbles generated on the NiSe,-
Ce,(CO3),0 electrode surface accompanied with a smaller water
contact angle, i.e. 16.4° versus 85.2° for NiSe,-Ce,(C0O3),0 and
NiSe, (inset in Fig. 2e), was related to the hydrophilicity of the cat-
alysts. The results revealed that the more hydrophilic the surface
bubbles, the smaller the liquid driving force of the electrolytic cell
was, which would facilitate the OER kinetic process. In terms of
energy transfer, as shown in Fig. 3(c and g), the distribution of cur-
rent density of electrolyte featured by white arrow line for NiSe,-
Ce,(C0O3),0 is serried and extensive, suggesting more effectiveness
on transportation of electrons in electrolyte for active NiSe,-
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Ce,(C0O3),0. Meanwhile, it is also speculated that the capability
of acceleration of OER driven by NiSe,-Ce,;(C0Os3),0 in electrolyte
involving electron transportation is more powerful since the
potentials of electrolyte on surrounding of NiSe,-Ce,(CO3),0 are
more positive, leading to more intensive electron transfer. Addi-
tionally, we rotated the electrode surface along the normal direc-
tion to obtain the current density distribution contour map as
shown in Fig. 3(d and h). It can be explained that the performance
of the material is positively correlated with the contour density,
indicating that NiSe,-Ce,(CO3),0 with lower impedance and 2-
times larger electrochemically active area has a better OER
performance.

3.4. In situ characterization of structure and intermediate evolution

Regarding the dynamic reconstruction of catalysts prior to
water oxidation, the redox electrochemistry of metal species in
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various catalysts are explored, which are supposed to be decisive
for forming active sites [48]. As displayed in CV scanning curves,
the anodic oxidation peaks can be ascribed to by Ni?*—Ni>** oxida-
tion, which signifies surface evolution into oxyhydroxides to offer
the veritably active sites for OER [49,50]. The varied oxidation
peaks for different catalysts imply their divergent evolution of
Ni?* species. As observed in Fig. 4(a), the peak for NiSe, underwent
a positive shift compared to that of NiSe,-Ce,(C0Os3),0, highlighting
that the efficacy of Ce,(CO5),0 constituent in promoting the forma-
tion of Ni species with high-oxidation state [51]. Notably, the Ni
oxidation peak for the NiSe,-Ce,(CO5),0 was significantly larger
than that of the NiSe,, suggesting that a higher population of the
active Ni>"°00H species was formed [52,53]. We further leveraged
potential-dependent in-situ Raman spectroscopy to confirm such a
change of Ni2*/Ni®>* electrochemical redox during OER process (The
samples were not subjected to CV activation as for LSV measure-
ments). As displayed in Fig. 4(b and c), the in-situ Raman spectra
reveal the gradual disappearance of initial selenides and the con-
current emergence of NiOOH in both NiSe,-Ce,(C03),0 and NiSe,
upon potential application. Two characteristic peaks of Ni*>*-0
located at 472 and 554 cm™ correspond to the Eg bending vibration
and A, stretching vibration mode in NiOOH, respectively [54,55].
In-situ Raman spectroscopy suggested that the NiSe,-Ce,(C0O3),0
catalyst required a lower potential for the formation of Ni species
with high-oxidation state compared to NiSe, catalyst. This result
proves that the introduction of Ce,(C0O3),0 component contributes
to the phase evolution during electrochemical activation, thus oxy-
gen evolution activity. The appearance of Raman signals closely
parallels the anodic oxidation peaks in positive CV scanning curves,
reiterating the dynamic reconstruction into oxyhydroxides.

To elucidate the charge transfer processes at the catalytic inter-
face, in situ electrochemical impedance spectroscopy (EIS) mea-
surements were carried out to detect dynamic evolution. As the
potential increases, the size of the semicircle in the Nyquist plots
significantly decreases, indicating the accelerated reaction kinetics
and adsorption of reactants. As presented in Fig. S10(a and b), it is

(a)

G
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apparent that NiSe,-Ce,(C03),0 presents smaller charge transfer
resistance at varying voltage levels compared with pure NiSe,, sug-
gesting that the heterostructure expedites charge transfer rate,
which could promote surface activation of electrocatalyst [56,57].
Moreover, the EIS-derived Bode plot reflects both the dynamic evo-
lution of electrocatalysts and OER process, exhibiting the variation
of phase angle with frequency. The peak in the high-frequency
region (10?-10° Hz) is associated with the oxidation of the Ni spe-
cies, whereas the peak in the low-frequency region (102-10" Hz) is
related to the OER [22,58]. The Bode plots of NiSe,-Ce,(CO3),0
show that phase angles are smaller than those of NiSe; at each of
the same applied potentials, indicating that more electrons are
engaged in the OER catalysis, thereby improving the kinetics of
the OER (Fig. 4d-f) [58-60]. In addition, Fig. 4(g) displays the inter-
face dynamics process.

Based on the results of in situ Raman spectroscopy,
NiSe,-Ce,(C0O3),0 has undergone self-reconstruction. We further
re-examined the morphology and chemical environment of NiSe,-
Ce,(C03),0 after OER stability test. As displayed in Fig. S11, the
diffraction peak originally associated with NiSe, disappears in
the XRD pattern, being replaced by the emergence of the diffrac-
tion peak of NiOOH. Noteworthily, the original Ce,(C0O3),0 was sta-
bly maintained after stability test and was coupled with the
reconstituted NiOOH. The Raman spectrum also exhibits peaks cor-
responding to NiOOH, which aligns with the XRD results (Fig. S12).
Furthermore, the SEM (Fig. S13) indicates slight agglomeration on
the surface morphology. The compositional change was further
confirmed by high-resolution XPS spectra. The Ni 2p XPS spectrum
of NiSe,-Ce,(CO5),0 after OER presents that only the peak of Ni-O
can be observed, indicating that all the surfaces of NiSe,-
Ce,(C03),0 were oxidized to NiOOH (Fig. S14a) [61]. Additionally,
Fig. S14(b) showcases almost no signals corresponding to Se atoms,
pointing to the almost complete leaching of Se as previously
reported [13]. The breaking of Ni-Se bond and the leaching of Se
anions would bring about electronic structure rearrangement in
metal center, consequently resulting a higher activity in derived-

(c)
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Fig. 4. Analysis of structural evolution process during OER. (a) Redox peaks of Ni in CV curves of NiSe,-Ce,(C03),0 and NiSe,. Potential-dependent in situ Raman spectra of (b)
NiSe,-Ce»(C03),0 and (c) NiSe, at different potentials (vs. RHE). Bode plots of (d) NiSe,-Ce,(C03),0 and (e) NiSe; at different potentials (vs. RHE). (f) Response of the phase

angle to the applied potential. (g) Schematic diagram of interface dynamics process.
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NiOOH [62]. As a result, in situ derived-NiOOH/Ce,(CO3),0 inter-
faces replace the pristine surface as the catalytically active species.

3.5. DFT calculation

To elucidate the relationship between the electronic structure
and the OER catalytic mechanism, we performed first-principles
calculations using density functional theory (DFT). To ensure the
representation of the system, the derived-NiOOH/Ce,(C0O3),0 is
selected as computational model, aligning with the OER reaction
process and comprehensive experimental results (Fig. S15a) [56].
In addition, pure NiOOH was also constructed as the counterpart
(Fig. S15b). The differential charge density presents the charge
accumulation around the Ni atoms in NiOOH at the interfacial
region and the dispersion of electron states around the Ce atoms
in Ce,;(CO3),0, demonstrating significant electron interaction
between NiOOH and Ce,(C03),0 (Fig. 5a). A slice perspective of
the differential charge density further provides a clearer view of
this phenomenon, as illustrated in Fig. 5(b). This electron redistri-
bution behavior can optimize the reaction intermediates absorp-
tion energy, thus enhancing the catalytic activity. We then
analyzed the electronic structure of NNOOH/Ce,(C0O3),0 by investi-
gating the density of states (DOS). The total DOS displays that
NiOOH/Ce,(C0s3),0 possesses a higher electron density near the
Fermi level than the NiOOH, indicating the enhanced electrical
conductivity of NiOOH/Ce;(CO3),0 by coupling Cey(CO3),0
(Fig. 5¢) [63]. According to the d-band theory, the position of the
d-band center (&q) reflected the binding strength of adsorption
intermediate [64]. The &4 of NiOOH/Ce,(CO53),0 is -1.15 eV, closer
to the Fermi level than NiOOH (&q -1.25 eV), indicating that
the introduction of Ce,(C03),0 can effectively optimize the elec-
tronic structure and d-band center of Ni sites, thereby enhancing
the adsorption capacity of the materials to the intermediate. Gen-
erally, in alkaline environment, OER involves four-sequential
proton-electron concerted processes accompanied with metal
redox. Fig. 5(d) displays the OER pathways and optimized OER
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intermediate adsorption configurations for NiOOH/Ce,(COs3),0.
The optimized adsorbed molecules are all found on the Ni sites,
which are considered as adsorption sites for OER intermediates,
in good accordance with the prior experimental results. To be pre-
cise, initially the metal bonded *OH species (where * refers to the
metal sites) undergoes deprotonation upon reacting with an
adsorbed OH™ species from the electrolyte, leading to the formation
of *O. Next the *O would hybridize with one adsorbed OH™ to form
*OOH, which is further deprotonated and transformed into an O,
molecule [65,66]. Based on the four-electron transfer mechanism,
the Gibbs free energy (G) was calculated for each basic step of
OER, without the additional potential (U 0). The rate-
determining step (RDS) for both NiOOH/Ce,(CO3),0 and NiOOH is
identified as the conversion step of *O to *OOH (Fig. 5e). NiOOH/
Ce,(C03),0 exhibits an G of 1.41 eV for the formation of *OOH,
much lower than that of NiOOH (1.88 eV). The RDS of NiOOH/
Ce,(CO3),0 undergoes a decrease, which explains the improved
OER activity and indicates the critical role of Ce;(C0O5),0 in enhanc-
ing activity. Overall, interfacial Ce,;(C0O3),0 can greatly optimize
electronic structure of NiOOH/Ce,(CO3),0 and the Gibbs free
energy of OER pathways, thereby boosting electrocatalytic activity.

3.6. Overall water splitting

Such excellent OER performance propels us to assemble a
water-alkali electrolyzer to evaluate its potential for practical over-
all water splitting. A two-electrode water electrolyzer was con-
structed by paring the homemade NiSe,-Ce,(C0O3),0 anode with
Pt/C cathode (marked as NiSe,-Ce,(CO3),0"||Pt/C)). A reference
cell with commercial Pt/C and RuO, as cathode and anode, respec-
tively, was also tested for comparison (marked as Ru05"”]|Pt/C("))
(Fig. 6a). The polarization curve of the NiSe,-Ce,(C0O5),0™||Pt/C"”)
cell presents excellent overall water splitting performance in
1.0 M KOH electrolyte (Fig. 6b). In detail, Fig. 6(c) shows the com-
parison of voltages at different current densities. The NiSe,-
Ce,(C05),0M||Pt/CH cell possesses smaller voltages of 1.65, 1.75,
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Fig. 5. DFT calculations. (a) Differential charge density of NIOOH/Ce,(COs3),0, the yellow and blue zones represent the charge accumulation and dispersion, respectively. (b)
2D charge difference isosurface based on DFT analysis, red is the electron-rich area while blue is the deficient area. (c) The DOS plots of NIOOH/Ce,(C0O53),0 and NiOOH. (d)
OER mechanism illustration of NiOOH/Ce,(CO3),0. (e) Gibbs free energy diagrams of NiOOH/Ce,(C0O3),0 and NiOOH.
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Fig. 6. Overall water splitting performance of the NiSe,-Ce,(CO3),0 catalyst in 1.0 M KOH. (a) Schematic description of overall water splitting in two-electrode system. (b)
Polarization curves of the electrolytic cells with NiSe,-Ce;(C03),0"||Pt/C*) and the reference cell with Ru05”||Pt/C"). (c) Comparison of the required voltages at different
current densities. (d) Comparison the cell voltage at 100 mA cm™ with previously reported catalysts. (e) Chronopotentiometry curves at 50 mA cm™ (inset: experimental
phenomenon during catalyst stability test). (f) Faradaic efficiency measurement for OER.

and 1.81 V to reach 100, 200, and 300 mA cm, respectively, in
comparison with the RuOS”||Pt/C (1.73, 1.84, and 1.94 V). Mean-
while, compared with recently reported noble-metal-free electro-
catalysts for overall water splitting, our cell performance at high
current density (1.65 V at 100 mA cm™) stands competitively, as
depicted in Fig. 6(d) and Table S3. The long-term stability of NiSe,-
Ce,(CO5),0™||Pt/C is also a critical checkpoint for its practical
utilization. The continuous operation at 50 mA cm indicates that
the cell voltage shows imperceptible attenuation in 100 h, suggest-
ing its superior durability (Fig. 6e). As illustrated in Fig. 6(f) and
Fig. S16, the Faradaic efficiency (FE) for NiSe,-Ce,(C0O3),0 demon-
strated close to 100%, as determined by comparing the experimen-
tally obtained oxygen volume with the theoretical expectation
[67]. These merits indicate that activated NiSe,-Ce,(C0O3),0 exhi-
bits exceptional catalytic activity for overall water splitting, which
makes it a highly propitious alternative for developing efficient and
cost-effective water splitting technologies.

4. Conclusions

In summary, we have successfully synthesized NiSe,-
Ce,(C03),0 heterostructure on carbon cloth with high performance
toward OER. In/ex-situ characterizations and density functional
theory calculations are utilized to analyze the dynamic structural
evolution and the relationship between the self-reconstruction
and the catalytic performance. Concretely, the generation potential
of highly active NiOOH is effectively reduced by incorporating
Ce,(C0s3),0 into the NiSe, catalyst. The charge transfer processes
at the catalytic interface are significantly enhanced by the
heterostructure, leading to accelerated reaction kinetics and
improved mass transfer rates. Moreover, DFT calculations verify
that the interfacial Ce,(C0O3),0 is critical in optimizing the d-
band center and facilitating the adsorption of oxygen-containing
intermediates on active centers, thus significantly improving the
OER activity. The resultant catalyst has emerged as an efficient
OER electrocatalyst, requiring a low overpotential of 268 mV at
50 mA cm™ and being maintained continuously for 120 h without
significant attenuation observed. This work provides new insights
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into promoting the formation of actual active species for efficient
OER activity.
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