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Surface Reconstruction of Amorphous Ni─Co─S─O
Material with a Functional Gradient Layer for Highly
Efficient and Stable Alkaline Hydrogen Evolution

Lijuan Liu, Yingqiu Zheng, Wenshu Chen,* Yongping Du, Linfeng Hu, Guoqiang Luo,
Qiang Shen, and Jian Zhang*

Alkaline water electrolysis holds potential for large-scale, high-purity hydrogen
production. However, the slow kinetics of water dissociation and challenging
conditions in alkaline environments complicate the search for an
electrocatalyst with both high activity and durability. In this study, a highly
active and stable amorphous electrocatalyst is introduced, 3Ni─Co─S─O,
developed via a straightforward electrodeposition method for alkaline
hydrogen evolution reaction (HER). Notably, the surface of the 3Ni─Co─S─O
catalyst undergoes a compositional reconstruction during alkaline HER, yet
maintains its amorphous structure. This reconstruction spans roughly 6 µm,
leading to a gradual decrease in Ni and S content and a corresponding
increase in O concentration toward the surface, thereby forming a stable,
gradient active layer. Benefitting from this layer and its amorphous nature, the
3Ni─Co─S─O catalyst demonstrates superior alkaline HER
activity—requiring only 170 mV to achieve an industrial HER current density
of 1000 mA cm−2. It also showcases remarkable stability, with a mere 15 mV
increase in overpotential during continuous HER at 300 mA cm−2 for 24 h,
outperforming the commercial Pt/C catalyst. The research provides a novel
approach to designing high-performance amorphous alkaline HER
electrocatalysts cost-effectively and contributes insights for understanding
and developing advanced amorphous catalysts across various applications.
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1. Introduction

Hydrogen serves as a crucial energy car-
rier and industrial raw material, employed
in diverse sectors such as oil refining,
ammonia production, and industrial fuel
cells.[1] The production of hydrogen from
water electrolysis emerges as a notably
promising technology for green hydrogen
production.[2] Among its various method-
ologies, alkaline electrolytic hydrogen pro-
duction has garnered significant attention,
attributed to its myriad advantages includ-
ing limitless reactant availability, elevated
manufacturing safety, consistent output,
and high product purity.[3] However, the
intrinsic reaction kinetics of alkaline hy-
drogen evolution reaction (HER) is inher-
ently slow due to the high energy bar-
rier associated with the initial step of wa-
ter splitting—water dissociation.[4] Conse-
quently, the quest for low-cost, efficient,
and stable alkalineHER electrocatalytic ma-
terials remains fraught with challenges.[5]

Researchers have pioneered the de-
velopment of non-precious, metal-based
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alkaline HER catalysts, mainly including transition metal
sulfides,[6] oxides,[7] and phosphides.[8] Of the myriad catalysts
studied, transition metal chalcogenides have demonstrated su-
perior performance in terms of activity and stability, positioning
them as promising electrocatalysts for alkaline HER.[9] To fur-
ther enhance theirHER catalytic functionality and dynamics, sev-
eral strategies such as doping,[10] compositing,[11] and alloying[12]

have been employed. These techniques effectively boost their per-
formance in alkaline hydrogen evolution. However, the prepara-
tion processes typically utilized are intricate, often necessitating
high synthesis temperatures. Furthermore, the activity of these
materials still requires enhancement to achieve efficient alkaline
HER.[13]

Recent discoveries have revealed that amorphous materials,
such as CoMoPx,

[14] MoS2,
[15] Pd3P2S8,

[16] and MoNi/NiMoOx[17]

exhibit high HER activity. Their superior catalytic performance,
compared to crystalline functional catalysts, is primarily at-
tributed to the abundance of catalytic active sites.[18] These
sites mainly consist of a large number of defects and unsatu-
rated coordination structures, which enhance the intrinsic cat-
alytic activity of the material and increase its electrochemical
active surface area.[19] Current methods for obtaining amor-
phous HER electrocatalysts include Chemical Vapor Deposition
(CVD),[20] hydrothermal method,[21] and powder metallurgy.[22]

However, these methods are often time-consuming, and while
the catalytic materials prepared through amorphization strate-
gies demonstrate high HER activity, they suffer from poor
stability. The electrodeposition technique is a simple yet effi-
cient method, extensively employed in the synthesis of amor-
phous catalysts.[23] However, research into the structural evo-
lution process of amorphous catalysts during HER and its re-
lationship with the catalytic activity and stability of the mate-
rial should be deepened. This will aid in the preparation of
more efficient and stable amorphous electrocatalysts for alkaline
HER.
In this work, we synthesized self-supported amorphous

Ni─Co─S─O-based materials on nickel foam surfaces using a
straightforward one-step electrodeposition technique for alka-
line HER (Figure 1a). During the alkaline HER process, it was
observed that the catalyst’s surface underwent component re-
construction, leading to the formation of a surface gradient
component layer ≈6 μm in thickness. Specifically, across the
surface gradient layer, the content of Ni and S elements pro-
gressively decreased, while the O element content correspond-
ingly increased, all while maintaining its amorphous character-
istics. Remarkably, this gradient amorphous component surface
layer demonstrated efficient and stable alkaline HER. Upon op-
timization, the as-designed sample of 3Ni─Co─S─O (with the
specific elemental composition of Ni5.3Co1.4S1.2O1) exhibits the
best alkaline HER activity after surface component reconstruc-
tion, which only required overpotentials of merely 104, 142, and
170 mV to drive HER current densities of 100, 500, and 1000 mA
cm−2, respectively. Moreover, it exhibited a low Tafel slope of
31.0 mV dec−1 in 1 m KOH and impressive stability, operat-
ing consistently for 24 h under a hydrogen evolution current
density of 300 mA cm−2. This research not only offers a po-
tent, stable, and cost-effective electrocatalyst for alkaline HER
but also lays a foundational theoretical framework for investi-
gating surface structural evolution and stability enhancement

in high-performance amorphous catalytic materials for related
applications.

2. Results and Discussion

2.1. Synthesis and Characterizations

The synthesis of the Ni─Co─S─O-based catalyst is depicted in
Figure 1a. The procedure commenced with the preparation of a
solution comprising Ni, Co, S, and O elements. Subsequently,
the constant current electrodepositing technique was employed
to fabricate Ni─Co─S─O-based catalysts on nickel foam (NF) sur-
faces. The electrodeposition process primarily entails a synergis-
tic regulation of ion migration behavior, governed by three driv-
ing forces: concentration gradient, electric field force, and chem-
ical reaction. Under the influence of an applied electric field,
cations such as Ni2+ and Co2+, and anions such as S2−, SO4

2−,
and OH− exhibit contrasting migration directions. However, ion
reaction kinetics proximate to the cathode surface is not con-
strained by this migration direction. Consequently, both anions
and cations can simultaneously partake in reactions on the foam
nickel surface. As metal ions undergo continuous reduction on
the cathode surface, a localized concentration gradient is formed,
prompting anions to diffuse toward the cathode.[24] This over-
comes the electric field’s repulsive effect, enabling anions to par-
ticipate in reactions on the foam nickel surface. Moreover, wa-
ter molecules and thiourea molecules in the solution undergo
electrochemical reduction on the cathode surface, generating ac-
tive S2− and OH− species that contribute to the reaction. The
cumulative effect of these multiple driving mechanisms results
in a uniform Ni─Co─S─O composite layer being deposited on
the cathode surface (foam nickel substrate). This process is read-
ily characterized by the color change of the substrate from sil-
very white to black. By adjusting the initial Ni to Co elemental
ratio, we synthesized Ni─Co─S─O-based catalysts with varying
Ni─Co proportions, including 9Ni─Co─S─O, 6Ni─Co─S─O,
3Ni─Co─S─O, Ni─Co─S-O, Ni─S─O, and Co─S─O (refer to
the Experimental Section). To assess the crystallinity of the syn-
thesized Ni─Co─S─O samples, X-ray diffraction (XRD) analyses
were performed (Figure 1b). The diffraction peaks at 44.60° and
51.98° can be attributed to the (111) and (200) crystal planes of
nickel metal (JCPDS no.70-0989), respectively. Apart from these
two distinct nickel metal diffraction peaks, no other peaks were
identified in the synthesized samples, suggesting the amorphous
nature of the electrodeposited products on the NF substrate.
Raman spectroscopy experiments were conducted to eluci-

date the bonding characteristics of the synthesized Ni─Co─S─O-
based samples, as shown in Figure 1c. The vibrational modes cor-
responding to Co─S andCo─Obonds are evident in the Co─S─O
sample, suggesting a relatively strong association between Co
and both S and O elements within this sample. In contrast, for
the Ni─S─O and other Ni─Co─S─O-based samples, only the vi-
brational mode associated with the Ni─S bond is discernible, in-
dicating a pronounced interaction between Ni and S elements
but a minimal one between Ni and O. It is noteworthy that sulfur
plays a pivotal role in the hydrogen evolution reaction (HER) due
to the high electronegativity of sulfur atoms in metal sulfides.
This electron-withdrawing capacity enhances the adsorption of
positively charged intermediates duringHER, thereby conferring
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Figure 1. Synthesis and characterizations. a) A schematic of the synthetic process through electrodeposition and HER application of the amorphous
Ni─Co─S─O-based materials. b) XRD patterns. c) Raman spectra. d,e) SEM images, f) TEM image, g) SAED pattern, and h) HAADF-STEM image and
corresponding EDS-Mapping results of the synthesized 3Ni─Co─S─O material.
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robust catalytic activity. Significantly, the 3Ni─Co─S─O sample
exhibits the most pronounced Raman signal for Ni─S bonding,
underscoring the strongest interaction between Ni and S ele-
ments among the studied samples. This attribute is likely to be
beneficial for both HER activity and stability. Consequently, the
3Ni─Co─S─O sample was chosen for further characterization as
a representative example.
Scanning electron microscopy (SEM) was employed to ana-

lyze the surface morphology of the 3Ni─Co─S─O catalyst. The
SEM images revealed that post-electrodeposition, the NF sub-
strates were consistently coated with a coarse yet intact layer of
nano products, culminating in a continuous 3D porous structure
(Figure 1d,e; Figure S1, Supporting Information). This particu-
lar surface morphology can markedly enhance the specific sur-
face area of the catalysts and the bubble transfer rate, thereby
improving the HER activity and kinetics. Subsequent use of
the transmission electron microscope (TEM) allowed for an ob-
servation of the sample’s microstructure. It was noted that the
3Ni─Co─S─O sample exhibited no lattice stripes under high-
resolution TEM observation (Figure 1f), nor any distinct pat-
terns in the selective electron diffraction (SEAD) experiment
(Figure 1g). In conjunction with the XRD results, it was con-
cluded that the electrodeposition products are primarily amor-
phous. The SEM-coupled energy-dispersive X-ray spectrometer
(EDS) results were used to calculate the elemental concentrations
in the samples (Figure S2 and Table S1, Supporting Informa-
tion). The results indicated that the specific chemical formula of
the 3Ni─Co─S─O sample is Ni5.3Co1.4S1.2O1. The high-angle an-
nular dark field scanning TEM (HAADF-STEM) image and cor-
responding EDS mapping results demonstrated a uniform dis-
tribution of the Ni, Co, S, and O elements within the samples
(Figure 1h).
In order to gather a more precise understanding of the coor-

dination modes and electronic surroundings of distinct atoms
within the representative amorphous 3Ni─Co─S─O sample,
we conducted X-ray absorption spectroscopy (XAS) analyses.
Figure 2a presents theNi K-edge x-ray absorption near edge struc-
ture (XANES) spectra for the prepared 3Ni─Co─S─O, Ni foil,
NiO, and NiS samples. It is evident that the absorption energy
(E0) of the Ni element within the 3Ni─Co─S─O sample closely
aligns with that of the Ni foil, suggesting that the Ni atoms pre-
dominantly exist in a metallic state. To delve deeper into the
local structure of Ni atoms, we procured the k2-weighted ex-
tended x-ray absorption fine structure (EXAFS) spectra of the
Ni k-edge through the Fourier transform (Figure 2b). The ob-
served peaks at 2.18, 1.93, 1.63, and 2.55 Å are attributed to
Ni─Ni, Ni─S, Ni─O, and Ni─O─Ni coordination, respectively.
The 3Ni─Co─S─O sample features a primary peak at 2.10 Å,
suggesting that the Ni atom primarily forms bonds with metallic
atoms, resulting in a Ni─Ni/Co bond. The broad peak and neg-
ative offset position for the 3Ni─Co─S─O could be influenced
by the presence of S, implying the existence of Ni─S coordi-
nation. The diminished peak intensity for the 3Ni─Co─S─O is
largely attributed to the sample’s amorphous structure.[25] The
structural parameters derived from the fitting of EXAFS spec-
tra provide detailed insights into the local coordination environ-
ments and bonding properties of Ni and Co atoms in the syn-
thesized 3Ni─Co─S─O catalyst (Figure 2c; Figure S3a, and Table
S2, Supporting Information). Fitting results indicate that each Ni

atom has a coordination number of four, interacting with one
sulfur atom (with a Ni─S bond length of 2.23 Å), one Ni atom
(with a Ni─Ni bond length of 2.40 Å), and two Co atoms (each
with a Ni─Co bond length of 2.54 Å). This arrangement sug-
gests that within the catalyst, Ni atoms predominantly exhibit
Ni─S and Ni─Ni/Co bonding, establishing a stable local coordi-
nation environment. Additional bonding details of Ni are visually
demonstrated through the small wavelet transformation, where
the 3Ni─Co─S─O sample exhibits a pronounced Ni─Ni/Co peak
and a subtle Ni─S peak, reaffirming that Ni predominantly exists
in a metallic state (Figure 2e).
In addition to Ni, the XANES and EXAFS spectra of the Co K-

edge are presented in Figure 2c,d, respectively. As with Ni, the
E0 of the Co element in the 3Ni─Co─S─O sample closely aligns
with that of the Co foil, suggesting that the Co atoms predomi-
nantly exist in a metallic state. The local coordination environ-
ment of Co was further explored using Fourier transforms of
the Co K-edge EXAFS spectra. As illustrated in Figure 2d, the
peaks at 2.18, 1.87, 1.66, and 2.58 Å are attributed to Co─Co,
Co─S, Co─O, and Co─O─Co coordination, respectively. The pri-
mary peak of the 3Ni─Co─S─O sample at 2.07 Å is indicative of
Co─Co/Ni coordination. Notably, this peak exhibits a broad shape
and a negative offset position, suggesting the presence of Co─S
coordination. As revealed by the fitting results in Figure 2f and
Figure S3b, and Table S2 (Supporting Information), the Co atom
has a coordination number of four, coordinating with one S atom
(with a Co─S bonding length of 2.24 Å), two Ni atoms (with each
Co─Ni bond length of 2.36 Å) and one Co atom (with a Co─Co
bond length of 2.53 Å), respectively. This coordination data con-
firms the bonding network of Co atoms with adjacent Ni/Co and
S atoms within the catalyst. The binding details of Co are fur-
ther clarified by the small wavelet transform (Figure 2f) and re-
sults show that the 3Ni─Co─S─O sample displays a pronounced
Co─Co/Ni peak and a subtle Co─S peak, confirming that Co pre-
dominantly exists in a metallic state.

2.2. Electrocatalytic HER Performance

The alkaline hydrogen evolution reaction (HER) performance of
the synthesized amorphous Ni─Co─S─O-based electrocatalysts,
with varying Ni─Co ratios, was evaluated using a standard three-
electrode system in a 1 m aqueous potassium hydroxide solu-
tion (Figure 3). The HER reactivity of the samples was examined
using the linear scanning voltammetry (LSV) test. As shown in
Figure 3a, the amorphous 3Ni─Co─S─O sample demonstrated
superior alkaline HER activity, necessitating overpotentials of
merely 104, 142, and 170 mV to reach the HER current densi-
ties of 100, 500, and 1000 mA cm−2, respectively. Impressively,
this HER activity outperformed those of the samples with dif-
ferent Ni─Co ratios and even exceeded the performance of the
commercial Pt/C electrocatalyst, which required 105, 152, and
188 mV to achieve the corresponding HER current densities.
We also present uncompensated LSV curves that correspond to
Figure 3a, as depicted in Figure S4 (Supporting Information), to
showcase the actualHER activity of the catalysts. The results indi-
cate that the amorphous 3Ni─Co─S─O maintains optimal alka-
line HER performance when uncompensated. The mass loading
of a catalyst typically influences its catalytic performance. Our test
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Figure 2. XAS characterizations. a) The Ni K-edge XANES spectra, b) Fourier transforms of Ni K-edge EXAFS spectra, c) Ni K-edge EXAFS analysis in
R space, and g) the small wavelet transformation of the 3Ni─Co─S─O, Ni foil, NiO, and NiS samples. d) The Co K-edge XANES spectra, e) Fourier
transforms of Co K-edge EXAFS spectra, f) Co K-edge EXAFS analysis in R space, and h) the small wavelet transformation of the 3Ni─Co─S─O, Co foil,
CoO, and CoS2 samples.

results (Table S3, Supporting Information) demonstrated that the
variance inmass loading among the xNi─Co─S─O samples, with
varying Ni─Co ratios and a fixed deposition time of 40 min, was
minimal. This suggests that the contrast in HER performance
among these samples stemmed more from their intrinsic ac-
tivity than from mass loading. To delve deeper into the rela-

tionship between mass loading and HER activity, we prepared
3Ni─Co─S─O samples with deposition times ranging from 10
to 50 min. The LSV test results revealed that an increase in de-
position time from 10 to 40 min corresponded with an increase
in both the samples’ mass loading and their HER activity. How-
ever, further extending the deposition time to 50 min led to a
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Figure 3. HER performance in 1 KOH. a) LSV curves. b) Tafel plots. c) EIS Nyquist plots. d) Calculated Cdl. e) Comparison of overpotentials at HER
current densities of 500 and 1000 mA cm−2. f) Comparison of the overpotentials and Tafel slopes for the best-performed amorphous 3Ni─Co─S─O
sample and some recently reported Ni-based electrocatalysts.[26] g) LSV curves of the amorphous 3Ni─Co─S─O catalyst before and after 1000 CV cycles.
h) Chronopotentiometry curves of the amorphous 3Ni─Co─S─O catalyst at HER current densities of 100 and 300 mA cm−2 for a duration of 24 h.

decrease in HER activity, despite a continued increase in mass
loading (Figure S5, Supporting Information). This could be at-
tributed to the fact that excessively long deposition times result
in increased thickness and a subsequent decrease in the elec-
tron transport properties of the material, thereby negatively im-
pacting its high-potential catalytic performance. EIS results re-
inforced this observation, demonstrating that the sample with a
deposition time of 50 min exhibited higher charge-transfer resis-
tance (Figure S5b and Table S4, Supporting Information), thus
confirming a reduction in the material’s electrical conductivity.

Therefore, we selected 40 min as the optimal deposition time for
this study.
The Tafel slope, derived from the linear relationship between

the logarithm of current density and overpotential, is a critical pa-
rameter for evaluating the reaction kinetics in theHERprocess. A
smaller Tafel slope signifies a lesser change in overpotential with
an increase in reaction current density, indicative of faster elec-
trocatalytic reaction kinetics. To further examine the HER kinet-
ics of the amorphous Ni─Co─S─O samples, we extrapolated the
Tafel plots from the corresponding LSV curves to determine their
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Tafel slopes (Figure 3b). The results reveal that the amorphous
3Ni─Co─S─O sample presents a Tafel slope of 31.0 mV dec−1,
significantly lower than those of the 1Ni─Co─S─O (33.3 mV
dec−1), 6Ni─Co─S─O (36.4 mV dec−1), 9Ni─Co─S─O (37.0 mV
dec−1), Co─S─O (53.7 mV dec−1), and Ni─S─O (37.7 mV dec−1)
samples. Figure S6 (Supporting Information) depicts the Tafel
slope, deduced from the analysis of LSV curves at high current
densities, providing further insight into the reaction kinetics of
the catalyst under these conditions. The findings indicate that
the 3Ni─Co─S─O samples also present low Tafel slopes in the
region of high current density. These findings in Tafel slopes un-
derscore the superior electrolytic HER kinetics of the amorphous
3Ni─Co─S─O sample in alkaline electrolyte. The catalyst’s Tafel
slope also relates to the HER mechanism. The calculated Tafel
slope of 31.0 mV dec−1 for the amorphous 3Ni─Co─S─O cat-
alyst in this study suggests a two-electron transfer process fol-
lowing a Volmer-Tafel mechanism of bimolecular adsorption
and hydrogen evolution, with a theoretical Tafel slope of 30 mV
dec−1.[27] To examine the charge-transfer behaviors during the
interfacial HER process between catalysts and electrolytes, we
conducted an analysis of the electrochemical impedance spec-
troscopy (EIS) Nyquist plots for Ni─Co─S─O-based samples, as
shown in Figure 3c. The fitted results from the EIS data are in-
cluded in Table S5 (Supporting Information). Our findings reveal
that the preparedNi─Co─S─O-based samplesmaintain a similar
series resistance (Rs, predominantly determined by the solution
resistance between the electrodes), but display significant vari-
ations in charge-transfer resistance (Rct). This variation under-
scores the differing electrocatalytic activity across the investigated
samples. Notably, the amorphous 3Ni─Co─S─O sample exhibits
the lowest Rct value, suggesting its superior electron transfer rate
compared to the other samples.
The study of the double layer capacitance (Cdl) of catalysts

sheds light on the superior HER activity exhibited by the amor-
phous 3Ni─Co─S─O sample; this is because Cdl is directly pro-
portional to the electrochemically active surface area (ECSA).[28]

Cyclic voltammetry (CV) curves (Figure S7, Supporting Informa-
tion) were evaluated within non-Faraday potential intervals at var-
ious sweep speeds (2, 4, 6, 8, and 10mV s−1), from which electro-
chemical Cdl values were deduced (Figure 3d). The computed Cdl
values for the 1Ni─Co─S─O, 3Ni─Co─S─O, 6Ni─Co─S─O, and
9Ni─Co─S─O samples were 14.4, 39.2, 23.2, and 20.0 mF cm−2,
respectively. Notably, the 3Ni─Co─S─O sample yielded the high-
est Cdl value, suggesting a greater number of catalytically active
sites, a finding that aligns with its exceptional alkaline HER per-
formance. The turnover frequency (TOF), defined as the number
of molecules produced per second per active site, serves as a cru-
cial parameter for evaluating the intrinsic activity of a catalyst.[29]

Thus, we examined the TOFs of the synthesized Ni─Co─S─O-
based catalysts. To quantify the active sites and calculate the TOF
values, we initially conducted CV tests in a 1 m phosphate buffer
solution (PBS).[30] Utilizing the CV data and specific equations
(provided in the Experimental section), we then got the TOF val-
ues (Figure S8, Supporting Information). At an overpotential of
150 mV (vs RHE), the 3Ni─Co─S─O catalyst exhibited the high-
est TOF value of 0.553 s−1, indicating superior intrinsic catalytic
activity.
To intuitively illustrate the exceptional alkaline HER reactivity

of the synthesized amorphous 3Ni─Co─S─O catalyst, we com-

pared the overpotentials required to achieve HER current densi-
ties of 500 and 1000 mA cm−2 (𝜂500 and 𝜂1000) across the range
of prepared Ni─Co─S─O-based materials. Additionally, we con-
trasted the 𝜂100 and Tafel slopes of the best-performing amor-
phous 3Ni─Co─S─O catalyst with those of other recently re-
ported Ni─S-based HER electrocatalysts (Figure 3f; Table S6,
Supporting Information).[26] The results clearly indicate that the
amorphous 3Ni─Co─S─O catalyst outperforms these electrocat-
alysts in terms of HER performance.
The durability of a catalyst’s HER is a crucial criterion

for evaluating its suitability for practical implementation. This
is particularly significant for amorphous catalysts, as current
leading-edge amorphous catalysts frequently exhibit unsatisfac-
tory stability.[15] As such, the electrochemical HER stability of
the highest-performing amorphous 3Ni─Co─S─O was assessed
using cyclic voltammetry (CV) cycles and chronopotentiometry
(CP) in 1mKOH (Figure 3g,h). The LSV curves of the amorphous
3Ni─Co─S─O catalyst, before and after 1000 CV cycles, nearly
overlap (Figure 3g). In the CP test, the amorphous 3Ni─Co─S─O
catalyst maintained stable operation for 24 h at HER current den-
sities of 100 and 300 mA cm−2, with only 2 and 15 mV increases
in overpotentials, respectively (Figure 3h). To further validate the
catalyst’s stability over an extended duration, we augmented the
stability test with a more protracted timeframe, illustrated in
Figure S9 (Supporting Information). The findings indicate that
the 3Ni─Co─S─Ocatalystmaintains stable operation for 85 h at a
current density of 100mA cm−2. These CV and CP test outcomes
demonstrate that the synthesized amorphous 3Ni─Co─S─O cat-
alyst possesses exceptional electrocatalytic alkaline HER stability
under high current densities, suggesting its potential for indus-
trial applications.

2.3. Observation of Surface Gradient Layer

The notable stability of the alkaline HER prompts an examina-
tion of the structural stability of the amorphous 3Ni─Co─S─O
material post-HER process, given that the catalyst’s structure sig-
nificantly influences its catalytic performance. Consequently, we
conducted structural characterizations (XRD, SEM, and TEM) on
the 3Ni─Co─S─O sample following the HER CP test at 300 mA
cm−2 for 24 h (Figure 4). The XRD results in Figure 4a reveal
that the 3Ni─Co─S─O sample retains its original amorphous na-
ture post-HER CP test, with no observable crystal phase. SEM ob-
servations (Figure 4b,c) and SEM-coupled EDS-mapping results
(Figure S10a–c, Supporting Information) indicate minimal mor-
phological changes in the 3Ni─Co─S─O catalyst after the HER
CP test, preserving its nanostructure. The TEM and HRTEM im-
ages and SAED pattern in Figure 4d–f show no evidence of crys-
tal lattice information, confirming that the 3Ni─Co─S─O cata-
lyst maintains its original amorphous characteristic post-HER
CP test, without any phase transition or crystal growth. The
HAADF-STEM image and corresponding EDS mapping results
in Figure 4g reveal a uniformNi, Co, S, and O elemental distribu-
tion in the 3Ni─Co─S─O catalyst, further affirming the relative
stability of the amorphous structure.
Despite the 3Ni─Co─S─O sample retaining its amorphous

structure after theHER process (CP300 for 24 h), there is a notable
change in its chemical composition. Initially, the composition is
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Figure 4. Structure stability evolution of the amorphous 3Ni─Co─S─O material after the HER process. a) XRD patterns. b,c) SEM images. d) TEM
image. e) HRTEM image. f) SAED pattern. g) HAADF-STEM image and corresponding EDS mapping results.

Ni5.3Co1.4S1.2O1, which transforms to Ni3.8Co0.4S0.6O1 (Table S1,
Supporting Information) post-process. This observation prompts
further investigation into the surface compositional and struc-
tural evolution of the 3Ni─Co─S─O sample during HER. It is
crucial to note that the catalyst’s surface plays a direct role in
the HER reaction. To elucidate this transformation, we employed
characterization techniques such as SEM, EDS, Raman, and XPS
on the 3Ni─Co─S─O sample, both before and after undergoing
CP300 for 24 h (Figure 5). In Figure 5a,b, it is evident that the four
elements of Ni, Co, S, and O are uniformly distributed across the
section of the 3Ni─Co─S─O catalyst prior to the HER test. How-
ever, post-HER test, the distribution of these elements alters. As
depicted in Figure 5c,d, when moving toward the catalyst’s sur-
face at a depth of ≈6 μm, the content of Ni and S elements pro-
gressively decreases. Concurrently, the O element’s content in-
crementally increases, while the Co element’s content remains
largely consistent. During the HER process, water molecules un-
dergo decomposition into OH− and H2. Subsequently, the OH

−

ions and adsorbed O2 participate in the surface reconstruction of

the catalyst, leading to amarked enhancement in the oxygen con-
tent on the catalyst. The insights from the SEM-coupled EDS line-
scan indicate that the amorphous 3Ni─Co─S─O catalyst under-
goes a surface reconstruction phase, leading to the formation of a
gradient layer on its surface post-HERprocess.We conducted fur-
ther tests to examine the surface morphology and compositional
changes of the 3Ni─Co─S─O sample after a 24 h immersion in
1 m KOH electrolyte without HER reaction (Figures S10d–f and
S11, Supporting Information). The results reveal that the sam-
ple’s morphology remains consistent and its cross-sectional el-
emental distribution is uniform. No surface reconstruction phe-
nomenonwas observed. This finding suggests that the surface re-
construction process of the catalyst solely occurs during the HER
process, thereby reinforcing the critical role of the electrochemi-
cal HER reaction in the surface reconstruction process.
The Raman spectroscopy data elucidate the changes in the

chemical structure of the amorphous 3Ni─Co─S─O sample
before and after the HER process (Figure 5e). It is evident
that the initial 3Ni─Co─S─O sample primarily exhibits the
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Figure 5. Surface reconstruction and functional gradient layer formation on the amorphous 3Ni─Co─S─O catalyst after the HER process. a) SEM and
b) EDS line-scan of a cross-section for the 3Ni─Co─S─O sample before HER. c) SEM and d) EDS line-scan of a cross-section for the 3Ni─Co─S─O
sample after HER (CP300 for 24 h). e) Raman spectra and XPS spectra of f) Ni 2p, g) Co 2p, h) O 1s, and i) S 2p orbitals of the 3Ni─Co─S─O sample
before and after HER (CP300 for 24 h). j) A schematic of the surface reconstruction and surface gradient layer formation during the HER process.

vibrational modes of Ni─S at 311 cm−1. Post-HER, there is a
notable decrease in the intensity of this Ni─S Raman signal,
which can be attributed to the dissolution of the sulfur ele-
ment in the restructured surface layer. Interestingly, new vi-
brational modes emerge for Co─O at 197 and 532 cm−1, and
for Ni─O at 683 and 1059 cm−1. These are indicative of an in-
creased oxygen content in the gradient surface layer formed after
reconstruction.
To further investigate the reconstruction phenomenon on the

material surface, XPS characterizations were employed to ana-
lyze the chemical information pertaining to the surface elemen-
tal chemical states of the 3Ni─Co─S─O catalysts both pre and
post-HER process (Figure 5f–i). As depicted in Figure 5f, the Ni
2p XPS spectra of the 3Ni─Co─S─O catalysts prior to HER are
segmented into four distinct peaks. The two peaks manifested
at 855.49 and 873.13 eV correspond to the Ni 2p3/2 and Ni 2p1/2

orbitals respectively, while the remaining two peaks at 861.73
and 879.01 eV represent satellite peaks. After HER, no observ-
able peak shifts occur for these four orbitals; however, a reduc-
tion in peak intensity is evident. This could potentially be at-
tributed to the partial dissolution of the Ni element during HER,
a hypothesis supported by the SEM-coupled EDS line-scan re-
sults presented in Figure 5d. In parallel with the Ni 2p spectra,
the Co 2p XPS spectra of the 3Ni─Co─S─O catalysts preceding
HER are divided into four peaks: two associated with the Co 2p3/2
and Co 2p1/2 orbitals and two more representing satellite peaks
(Figure 5g). Interestingly, post-HER, there is a notable increase
in the intensity of these four peaks. We speculate that the dis-
solution of Ni and S elements results in the exposure of the Co
element, thereby leading to an increase in the intensity of the
Co 2p XPS orbital. Moreover, it is worth mentioning that after
HER, the peaks exhibit a shift toward lower binding energies,
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suggesting a reduced valance state for the Co element relative to
its state pre-HER.
In Figure 5h, the O 1s XPS spectra of the 3Ni─Co─S─O cat-

alyst prior to HER are delineated into three distinct peaks: S-O
(at 532.00 eV), M─O (at 530.69 eV), and oxygen vacancies (at
531.21 eV). Post-HER, there is a marked augmentation in the in-
tensity of the O 1s XPS peak, attributed to the elevated O content
within the reconstructed gradient surface layer. It’s observed that
the oxygen vacancy peak remains consistent post-HER. However,
the S─Opeak’s intensity diminishes, while that of theM─Opeak
amplifies. This can be attributed to the reduced concentration of
the S element and the augmented proportion of the O element
within the reconstructed gradient surface layer. In Figure 5i, the
S 2p XPS spectra of the 3Ni─Co─S─O catalyst pre-HER are seg-
mented into two peaks, labeled S─O (at 168.04 eV) and S─M
(at 162.78 eV). After HER, a significant decline in the intensity
of these peaks is evident, indicative of the S element’s dissolu-
tion in the reconstructed gradient surface layer. A notable posi-
tive shift in the binding energies of the S orbitals post-HER is also
observed. This shift results from the increased oxygen incorpo-
ration post-HER, leading to a reduced binding strength between
S and other elements, given the lower electronegativity of S com-
pared to the O element.
The elemental and structural analyses of the catalyst reveal that

following the HER process, a self-optimizing surface reconstruc-
tion transpires on the amorphous 3Ni─Co─S─O catalyst’s sur-
face. This results in the formation of a functional gradient layer,
which is accountable for its enduring HER activity and stability.
The process of surface reconstruction of catalysts during elec-

trochemical reactions is intricate and vital. Previous studies
have also examined the surface reconstruction of these catalysts.
For instance, the enhanced performance of the c-Ni2P4O12/a-
NiMoOx/NF catalyst, as developed by Wang et al.,[31] was pri-
marily due to the surface re-construction initiated by HER. This
was further characterized by the dissolution of the passivation
layer, the emergence of activation following the initial CV cycle,
and the establishment of stable surface components after 200 cy-
cles. Moreover, the HER efficacy of Ni─S coordination polymer
2D nanosheets, synthesized by Hu et al.,[26m] witnessed a sig-
nificant enhancement post-1000 electrochemical activations. No-
tably, their thickness reduced from 16 to 1.4 nm, the sulfur con-
tent declined to 2.7%, while the oxygen content surged to 67.0%.
These findings suggest that Ni0 serves as the primary active site,
with the synergistic interplay between S and Ni being instrumen-
tal in modulating HER activity. Such research offers valuable in-
sights for our comprehension of the surface reconstruction pro-
cesses in 3Ni─Co─S─O catalysts.
We further investigate the formation process of surface re-

construction and its subsequent impact on catalyst performance,
specifically focusing on the best-performed 3Ni─Co─S─O cata-
lyst. The analysis includes a comparison of the catalyst’s HER
performance, electrochemical impedance, and cross-sectional el-
emental distribution, as well as its chemical state before and after
100 cycles of CV activation. As illustrated in Figure S12 (Support-
ing Information), there is a significant increase in the catalyst’s
HER performance after the activation process, with a correspond-
ing decrease in Rs and Rct values. The reduction in Rs suggests
an improvement in the internal resistance of the electrode ma-
terial and the interface contact resistance between the electrolyte

and the electrode. Meanwhile, the decrease in Rct signifies an en-
hancement in charge-transfer dynamics on the catalyst surface.
Further examination through cross-sectional EDS line-scan anal-
ysis (Figure S13, Supporting Information) reveals that Ni, Co, S,
and O elements in the sample are evenly distributed before the
CV activation. However, after activation, these elements exhibit a
clear gradient distribution in the vertical direction, with the gra-
dient layer thickness closely resembling that after the CP300-24 h
test in Figure 5d. Taken together, these findings indicate that the
3Ni─Co─S─O catalyst undergoes surface reconstruction during
the CV activation, leading to optimizations in its electron trans-
port properties and HER catalytic activity.
To elucidate the alterations in composition and chemical state

of the gradient layer after CV activation, XPS depth etching ex-
periments were performed (Figure 6). Prior to CV activation, the
valence states and contents of Ni, Co, and S remained consistent
from the surface to the inside (Figure 6a–c). However, after CV
activation, distinct changes were observed. As the etching depth
increased, the peak intensity for Ni 2p XPS spectra intensified
but its binding energy remained constant, suggesting a gradual
increase in its elemental content from the surface to the inside
(Figure 6d). For Co, there was no variation in peak strength or
binding energy post-activation, indicating that both its elemen-
tal content and valence state remained stable (Figure 6e). In the
case of S 2p XPS spectra, post-activation, the intensity of the
S─O bond diminished with a reduction in O content, while the
S─M (M═Ni, Co) bond intensity grew. The entire spectrum peak
shifted toward lower binding energy, suggesting a decrease in the
valence state of S (Figure 6f). These observations align with the
cross-sectional line scanning EDS and surface XPS data of CP300
after 24 h, collectively confirming the surface reconstruction of
elemental composition and chemical state during the CV activa-
tion process.
Leveraging the benefits of density functional theory (DFT) for

a comprehensive understanding of the electronic structure and
reaction mechanisms of catalysts, we then employed DFT cal-
culations to investigate the impact and mechanism of gradient
amorphous layer formation due to surface reconstruction on the
performance of HER catalysts. We analyzed the alkaline HER re-
action process and the associated energy barriers for four catalytic
systems: 3Ni─Co─S─O, reconstructed 3Ni─Co─S─O, Ni─S─O,
and Co─S─O (Figure 7; Figure S14 and Table S7, Supporting In-
formation). The alkaline HER reaction is often limited by its first
step, water dissociation, which presents a high energy barrier
and is thus typically the rate-determining step. Through compar-
ative research, we have determined that the metal atoms within
these catalysts serve as the active sites forHER catalytic reactions.
In both 3Ni─Co─S─O and the restructured 3Ni─Co─S─O cata-
lysts, it was observed that the Co atom sites demonstrate supe-
rior HER reaction activity (Figure S14, Supporting Information).
Our calculations reveal that the water dissociation energy bar-
riers for the metal active sites on the planes of 3Ni─Co─S─O,
Ni─S─O, and Co─S─O are 0.96, 1.59, and 1.69 eV, respectively.
Notably, the reconstructed 3Ni─Co─S─O substantially lowers
the water dissociation energy barrier to just 0.59 eV (Figure 7e),
suggesting its superior thermodynamic efficiency for water
dissociation.
Given that the ΔGH2O description fails to fully encapsu-

late the comprehensive kinetic process of alkaline HER, we
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Figure 6. Analysis of the chemical states of elements from the surface to inside (with different etching times). XPS spectra of Ni 2p, Co 2p, and S 2p
orbitals of the 3Ni─Co─S─O samples a–c) before and d–f) after CV activation.
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Figure 7. DFT calculations. a–d) Atomic structure of the optimized four amorphous samples. e) Calculated free energy diagram of HER for four samples
(AC means active site). f) Comparison of the energy barriers of water dissociation (ΔGH2O, the Volmer step) and intermediate hydrogen adsorption
(ΔGH, the Tafel or Heyrovsky step) and chemisorption energies of hydroxyl (ΔGOH) for the four samples during HER.

additionally present two crucial descriptions: ΔGH and ΔGOH.
ΔGH serves to delineate the adsorption/desorption capability
of H* intermediates following hydrolytic dissociation, whereas
ΔGOH mirrors the chemical adsorption strength of OH−. As il-
lustrated in Figure 7f and Table S7 (Supporting Information), the
reconstructed 3Ni─Co─S─O’sΔGH value is 0.877 eV, lower than
those of Ni─S─O and Co─S─O catalysts. This suggests more
efficient H2 generation kinetics post-hydrolysis dissociation for
the reconstructed 3Ni─Co─S─O. Concurrently, its ΔGOH value
stands at −2.464 eV, a moderate level, suggesting that the mate-
rial has struck an optimal balance between fostering hydrolytic
dissociation and preventing the hydroxyl (OH*) adsorption from
obstructing active sites. Consolidating these theoretical calcula-
tion findings, the intrinsic activity of the four materials in the
alkaline HER process can be ranked as follows: reconstructed
3Ni─Co─S─O > 3Ni─Co─S─O >Ni─S─O > Co─S─O. Notably,
this ranking aligns with our experimental results, offering signif-
icant theoretical underpinning for a profound comprehension of
the surface reconstruction process and the mechanism responsi-
ble for the enhancement in HER performance.

3. Conclusion

In summary, we have successfully synthesized an amorphous
3Ni─Co─S─O catalyst using a simple electrodeposition method
and validated its effectiveness for efficient alkaline HER. Our
findings reveal that the material’s amorphous nature is well-
preserved during the HER process. Interestingly, we observed
a surface reconstruction phenomenon wherein the primary el-
ements undergo a self-optimization process, creating a func-
tional gradient surface layer ≈6 μm thick. This layer supports
long-term active and stable alkalineHER. Significantly, the amor-
phous 3Ni─Co─S─O electrocatalyst exhibited superior HER ac-
tivity, with a remarkably low overpotential of just 170 mV to
achieve an industrial HER current density of 1000 mA cm−2, sur-
passing that of the commercial Pt/C catalyst. Its exceptional alka-
line HER activity and stability indicate its high potential for prac-
tical application. We attribute the excellent HER performance
to the 3Ni─Co─S─O catalyst’s amorphous nature and the self-
optimization process, which forms a functional gradient layer.
We also employ theoretical calculations to elucidate the HER
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process and identify the mechanism responsible for enhancing
the HER properties of the functional gradient layer on the re-
constructed 3Ni─Co─S─O catalyst. Our findings suggest that
this layer yields a high density of electrochemically active and
stable Co sites. These sites exhibit a low energy barrier for alka-
line HER and facilitate rapid reaction kinetics. Our research of-
fers new perspectives on the development of highly efficient alka-
line HER electrocatalysts. By altering the chemical composition
of the electrolyte for electrodeposition, it is possible to produce
a variety of functional materials with even more impressive cat-
alytic performance.Most importantly, our work contributes to the
understanding of the high-performance of amorphous electro-
catalysts, paving the way for the development of next-generation
catalysts.

4. Experimental Section
Chemicals: Nickel foams (0.5mm-thick), NiSO4⋅6H2O (≥98.5%), and

CoSO4⋅7H2O (≥99%) were purchased from Aladdin. NaCl (≥99.5%),
CH4N2S (≥99%), H3BO3 (≥99.8%), C12H25NaO4S (≥90%), KOH
(≥85%), HCl (36–38 wt.%), and acetone (≥99.5%) were purchased from
Sinopharm Group. All reagents were directly used without further purifi-
cation.

The nickel foam underwent a pretreatment process involving HCl
(2.0 m), acetone, deionized water, and ethanol, each for a duration of 20
min, under ultrasonic conditions to remove contaminants and surface ox-
ides. Subsequently, the treated nickel foam was preserved in anhydrous
ethanol prior to electrodeposition.

Preparation of Amorphous Ni─Co─S─O Electrocatalysts: The amor-
phous Ni─Co─S─O electrocatalysts were synthesized via electrodeposi-
tion on Ni foams. Initially, an electrodeposition solution was prepared
by adding CH4N2S (1.3 m) and H3BO3 (0.65 m) to 200 mL of deion-
ized water. Subsequently, NiSO4⋅6H2O (ranging from 0.30 to 0.49 m) and
CoSO4⋅7H2O (from 0.26–0.05 m) were incorporated into the solution un-
der continuous stirring, yielding various Ni─Co ratios (9:1, 6:1, 3:1, and
1:1). Electrodeposition was carried out using an electrochemical worksta-
tion (Autolab AUT88436) with a standard three-electrode system: the pre-
treated nickel foam (2 cm × 1.5 cm) served as the working electrode, an
Hg/HgO electrode was used as the reference, and a high-purity graphite
rod (99.995%, Sigma–Aldrich) functioned as the counter electrode. The
deposition was executed using a constant-current technique at a current
density of −50 mA cm−2 over a duration of 40 min. Post-deposition, the
samples were rinsed with deionized water, then vacuum-dried in an oven
at 50 °C for 3 h. The resultant samples were labeled as xNi─Co─S─O,
where “x” denotes the prescribed Ni─Co ratio. For comparative analy-
sis, amorphous Co─S─O and Ni─S─O catalysts were also prepared by
omitting NiSO4⋅6H2O and CoSO4⋅7H2O from the electrodeposition solu-
tion, respectively, following the identical electrodeposition protocol as the
Ni─Co─S─O electrocatalysts.

Material Characterizations: The morphology and nanostructure of the
samples were examined using a field emission scanning electron micro-
scope (FE-SEM, Hitachi Regulus8100) and a transmission electron micro-
scope (TEM, FEI Talos-F200S). The phase crystallinity of the catalysts was
assessed by an X-ray diffractometer (Rigaku Smart Labs), employing Cu
K𝛼 radiation (𝜆 = 1.5418 Å). Raman spectra were gathered using a Ra-
man spectrometer (HORIBA HR Evolution) with a 532 nm laser to deter-
mine the chemical bonding properties of the samples. Elemental composi-
tions were derived from energy-dispersive X-ray spectrometers integrated
with the SEM and TEM instruments. X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific K-Alpha) was utilized to ascertain elemental
compositions and valence states. Ni K-edge and Co K-edge analysis were
performed with Si (111) crystal monochromators at BL 14W1 beamlines,
at the Shanghai Synchrotron Radiation Facility (SSRF) (Shanghai, China).
The electrodeposited samples were carefully scraped off the nickel foam

surface and collected for the XAS test. Before the analysis at the beam-
line, samples were pressed into thin sheets with 1 cm in diameter and
sealed using Kapton tape film.Ni K-edge andCo K-edge EXAFS and XANES
spectra of the 3Ni─Co─S─O sample and standard samples (including Ni
metal, NiS, NiO, Cometal, CoS2, and CoO) were recorded in transmission
mode. The XAS data were processed and analyzed by the software codes
Athena and Artemis.

Electrochemical Measurement: Electrochemical performance tests
were conducted on the synthesized catalysts, encompassing electrochem-
ical hydrogen evolution testing and stability assessments. These eval-
uations were executed using an electrochemical workstation (Autolab
AUT88436) within a standard three-electrode system, employing a 1 m
KOH solution as the electrolyte. The working electrode, which consisted of
the synthesized catalyst, measured 1 cm × 1 cm in the electrolyte. A high-
purity graphite rod (99.995%, Sigma–Aldrich) was used as the counter
electrode, and a Hg/HgO electrode served as the reference. All experi-
ments were conducted at room-temperature. Potentials were calibrated
to a reversible hydrogen electrode (RHE) using relations of E (RHE) = E
(Hg/HgO) + 0.925 V. The electrochemical hydrogen evolution tests in-
cluded linear sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS). Prior to conducting the LSV test, a cyclic voltamme-
try (CV) activation process consisting of 100 cycles was carried out at a
rate of 50 mV s−1. During LSV measurements, a forward scan was con-
ducted at a rate of 5 mV s−1 across a potential range of 0.05 to −0.8 V.
EIS was performed at open circuit potential (≈−0.2 V vs RHE) with an AC
voltage amplitude of 5 mV, covering a frequency range from 0.01 Hz to
100 kHz. HER stability tests included CV cycling and chronoamperometry
(CA) test. For the CV cycling test, the working electrode (the synthesized
catalyst) was subjected to 1000 continuous cycles in a 1m KOH solution at
a scan rate of 50 mV s−1, followed by LSV analysis of the cyclic voltammo-
gram. For the CP assessment, continuous operation for 24 h in 1 m KOH
solution was conducted at current densities of −100 and −300 mA cm−2.
Electrochemical stability was evaluated by comparing the LSV behaviors
before and after CV cycling, as well as the CA responses at appropriate
potentials.

Calculations of Cdl: The double layer capacitance (Cdl)was determined
from the CV curves in a non-Faradaic potential range (selected as 0.2 to
0.3 V vs RHE in this work). Because the CV curves were quite rectangular,
the Cdl values could be estimated by plotting the ΔJ (Janodic− Jcathodic)
at 0.25 V versus RHE against the scan rates (2, 4, 6, 8, and 10 mV s−1), in
which the slope is twice of Cdl.

TOF Calculations: TOF is calculated by the following Equation (1):

TOF =
J

2Fn
(1)

where J is the cathodic current density (A = C s−1) for HER at a specific
overpotential in 1 m KOH, F is the Faraday constant (96 485.4 C mol−1),
n is the active number of different electrodes (mol). To quantify the active
sites and calculate the TOF values, CV tests were first performed in 1 M
phosphate buffer solution (PBS) with voltages ranging from −0.2 to 0.6 V
(vs RHE) at a scan rate of 50 mV s−1. By integrating the CV curve, one
can determine the charge value (Q). The number of active sites (n) could
be estimated as a linear positive correlation with Q for a given geometric
area. In this study, the formula n = Q/(2F) was employed, consistent with
previous reports.[30]

DFT Calculations: All DFT calculations were performed using the
Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA)[32] in the Vienna ab initio Simulation Package (VASP)[33] with the
projector augmented wave (PAW) method[34] and a plane-wave basis set.
van derWaals (vdW) corrections were included via theDFT-D3method,[35]

and a 20 Å vacuum layer was applied to avoid periodic interactions. Struc-
tural relaxations used the conjugate gradient algorithm with a 350 eV
plane-wave kinetic energy cutoff, converging to 10−6 eV for energy and
0.05 eV Å−1 for forces. The amorphous properties were simulated us-
ing ab initio molecular dynamics (MD)[36] with a melt-quench process.
Crystalline supercells of initial 3Ni─Co─S─O, 3Ni─Co─S─O after recon-
struct, Ni─S─O and Co─S─O were melted at 5000 K for 5 ps to remove
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crystallinity, then quenched to 1500 at 700 K ps−1, held for 5 ps, and fur-
ther quenched to 300 K in 1 ps. The quenched structures were equilibrated
at 300 K for 5 ps and optimized geometrically. Simulations used the NVT
ensemble with the Nose–Hoover thermostat[37] and a 1 fs time step. The
cooling rate, though faster than experimental rates (1 K s−1), was validated
to reproduce experimental atomistic structures effectively.

For the determination of hydroxide ion free energy, the thermodynamic
relation: G(OH−) = G(H2O)−G(H+) was adopted under the equilibrium
condition H+ + OH− ⇌H2O.

[38] The free energy of protons (G(H+)) was
approximated as half the free energy of molecular hydrogen.[38] The total
thermodynamic free energy was computed using:

G = EDFT + EZPE − TS (2)

where EDFT denotes the DFT-derived total energy, EZPE was calculated
using the following equation:

EZPE = 1
2

∑
i

hvi (3)

represents the zero-point energy calculated under the harmonic approxi-
mation using vibration frequencies (𝜈) obtained from DFT. Molecular en-
tropies were adopted from established thermochemical tables,[39] while
vibrational entropies for adsorbed species were evaluated through: as im-
plemented in.[40]

S = kB

[∑
i

ln
(

1
1 − e−hvi∕kBT

)
+
∑
i

hv
kBT

(
1

ehvi∕kBT − 1

)
+ 1

]
(4)
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