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Achieving efficient and sustainable hydrogen production from methanol electrolysis requires significant
advances in catalyst design. In this study, we present a novel strategy where nickel selenide, featuring
distinct crystal phases, anchors on mesoporous hollow carbon spheres to synergistically enhance the ac-
tivity of Pt for methanol-assisted water splitting reactions. The heterostructured NiSe/NiSe, nanosheets
modulate the electronic structure of Pt, positioning it closer to an optimal thermodynamic state, and cre-
ating a highly oxophilic environment that accelerates charge transfer and optimizes the adsorption and
desorption of reaction intermediates. The engineered hybrid catalyst exhibits exceptional enhancements
in both mass and specific activity for methanol oxidation, significantly outperforming commercial cata-
lysts. In addition, the catalyst exhibits a high electroactive surface area, an abundance of active sites, fast
catalytic kinetics, and excellent stability. Notably, a methanol electrolyzer utilizing this catalyst achieves
a current density of 10 mA/cm? at only 0.67 V, a remarkable 1.08 V reduction compared to the voltage
required for conventional water electrolysis (1.75 V). This work provides a transformative strategy for
designing high-performance electrocatalysts, offering new pathways for more efficient and sustainable
hydrogen production through methanol electrolysis.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Global energy and environmental challenges have accelerated
the development of the hydrogen economy, with electrochem-
ical water splitting for hydrogen generation, powered by clean
energy, gaining increasing attention [1-4]. The proton exchange
membrane (PEM) electrolyzer, known for its rapid response and
high energy efficiency, is well-suited for integration with sustain-
able energy sources [5-8]. However, the oxygen evolution reaction
(OER) in water electrolysis, which requires a theoretical potential
of 1.23 V, demands high energy input for hydrogen production
[9-11]. In contrast, methanol, a hydrogen-rich liquid fuel with a
low theoretical oxidation potential of 0.016 V, presents an attrac-
tive alternative for hydrogen production via methanol electrolysis
(CH30H +H,0 — CO, + 6HT +6e7), offering significant energy sav-
ings [12,13].

To efficiently facilitate methanol electrolysis, high-performance
catalysts with optimal Pt utilization are essential, particularly for
the anode methanol oxidation reaction (MOR) [14,15]. Moreover,
the tricky issue of susceptibility to the poisoning effect caused by
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the intermediates badly hindered its practical applications [16-18].
To this end, one efficient strategy is to combine Pt and catalytic
promoters to alleviate its toxicity to carbon monoxide (CO) by
generating adsorbed hydroxyl groups (OH,q4s) at lower potentials.
Specifically, oxyphilic species can provide large amounts of OH,4
by activating water molecules, thereby promoting the rapid ox-
idation of adsorbed carbon monoxide (CO,4s) on the Pt surface
and re-releasing the Pt active site [19-21]. According to previous
reports, transition metal oxides and phosphides have successively
made great achievements as catalytic promoters in effectively
mitigating CO poisoning and improving the MOR performance
on the surface of Pt catalysts [22,23]. Recent reports have found
that transition metal selenides with appropriate d-electron density
have stimulated more attention due to their good electrical con-
ductivity, robust water molecule activation, and dissociation ability
[24-26]. Meanwhile, the anionic radius of Se is larger than O and
P, which provides a suitable band gap for enhancing its electro-
chemical intrinsic activity, making transition metal selenides a
potential platform of Pt catalysts [27-29].

Nickel selenides, with different stoichiometric ratios and var-
ious nanomorphological structures, are an effective platform for
enhancing electrocatalytic performance based on their specific
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electronic properties and morphologies [30]. Unfortunately, pure
nickel selenide as a catalytic promoter has limited contribution
to the electrocatalytic performance. Thus, various strategies, such
as element doping or constructing heterostructures have been
adopted to enhance its co-catalytic properties [31,32]. By em-
ploying interface engineering to construct heterostructures, the
surface electronic structure can be tailored, while the synergistic
interactions between various components enhance the intrinsic
catalytic activity [33-36]. Given the outstanding performance
of heterostructure systems in various electrocatalytic reactions
[28,37], it is reasonable to speculate that the coupling of het-
erostructures with Pt could yield a superior co-catalytic effect
compared to either component alone. However, to the best of our
knowledge, the coupling of a nickel selenide heterostructure with
Pt for methanol electrolysis has yet to be reported.

Considering that traditional carbon black-supported cata-
lysts suffer from poor stability due to their easy coalescence
[38,39], herein, silica was used as a template to synthesize meso-
porous hollow carbon spheres (MHCS) as conductive support.
The NiSe/NiSe,@MHCS nanohybrid materials were synthesized,
followed by the deposition of Pt nanoparticles to obtain the Pt-
NiSe/NiSe,@MHCS catalyst. The resulting catalyst demonstrated re-
markable electrocatalytic activity and stability. Specifically, the Pt-
NiSe/NiSe, @MHCS achieved a peak current density of 85.5 mA/cm?
for methanol oxidation, surpassing the performance of the Pt/C
catalyst (27.2 mA/cm?2) by a factor of 3.1. Moreover, the methanol
electrolyzer incorporating the Pt-NiSe/NiSe,@MHCS required only
0.67 V to sustain a current density of 10 mA/cm?, representing a
significant reduction of 1080 mV compared to water electrolysis.
The substantial performance improvement can be attributed to
the electronic structure modulation of Pt active sites, enabled by
the superior electron transport of MHCS, the high dispersion of
Pt nanoparticles, and the synergistic effect between Pt and the
oxyphilic NiSe/NiSe, heterostructures. These results highlight the
critical role of heterostructure engineering in optimizing Pt-based
catalysts for hydrogen generation via methanol electrolysis.

The strategy for the Pt-NiSe/NiSe,@MHCS catalyst fabrication
is schematically depicted in Fig. 1a. The process begins with the
preparation of MHCS, which was obtained by removing the SiO,
template from the resorcinol-formaldehyde oligomers-coated SiO,
core particles (SiO,@SiO,/RF). The Ni(OH), deposited over the
MHCS was used to obtain NiSe/NiSe,@MHCS by selenization with
Se powder. Se-rich NiSe, is stable at low temperatures, and it will
be readily decomposed into NiSex at high temperatures to form
NiSe/NiSe, heterostructure where x < 2 [40]. At last, the final Pt-
NiSe/NiSe,@MHCS catalyst was prepared by loading Pt nanopar-
ticles on NiSe/NiSe,@MHCS. Pt-NiSe@MHCS and Pt-NiSe,@MHCS
catalysts were synthesized under the same conditions, except for
the different selenization temperatures (details see Supporting in-
formation).

The morphology of the samples at different stages was analyzed
using scanning electron microscopy (SEM). The as-prepared MHCS
exhibits a uniform spherical morphology with an average diameter
of 230 £+ 20 nm (Fig. S1 in Supporting information). The surface of
the carbon shell has many pores, which are irregularly arranged.
When Ni(OH), nanosheets were assembled on the surface of
MHCS, the original spherical shape was still maintained (Fig. 1b).
Fig. 1c displays the morphology of the NiSe/NiSe,@MHCS sample,
where the nanosheets on the carbon sphere surface are slightly
agglomerated after thermal annealing. In the transmission elec-
tron microscopy (TEM) observation for the Pt-NiSe/NiSe,@MHCS
catalyst, the spherical structure is well preserved and uniformly
coated with large numbers of nanoparticles of Pt (Figs. 1d and
e, Figs. S2a and b in Supporting information). The high-resolution
TEM (HRTEM) images well indicate the combination of Pt nanopar-
ticles with NiSe/NiSe,, where the lattice spacings attributed to
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Fig. 1. (a) Synthesis strategy of Pt-NiSe/NiSe,@MHCS catalyst. (b) SEM image of Ni
(OH),@MHCS. (c) SEM image of NiSe/NiSe,@MHCS catalyst. (d, e) TEM image, (f)
HRTEM image, (g) SAED pattern, (h) High-resolution HAADF-STEM image, and (i-1)
elemental mapping of Pt-NiSe/NiSe, @MHCS catalyst.

NiSe (101) and NiSe, (211) crystal planes, and (200) and (111)
facets of Pt are well indicated (Fig. 1f). The heterojunction inter-
face of NiSe/NiSe, was indicated in the local magnification, and
Pt nanoparticles were located next to NiSe/NiSe, (Fig. S2c in Sup-
porting information). The close contact between Pt nanoparticles
and NiSe/NiSe, is expected to promote efficient electron exchange
and thus favour the electrocatalytic processes. The selected area
electron diffraction (SAED) pattern of Pt-NiSe/NiSe, @MHCS shows
a polycrystalline structure with the diffraction rings indexed to Pt,
NiSe and NiSe, (Fig. 1g). The atomic ratio of Ni to Se in the sample
is close to 1:1.5 as indicated by the energy dispersive X-ray (EDS)
energy spectrum, signifying the hybrid structure of NiSe and NiSe,
formation; the content of Pt was measured to be 19.74 wt% (Fig. S3
in Supporting information). This content was close to that (19.65
wt%) obtained by inductively coupled plasma-mass spectrometry
(ICP-MS). The elemental mapping images show the distribution of
C, Se, Ni, and Pt around the MHCS (Figs. 1h-1). Some elements did
not overlap with one another quite well because of the thermal
annealing-induced element diffusion and their anchoring effect of
the Pt nanoparticles.

The crystal phase of nickel selenide can be controlled by
simply adjusting the annealing temperature by selenization of
Ni(OH),@MHCS as confirmed by the X-ray diffraction (XRD)
pattern (Fig. S4 in Supporting information). NiSe,@MHCS and
NiSe@MHCS were prepared at 350 and 500 °C, respectively. NiSe,
is unstable at high temperatures and easily decomposes to NiSe,
therefore, the coexistence of NiSe and NiSe, was obtained at
450°C. After Pt deposition over their surfaces, some peaks as-
signed to Pt were observed at around 39.8°, 46.3°, and 67.5° (PDF
#87-0646), respectively (Fig. 2a). The crystal size of Pt was calcu-
lated using the Scherrer equation by the Pt (111) peak, and the size
was ca. 2.57, 3.61, 4.36 and 4.81 nm for Pt-NiSe/NiSe, @MHCS, Pt-
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Fig. 2. (a) XRD patterns, (b) XPS spectra of the Pt 4f region for Pt-
NiSe/NiSe,@MHCS, Pt-NiSe,@MHCS, Pt-NiSe@MHCS, and Pt-MHCS. (c) CO stripping
curves of Pt-NiSe/NiSe, @MHCS, Pt-NiSe@MHCS, Pt-NiSe, @MHCS, Pt-MHCS, and Pt/C
catalysts in 0.5 mol/L H,SO4 solution at the scan rate of 20 mV/s.

NiSe,@MHCS, Pt-NiSe@MHCS, and Pt-MHCS, respectively. Smaller
Pt nanoparticles exhibit larger surface areas and more uniform
dispersion, which are beneficial for catalytic performance. The
electronic properties of these catalysts were investigated by X-ray
photoelectron spectroscopy (XPS), and the binding energy was cal-
ibrated by referring to the C 1s peak of sp? hybridization at 284.8
eV (Fig. S5 in Supporting information). Pt 4f spectrum showed two
doublets of 4f;, and Pt 4fs, states from the spin-orbital split-
ting (Fig. 2b). Each peak can be fitted to the metallic Pt and Pt>*
species (Table S1 in Supporting information); specifically, the peaks
at 7137 and 74.68 eV were attributed to the Pt(0) of Pt 4f;;, and
Pt 4f;, for Pt-NiSe/NiSe;@MHCS catalyst, respectively [41]. Note
that the binding energy of the samples containing NiSe or/and
NiSe, was negatively shifted in contrast to that of Pt-MHCS, where
the Pt-NiSe/NiSe,@MHCS exhibits the maximum negative shift of
about 0.35 eV, indicating a much stronger electronic interaction
in the system [42]. This negative shift indicates that the electron
donation from the support increases the electron density of Pt;
theoretically, this will lead to a down-shift of the Pt d-band center,
weakening the Pt-CO bond and enhancing the electrocatalytic
performance (vide infra). Consequently, a high content of metallic
Pt was observed in the Pt-NiSe/NiSe,@MHCS sample, which shows
more active sites for methanol adsorption and dissociation. Similar
Ni 2p profiles were observed for different samples (Fig. S6 in
Supporting information). The Se 3d spectra (Fig. S7 in Supporting
information) revealed distinct peak profiles for the Se-Ni bond
and Se-O bond, with the surface oxidation of Se being notably
suppressed in the Pt-NiSe/NiSe,@MHCS catalyst compared to the
control samples [43]. The electron interaction might mainly come
from the Pt-Se interaction because of the profile of the Se 3d peak
change and positive shift in the peak position among the samples.

The electrocatalytic behaviors of catalysts loaded on glass car-
bon electrodes were first studied by cyclic voltammetry (CV) in
0.5 mol/L H,SO4 solution (Fig. S8 in Supporting information). The
characteristic electrochemical behavior of Pt was evident in all cat-
alysts, with a peak around 0.9 V observed for those containing
NiSe and/or NiSe,. This indicates the easier formation of oxygen-
containing species compared to the Pt-MHCS and Pt/C samples
with peaks above 1.2 V. Since CO is the main substance that
causes the poisoning of Pt catalyst during MOR [44,45], the CO-
stripping voltammetry was then used to probe the CO tolerance
ability (Fig. 2c). The Pt-NiSe/NiSe,@MHCS catalyst exhibited no-
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Fig. 3. (a) CV curves recorded at the scan rate of 50 mV/s. (b) Mass and specific
activity, (c) CA curves of Pt-NiSe/NiSe, @MHCS, Pt-NiSe,@MHCS, Pt-NiSe@MHCS, Pt-
MHCS, and Pt/C catalysts. (d) The forward peak current density vs. cycling numbers
during the accelerated durability test. Condition: N,-saturated 0.5 mol/L H,SO4 +1
mol/L CH30H; Pt loading: 0.08 mg/cm?.

tably more negative onset and peak potentials for CO,4s oxidation,
with both shifting by approximately 110 mV compared to the com-
mercial Pt/C catalyst, indicating a marked resistance to CO poison-
ing [46]. It is worth noting that negative shifts observed for the Pt-
NiSe,@MHCS and Pt-NiSe@MHCS catalysts were less pronounced
(Table S2 in Supporting information). The electrochemical active
surface area (ECSA) was calculated based on the electrooxidation
charge of the monolayer CO adsorbate on Pt sites (420 pC/cm?).
Pt-NiSe/NiSe,@MHCS showed the highest value of 76.1 m2/g, most
likely due to the good dispersion and small size of Pt nanoparticles
(Table S2).

Subsequently, to evaluate the MOR activity, the CV tests were
conducted in 0.5 mol/L H,SO4+1 mol/L CH30H solution at
50 mV/s (Fig. 3a). Each CV curve displays typical features of
methanol electrooxidation, including forward and reverse scanning
peaks [47]. The methanol electrooxidation performance of the cat-
alyst is usually evaluated by the onset potential and forward peak
current density [47]. Pt-NiSe/NiSe;@MHCS showed the onset po-
tential of 0.42 V, the lowest one among the samples, confirming
the faster reaction kinetics. The same result was found for the for-
ward peak current density; Pt-NiSe/NiSe,@MHCS showed a cur-
rent density of 85.5 mA/cm?, ca. 3.1 times that of the Pt/C catalyst
(27.2 mA/cm?). To explore the intrinsic catalytic properties, we fur-
ther calculate the mass activity and the specific activity by normal-
izing the forward peak current to mass and ECSA of Pt, respectively
(Fig. 3b and Fig. S9 in Supporting information). As observed, the
Pt-NiSe/NiSe, @MHCS exhibits the mass activity of 1064 mA/mgp,
and the specific activity of 1.4 mA/cm?2, which is also much larger
than that of the control samples (Table S3 in Supporting informa-
tion). The performance of Pt-NiSe/NiSe,@MHCS for MOR exceeds
most of the reported Pt-based catalysts, indicating a promising ap-
plication in fuel cells (Table S4 in Supporting information).

The durability of all catalysts for acid methanol oxidation was
investigated by the chronoamperometry (CA) technique operated
at 0.6 V vs. SCE for 7200 s (Fig. 3c). Since the MOR on the elec-
trode was controlled by mass transfer, thus, the current density
will be reduced, which can be supported by the Cottrell equa-
tion, where the current is inversely proportional to the time. More-
over, the performance decay was also influenced by the poison-
ing species accumulation, corrosion, and catalyst leaching. Here, all
the MHCS-supported catalysts exhibit much higher current density
than Pt/C throughout the test. Among them, the end current den-
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sity for Pt-NiSe/NiSe, @MHCS (23.1 mA/cm?2) is ca. 11 times that of
Pt/C (2.1 mA/cm?), confirming the better durability. An accelerated
dynamic stability test was also performed with a successive scan
for 1000 cycles with 150 mV/s (Fig. 3d and Fig. S10 in Supporting
information). It can be seen that all catalysts show a decay trend
in the peak current density; the Pt-NiSe/NiSe,@MHCS catalyst ex-
hibits the best durability keeping 82.66 % after 1000 cycles among
the electrodes; while it was 52.94% for the Pt/C catalyst.

The reaction kinetics is an important appraisal factor reflect-
ing the catalytic performance. The CV curves recorded at different
scanning rates for methanol oxidation were studied (Fig. 4a and
Figs. S11a-e in Supporting information). The variation of peak po-
tential is partially attributed to the interaction between the elec-
trode surface and electrolyte, and the irreversible electrode reac-
tion process was surface-controlled by kinetics [48]. The surface
coverage (I'*) could be calculated by the following formula:

Jp = (n*F?/4RT)v I (1)

where jp, is the peak current density in mA/cm?, n is the total elec-
tron transfer number, v is the scan rate in mV/s, and I'* is the
surface coverage of redox species in mol/cm? [49,50]. The average
value of I'* for different catalysts is shown in Table S5 (Support-
ing information). The Pt-NiSe/NiSe,@MHCS catalyst has the largest
I'* value, consistent with the highest ECSA and catalytic activity. A
diffusion-controlled process was further supported by the good lin-
ear relationship between the j, and the v/ (Fig. 4b). The diffusion
coefficient of the methanol molecule can be obtained according to
the following formula:

Jp =2.99 x 10°n[(1 — ar)ne]/*CDV?v)1/2 (2)

where ng is the number of electrons, « is the transfer coefficient,
C is concentration, and D is the diffusion coefficient [49,50].
The value of o can be calculated from the following formula:

E, = (0.03/npa)logu + constant (3)

where E, is the peak potential.

Calculations revealed that Pt-NiSe/NiSe,@MHCS exhibited the
highest methanol diffusion coefficient (Fig. S11f and Table S5 in
Supporting information), which aligns with other dynamic parame-
ters such as the Tafel slope. As shown in Fig. 4c, the Tafel slopes for
Pt-NiSe/NiSe, @MHCS, Pt-NiSe@MHCS, and Pt-NiSe,@MHCS are ap-
proximately 60 mV/dec, indicating that the rate-determining step
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Fig. 5. (a) HER polarization curves, (b) Tafel plots, (c) Nyquist plots at -0.029 V vs.
RHE for Pt-NiSe/NiSe, @MHCS, Pt-NiSe, @MHCS, Pt-NiSe@MHCS, and Pt/C catalysts,
(d) LSV polarization curves of Pt-NiSe/NiSe,@MHCS before and after 1000 CV cy-
cles (inset: chronoamperometry curve at -0.029 V vs. RHE for 20 h). (e) Polarization
curves of Pt-NiSe/NiSe,@MHCS||Pt-NiSe/NiSe,@MHCS and Pt/C||Pt/C electrolyzer for
methanol and water electrolysis (Insert: Comparative performance analysis of Pt-
NiSe/NiSe;@MHCS and Pt/C Catalysts). (f) Stability of Pt-NiSe/NiSe,@MHCS at 0.67
V for 20 h.

is water activation, promoted by the oxyphilic NiSe and NiSe,
phases [51,52]. Electrochemical impedance spectroscopy (EIS) fur-
ther elucidated the charge transfer resistance (R¢:) during methanol
oxidation (Fig. 4d). By fitting the Nyquist plots with an equiv-
alent circuit (Fig. S12a in Supporting information), the R for
Pt-NiSe/NiSe,@MHCS was found to be 186.5 €2, lower than that
of the other samples (Table S6 in Supporting information). The
reduced R¢ suggests faster charge transfer, further supporting
the superior electrocatalytic performance of Pt-NiSe/NiSe, @MHCS.
These findings confirm that the incorporation of MHCS and the
NiSe/NiSe, heterostructure significantly enhances both surface
mass and charge transport properties.

The hydrogen evolution reaction (HER) performance was as-
sessed using linear sweep voltammetry (LSV) in a nitrogen-
saturated methanol solution. All Pt-based catalysts exhibited high
HER activity due to the intrinsic catalytic properties of Pt (Fig. 5a).
Notably, the Pt-NiSe/NiSe,@MHCS electrode required only a 29 mV
overpotential to achieve a kinetic current density of 10 mA/cm?,
Tafel slope analysis showed values close to the typical 30 mV/dec
for all electrodes, indicating that HER kinetics follow the Volmer-
Tafel mechanism (Fig. 5b) [53]. Further evaluation of reaction
kinetics using electrochemical impedance spectroscopy (EIS) re-
vealed that the R of Pt-NiSe/NiSe,@MHCS was only 8 €2, lower
than those of Pt-NiSe,@MHCS (14 2), Pt-NiSe@MHCS (24 €2), and
Pt/C (28 2), indicating faster electrocatalytic kinetics (Fig. 5c).
The durability of the Pt-NiSe/NiSe,@MHCS electrode was assessed
through 1000 CV cycles and CA tests (Fig. 5d), showing negligible
shifts in the CV curves after 1000 cycles and no significant current
attenuation at 10 mA/cm? for 20 h. These results confirm the ex-
cellent durability and long-term stability of Pt-NiSe/NiSe, @MHCS,
which is critical for practical HER applications.
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accumulation). (d) The calculated density of states plot. (e) Calculated AGy. of Pt-NiSe/NiSe, @MHCS, Pt-NiSe, @MHCS, Pt-NiSe@MHCS, and Pt.

Given the more favorable kinetics of MOR compared to the OER,
an electrolyzer for the methanol electrolysis was assembled using
Pt-NiSe/NiSe,@MHCS as both the anode and cathode. The perfor-
mance of methanol electrolysis was compared to water electrolysis
(Fig. 5e). For water electrolysis, Pt-NiSe/NiSe,@MHCS electrolyzer
showed a cell voltage of 1.75 V to reach the kinetic current den-
sity of 10 mA/cmZ2. In contrast, methanol electrolysis required only
0.67 V to achieve the same current density. Even compared to
the cell voltage of the Pt/C||Pt/C electrolyzer in 0.5 mol/L H,SO4
(1.83 V) and in 0.5 mol/L H,SO4 containing methanol (0.76 V),
Pt-NiSe/NiSe,@MHCS demonstrated lower potentials, highlighting
its superior catalytic efficiency (insert of Fig. 5e). The current ef-
ficiency was calculated by comparing the current contribution of
water and methanol oxidation. The current efficiency for methanol
electrolysis was gradually increased by increasing the potentials
from 0.4 V to 0.8 V, which was above 95% (Fig. S12b in Support-
ing information). It was further confirmed by gas chromatography
(GCQ), the Faraday efficiency at 0.6, 0.7 and 0.8 V was calculated
to be 96.43%, 97.85% and 98.72%, respectively (Figs. S13a-d in
Supporting information). The stability of the Pt-NiSe/NiSe,@MHCS
electrode was further tested by continuous operation for 20 h
(Fig. 5f). An initial performance decay was observed, primarily due
to MOR-related degradation by poisoning species adsorption. Af-
ter the stability test, the Pt-NiSe/NiSe, @MHCS catalyst still showed
a good crystal structure and morphology, indicating its excellent
stability (Figs. S14a and b in Supporting information). While the
leaching indeed happened, where 1.82 wt% Pt, 3.25 wt% Ni and
4.34 wt% Se was lost into the electrolyte. This significant reduction
in energy consumption suggests that methanol oxidation, rather
than water oxidation, holds great promise for achieving more
energy-efficient hydrogen production.

We conducted density-functional theory (DFT) calculations to
gain deeper insight into the kinetic mechanisms governing the
MOR and HER. Details of the calculations and models are provided
in the supporting information (Figs. S15-S18 in Supporting infor-
mation). Based on the catalytic mechanism, we plotted the full re-
action free energy diagrams for MOR (Fig. 6a). The adsorption-free
energy values of CO were found to be lower than those of other
intermediates, indicating that CO-poisoned species are the most
stable intermediates, consistent with previous literature [54]. No-
tably, the adsorption-free energy of CO on Pt-NiSe/NiSe, @MHCS is
higher compared to Pt, suggesting a weaker Pt-CO bond on the Pt-

NiSe/NiSe,@MHCS surface. This weaker interaction points to the
critical role of the heterogeneous interfaces in reducing CO* ad-
sorption on the platinum surface, enhancing the MOR catalytic ac-
tivity.

The rate-determining step (RDS) in the MOR involves the
oxidation of CO* to COOH*. Our calculations reveal a lower energy
barrier for this step on Pt-NiSe/NiSe,@MHCS (0.47 eV) compared
to Pt (0.88 eV), implying more favorable kinetics and superior
catalytic performance. The free energy of CO* adsorption (Ecg+)
is a key descriptor for evaluating MOR performance [55], Pt-
NiSe/NiSe,@MHCS demonstrates the lowest Eqg«, suggesting that
the formation of heterogeneous interfaces optimizes the charge
distribution, thereby weakening CO* chemisorption (Fig. 6b). To
validate this, differential charge density analysis revealed sig-
nificant electron transfer from the support to Pt, with charge
accumulation at the interface (Fig. 6c). This electron abundance
at the interface favors attenuating CO adsorption, consistent with
XPS analysis and CO-stripping results. The density of states (DOS)
further supports this, showing that the d-band center of Pt in
Pt-NiSe/NiSe,@MHCS is furthest from the Fermi energy level,
implying the weakest CO adsorption (Fig. 6d). For HER perfor-
mance, Gibbs free energy (AG) is a critical parameter, with the
ideal catalyst having an AG value near zero [56,57]. We estab-
lished adsorption models for H on the surface and calculated the
Gibbs free energy of H adsorption (AGy+). The AGy+ value for
Pt-NiSe/NiSe, @MHCS (0.036 eV) is the closest to thermodynamic
neutrality, demonstrating superior HER activity (Fig. 6e and Fig. S19
in Supporting information). Moreover, the total DOS (Fig. S20 in
Supporting information) shows an increase in electronic states near
the Fermi level after heterojunction formation and Pt modification,
contributing to the enhanced HER and MOR catalytic activities.

In conclusion, nickel selenide with distinct crystal phases and
structures, combined with mesoporous hollow carbon spheres
(MHCS), was explored for its efficacy in enhancing Pt-catalyzed
acid methanol-assisted water-splitting reactions. Among the tested
catalysts, the Pt-NiSe/NiSe,@MHCS with a heterogeneous architec-
ture demonstrated the most outstanding electrochemical perfor-
mance, including superior catalytic activity, stability, anti-poisoning
properties, and efficient kinetics for both MOR and HER. The out-
standing performance can be primarily attributed to the following
factors: (1) MHCS enables rapid electron transport, (2) the surface
nanosheet structure facilitates uniform and stable Pt nanoparticle
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deposition, (3) the oxophilic NiSe/NiSe, heterojunction structure
boosts surface active species generation through water activation,
(4) the modification of Pt’s electronic states by the heterogeneous
NiSe/NiSe, interface dramatically reduces Pt-CO interactions, sig-
nificantly enhancing MOR kinetics, and (5) the synergistic interac-
tion between Pt nanoparticles and the NiSe/NiSe, heterostructure
maximizes catalytic efficiency. Notably, the Pt-NiSe/NiSe,@MHCS
bifunctional electrocatalyst enabled a methanol electrolyzer to
operate at a remarkably low cell voltage of 0.67 V to achieve a
current density of 10 mA/cm?, which is 1.08 V lower than the re-
quired voltage for water electrolysis (1.75 V), and significantly out-
performs the Pt/C electrode. This study provides valuable insights
for catalytic kinetics understanding of heterogeneous NiSe/NiSe,
support promoting Pt for H, generation via methanol electrolysis.
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