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Interfacial coupling offers a powerful route to modulate electro-
chemical kinetics, yet its interplay with catalyst morphology
remains unclear. Here, Ni,P coupling reshapes the activity land-
scape of MoS,, enabling a highly active amorphous interface for
alkaline HER. Operando electrochemical analysis reveals a shift
beyond Volmer-limited kinetics via enhanced charge transfer and
hydrogen adsorption.

Green hydrogen production via alkaline water electrolysis is central
to sustainable energy systems. However, the hydrogen evolution
reaction (HER) remains intrinsically sluggish in alkaline media
primarily due to the additional energy barrier associated with water
dissociation.’™ Although Pt-based catalysts exhibit near-optimal
HER activity, their scarcity and high cost necessitate the develop-
ment of efficient earth-abundant alternatives.”” Among these,
molybdenum sulfides (MoS,) have attracted considerable attention
owing to their favourable hydrogen adsorption energetics, chemical
stability, and structural tunability.>'* Nevertheless, their catalytic
performance is highly governed by crystallinity and morphology,
as active sites are predominantly located at edges and defect-
rich domains, while the basal planes are largely inert."*™"”
Consequently, substantial efforts have been devoted to phase
engineering,'™"” nanostructuring,">'®"” and defect modul-
ation™®?° to increase active-site exposure and improve
charge-transfer kinetics.

Beyond intrinsic structural optimization, interfacial engi-
neering has emerged as an effective strategy to modulate
catalytic activity through electronic coupling between dissim-
ilar phases.”’™® In this context, nickel phosphides (Ni,P),
particularly amorphous Ni-P phases, are attractive components
for hybrid HER catalysts due to their metallic conductivity and
favourable hydrogen adsorption energetics.>®>® Electrodeposi-
tion enables precise control over the formation of conformal
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Ni,P overlayers on a wide range of sulfide substrates, offering a
versatile platform for constructing hybrid electrocatalysts.”*>?
Despite these advantages, the interplay between MoS, crystal-
linity and Ni,P interfacial coupling in governing alkaline HER
kinetics remains poorly understood.

Herein, we show that Ni,P surface modification not only
enhances HER activity but fundamentally reshapes the morphol-
ogy-activity relationship in MoS, electrocatalysts. Strikingly, Ni,P
coupling inverts the intrinsic activity trend, rendering the amor-
phous Ni,P/MoS, interface the most active configuration. Operando
electrochemical analysis, combined with kinetic isotope measure-
ments, reveals that interfacial electronic coupling simultaneously
accelerates charge-transfer and hydrogen adsorption kinetics, driv-
ing a transition beyond the Volmer-limited regime.

Three distinct MoS, architectures were synthesized on car-
bon cloth (CC): (i) amorphous electrodeposited MoS,, (ii)
thermally annealed MoS, at 800 °C (MoS,-800), exhibiting
enhanced crystallinity and preferential base-plane orientation,
and (iii) hydrothermally grown MoS, nanosheets (MoS,-hydro).
Subsequent galvanostatic deposition of amorphous Ni,P
yielded the corresponding Ni,P/MoS,, Ni,P/Mo0S,-800, and
Ni,P/MoS,-hydro heterostructures (Fig. S1). Scanning electron
microscopy (SEM) reveals pronounced morphology-dependent
differences prior to and following Ni,P deposition. The electro-
deposited MoS, exhibits a smooth, conformal coating (Fig. S2a-
¢), whereas MoS,-800 shows a denser morphology (Fig. S2d-f),
consistent with thermally induced densification. In contrast,
MoS,-hydro presents a rough, interconnected nanosheet net-
work (Fig. S2g-i), indicative of an edge-rich structure. After Ni,P
deposition, the overlayer growth is strongly dictated by the
underlying MoS, morphology. On amorphous MoS,, Ni,P forms
a conformal nanoparticulate overlayer (Fig. 1a), whereas MoS,-
800 yields a dense, featureless Ni,P layer (Fig. S3a and b),
consistent with particle coalescence and limited nucleation
heterogeneity. For MoS,-hydro, the nanosheet architecture is
preserved, with Ni,P nanoparticles uniformly decorating the
hierarchical structure (Fig. S3c and d). These observations
indicate that Ni,P nucleation and growth are governed by the
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Fig. 1 (a) Representative SEM images of the as-synthesized Ni,P/MoS,. (b)
Corresponding EDS elemental mapping showing the spatial distribution of
Mo, S, Niand P. (c) and (d) High-resolution XPS spectra of Mo 3d and S 2p
for pristine MoS, and Ni,P/MoS,. (e) and (f) High-resolution XPS spectra of
Ni 2p and P 2p for Ni,P and Ni,P/MoS,.

local surface structure of MoS,, resulting in a morphology-
dependent interfacial assembly. Energy dispersive X-ray
spectroscopy (EDS, Table S1) shows that electrodeposited MoS,
is slightly sulfur-deficient (Mo:S =~ 1:1.4), whereas both
MoS,-800 and MoS,-hydro exhibit a stoichiometric MoS, com-
position. Upon Ni,P deposition, a Ni-rich surface layer (Ni: P =
11-14:1) dominates the detected composition, accompanied by
attenuation of Mo and S signals due to overlayer screening effects.
Notably, the Mo: S ratios remain unchanged relative to the pristine
samples, indicating preservation of the underlying MoS, framework
during heterostructure formation. Elemental mapping further cor-
roborates the layered architecture, with Ni and P localized at the
surface and Mo and S confined to the substrate (Fig. 1b).

X-ray diffraction (XRD) was employed to assess the crystal-
linity of the synthesized materials. Electrodeposited MoS,
exhibits no discernible reflections, consistent with an X-ray
amorphous structure. In contrast, MoS,-hydro displays broad
(002), (100), and (110) reflections characteristic of nanocrystal-
line 2H-MoS, (PDF #37-1492; space group: P6z/mmc) (Fig. S4).
Notably, Mo0S,-800 shows a pronounced (002) peak, indicative
of enhanced crystallinity and preferential basal-plane orienta-
tion parallel to the substrate.**> This structural evolution
reflects a transition from a disordered edge-rich structure to a
more ordered basal-plane-dominated configuration. Following
Ni,P deposition, all heterostructures exhibit a broad diffraction
feature at 20 ~ 44° (Fig. S5), which is characteristic of a quasi-
amorphous Ni,P phase. In contrast, Ni-only control samples
display sharp reflections corresponding to crystalline metallic
Ni, confirming that phosphorous incorporation induces amor-
phization into a Ni-P phase. Raman spectroscopy provides
complementary insight into the local structure. All pristine
MoS, samples exhibit the characteristic in-plane E;, and out-
of-plane A;, modes of MoS, at ~383 and ~407 em !, respec-
tively (Fig. S6). Among them, MoS,-800 shows sharper and more
intense features, consistent with increased crystallinity,
whereas MoS, and MoS,-hydro display broader bands indica-
tive of structural disorder and reduced domain size. Notably,
enhanced low-wavenumber modes (145-240 cm ') are
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observed for MoS, and MoS,-hydro, which are attributed to
edge-rich or defective MoS, domains,**® in agreement with
XRD. After Ni,P deposition, all heterostructures show broa-
dened Raman peaks (Fig. S7), consistent with disordered
metal-metalloid bonding in amorphous NiP.>***° In contrast,
Ni-only control samples display distinct Ni-O vibrational
modes that are absent in Ni,P-containing samples, indicating
improved resistance of the Ni,P overlayer to surface oxidation.

X-ray photoelectron spectroscopy (XPS) was conducted to
probe the chemical states and interfacial electronic interactions.
The Mo 3d spectrum of pristine MoS,. can be deconvoluted into
Mo**, Mo®>" and Mo®" components (Fig. 1c), where Mo®" species
are associated with sulfur vacancies and non-stoichiometric
environments characteristic of defective MoS,.*' Upon Ni,P
deposition, the Mo®" contribution is markedly suppressed, leav-
ing predominantly Mo** and Mo®" states. This evolution
indicates a modification of the local electronic structure, arising
from interfacial charge redistribution between Ni,P and MoS,.
The S 2p spectra comprise contributions from unsaturated S~
and terminal S,>~ species,** along with minor SO, components
arising from inevitable surface oxidation (Fig. 1d). The Ni 2p and
P 2p spectra confirm the formation of a semi-metallic Ni-P phase
composed of metallic Ni and low-valent P°~ species, with minor
oxidized surface contributions (Fig. 1le and f). Importantly,
systematic binding energy shifts are observed upon heterostruc-
ture formation. The Mo 3d and S 2p peaks shift to lower binding
energies (~0.6-0.7 eV), whereas the Ni 2p and P 2p peaks shift to
higher binding energies (~0.3 eV) relative to their respective
references (pure MoS, and Ni,P). This opposite shift indicates
electron transfer from Ni,P to MoS,, providing clear evidence of
strong interfacial electronic coupling. Such charge redistribution
is expected to optimize hydrogen adsorption energetics and
facilitate interfacial charge transfer during the HER. Full XPS
peak assignments are summarized in Table S2.

The HER performance of the as-prepared electrodes was
evaluated in 1.0 M KOH using a standard three-electrode
configuration. Linear sweep voltammetry (LSV) was employed
to determine the iR-corrected overpotentials at —10 and —100
mA ecm ™ (1710 and #7100), which serve as key activity benchmarks.
Among the pristine MoS, samples (Fig. S8a and b), MoS,-hydro
exhibits the highest activity (510 = 187 mV; 1590 = 312 mV),
followed by amorphous MoS, (1710 = 240 mV; #7590 = 340 mV),
whereas MoS,-800 shows the lowest activity (7,0 = 314 mV;
100 = 439 mV). This trend correlates with the progressive
decrease in exposed edge sites when transitioning from
nanosheet-rich to basal-plane-dominated structures, highlight-
ing the critical role of intrinsic active-site density in pristine
MoS, catalysts. Upon Ni,P modification, however, a pro-
nounced reordering of the activity trend is observed. Notably,
Ni,P/MoS, requires overpotentials of only 96 and 170 mV to
reach —10 and —100 mA cm 2, respectively, outperforming all
other heterostructures and approaching the performance of
Pt/C at high current densities (Fig. 2a and b). This inversion of
the intrinsic activity sequence indicates that interfacial electro-
nic coupling, rather than morphology alone, governs HER
performance. In contrast, Ni,P/MoS,-hydro exhibits only a
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Fig. 2 (a)iR-corrected LSV curves measuredin 1.0 M KOH, (b) corresponding
overpotentials at —10 and —100 mA cm™2 (530 and y100), (c) Tafel plots and (d)
extracted Tafel slopes for Ni,P-modified MoS, catalysts, together with Pt/C
and control samples (Ni,P, Ni and Ni/MoS,) supported on carbon cloth. (e) EIS
Nyquist plots for Ni,P-modified MoS, and control samples. (f) Chronopoten-
tiometric stability test of Ni,P/MoS, at —10 mA cm~2in 1.0 M KOH. Inset: LSV
curves before and after the 72 h durability test.

moderate improvement (1719 = 109 mV; 17,90 = 213 mV), while
Ni,P/MoS,-800 performs comparably to bare Ni,P (Fig. 2a and
b), suggesting a limited synergistic contribution of the highly
crystalline MoS, support to the overall catalytic performance.
Control experiments using Ni-only and Ni/MoS, electrodes show
significantly inferior activity (Fig. 2a and b), highlighting the
critical role of phosphorus incorporation in modulating catalytic
behavior. Furthermore, bare carbon cloth exhibits negligible
activity (Fig. S8a), confirming that the observed catalytic
response originates exclusively from the deposited active phases.
Collectively, these results demonstrate that optimal HER perfor-
mance is achieved at the amorphous-amorphous Ni,P/MoS,
interface, emphasizing the importance of interfacial compatibil-
ity and strong electronic coupling. Notably, the performance of
Ni,P/MoS, ranks among the highest reported for Ni-P-modified
MoS,-based electrocatalysts (Table S3).

Further mechanistic insight was obtained from Tafel analysis in
the low-overpotential region, electrochemical impedance spectro-
scopy (EIS), and electrochemically active surface area (ECSA) mea-
surements. Pristine MoS, catalysts exhibit Tafel slopes of ~98-136
mV dec " (Fig. S8c and d), consistent with Volmer-limited HER
kinetics, where water dissociation constitutes the rate-
determining step. Most Ni,P- and Ni-modified samples retain
similar behavior (Fig. 2c and d), including Ni,P/MoS,-800
(103.5 mV dec "), Ni,P/MoS,-hydro (95.6 mV dec '), as well as
Ni,P, Ni, and Ni/MoS, control catalysts (~87-116.6 mV dec %),
indicating that the Volmer step remains kinetically limiting
in these systems. In contrast, Ni,P/MoS, exhibits a markedly
reduced Tafel slope of 67.5 mV dec ', indicative of a tran-
sition toward mixed Volmer-Heyrovsky kinetics with acce-
lerated hydrogen evolution rates, approaching that of Pt/C
(48 mV dec ). This kinetic shift suggests that the Ni,P/MoS,
interface lowers the barrier for hydrogen adsorption and electro-
chemical desorption, thereby altering the rate-determining step.
EIS measurements provide complementary evidence for this
mechanistic evolution. Among pristine samples, MoS,-hydro
exhibits the lowest charge-transfer resistance (R.), as reflected
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by the smaller semicircle in Nyquist plots (Fig. S9), consistent
with its superior intrinsic activity. Following Ni,P deposition,
however, Ni,P/MoS, displays the smallest semicircle diameter
among all catalysts (Fig. 2e), corresponding to the lowest inter-
facial R.. and most efficient charge transfer across the MoS,/Ni,P
interface. In contrast, Ni,P/MoS,-hydro and Ni,P/MoS,-800 exhi-
bit higher R, while Ni,P, Ni, and Ni/MoS, control samples show
significantly poorer charge-transfer characteristics. These results
indicate that interfacial electronic coupling, rather than intrinsic
conductivity alone, governs the charge-transfer kinetics in these
heterostructures. ECSA analysis further reveals a clear decou-
pling between surface area and catalytic activity. For pristine
MoS,, the ECSA follows the trend: MoS,-hydro (~366 cm?) >
MoS, (~62 cm?) > MoS,-800 (~29 cm?®), consistent with their
HER activity (Fig. S10). However, this correlation breaks down
upon Ni,P modification (Fig. S11). Despite exhibiting the highest
ECSA (~551 cm?), Ni,P/MoS,-hydro does not deliver the best
performance. Instead, Ni,P/MoS, achieves the highest activity
with a comparatively modest ECSA (~75 cm?), while the other
samples with similar or larger surface areas (~61-122 cm?)
remain less active. These findings demonstrate that HER activity
is not governed by surface area alone but is instead dictated by
interfacial charge-transfer kinetics. The amorphous Ni,P/MoS,
interface uniquely optimizes hydrogen adsorption energetics
and electron transfer, thereby overcoming the kinetic limitations
associated with water dissociation.

The Ni,P/MoS, catalyst also exhibits excellent durability,
retaining ~87% of its initial activity after 72 h of continuous
operation at —10 mA cm™ 2 (Fig. 2f). Notably, the catalyst main-
tains, and slightly improves, its HER performance upon reuse
(110 = 89 mV; 5190 = 169 mV, Fig. 2f, inset), suggesting the
formation of a stable and catalytically optimized interface under
operating conditions. Post-catalysis characterization reveals no
significant structural degradation but indicates limited surface
reconstruction. XRD patterns remain unchanged (Fig. S12a),
confirming preservation of the bulk phase, while Raman spectra
show the emergence of weak Ni-O features (Fig. S12b), indicative
of minor surface oxidation. EDS analysis reveals a shift in the
Mo:S ratio toward the stoichiometric 1:2 value (Table S1),
consistent with increased MoS,-like ordering. XPS results
(Fig. S13) confirm the predominance of Mo*" species, along with
partial oxidation of S and Ni. Importantly, the Ni: P ratio remains
essentially unchanged (~14:1; Table S1), indicating retention of
the Ni-P phase during prolonged operation. Furthermore, in a
two-electrode configuration, the integrated Ni,P/MoS,|NiFe-
LDH electrolyzer delivers low cell voltages of 1.46 and 1.61 V at
20 and 100 mA cm >, respectively (Fig. S14), demonstrating
efficient overall water splitting and practical applicability under
alkaline conditions.

To elucidate the origin of the enhanced catalytic activity,
operando EIS combined with kinetic isotope effect (KIE) analy-
sis was performed. Nyquist plots reveal a pronounced suppres-
sion of the high-frequency semicircle for Ni,P/MoS, relative to
pristine MoS, (Fig. 3a and b), indicating significantly reduced
charge-transfer resistance and accelerated interfacial kinetics.
Consistently, Bode phase analysis (Fig. 3c) shows faster surface
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Fig. 3 Operando EIS Nyquist plots of (a) MoS, and (b) Ni,P/MoS, recorded
over a frequency range of 100 kHz to 0.1 Hz at applied potentials from O to
—0.5 V vs. RHE (0.05 V increments). The dotted lines are fits to the data. (c)
Corresponding operando Bode phase plots in 1.0 M KOH. (d) Armstrong—
Henderson equivalent circuit model used for fitting the EIS data. (e) EIS-derived
Tafel-like plots for MoS, and Ni,P/MoS,. (f) LSV polarization curves of Ni,P/MoS,
measured in 1.0M KOH/H,O and 1.0 M KOH/D;O. Inset: The corresponding
kinetic isotope effect (KIE), indicating a moderate isotope effect.

relaxation dynamics and more efficient charge dissipation for
Ni,P/MoS, under increasing cathodic bias. Quantitative fitting
using an Armstrong-Henderson equivalent circuit (Fig. 3d)
confirms substantially lower R values for Ni,P/MoS, compared
to pristine MoS, (Fig. S15a). Concurrently, an increase in the
inverse adsorption resistance (1/R,q) and adsorption pseudo-
capacitance (C,q) is observed (Fig. S15b and c), reflecting
accelerated hydrogen adsorption/desorption kinetics and
increased surface coverage of H* intermediates.**** All extracted
fitting parameters are summarized in Table S4. EIS-derived Tafel
analysis (log(R.q) vs. n)*° yields a reduced slope for Ni,P/MoS,
(~97 mV dec™ ) compared to pristine MoS, (~126 mV dec™ )
(Fig. 3e), indicating facilitated proton-electron transfer and a
deviation from purely Volmer-limited behavior. This interpreta-
tion is further supported by KIE measurements (Fig. 3f), which
show moderate Ji; o//p,0 values (~1.2-1.5) near the HER onset.
These values are consistent with a quasi-equilibrated Volmer
step, suggesting that water dissociation is no longer the sole rate-
determining step. Collectively, the operando EIS and KIE analyses
demonstrate that Ni,P modification effectively alleviates the
kinetic bottleneck associated with water dissociation, promoting
a transition from a Volmer-limited pathway to post-Volmer
kinetics governed by accelerated hydrogen adsorption/
desorption dynamics. This synergistic enhancement of charge-
transfer and surface reaction kinetics provides a mechanistic
basis for the observed activity improvement and explains the
inversion of the conventional morphology-activity relationship.

In summary, Ni,P surface modification fundamentally
reshapes the activity landscape of MoS, electrocatalysts via
morphology-dependent interfacial coupling. Although polycrys-
talline MoS, nanosheets show higher intrinsic activity, Ni,P
incorporation reverses this trend, rendering the amorphous-
amorphous Ni,P/MoS, interface the most active (1,0 = 96 mV,
Tafel slope = 67.5 mV dec™ ‘). Operando electrochemical mea-
surements and kinetic isotope effect analysis reveal that inter-
facial electronic coupling enhances charge-transfer efficiency
and hydrogen adsorption kinetics, enabling a transition

Chem. Commun.

View Article Online

ChemComm

beyond a Volmer-limited mechanism. The Ni,P/MoS, catalyst
also exhibits excellent durability and efficient overall water
splitting (1.46 V at 20 mA cm ™), highlighting the critical role
of amorphous interfaces in catalyst design.
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