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For a successful shift to sustainable hydrogen evolution catalysis, high-performance electrocatalysts that
are both active and stable without the use of precious metals are required. In the case presented within
this study, a pure phase molybdenum phosphide—carbon nanotubes (MoP/CNTs) nanohybrid is
introduced as a bidirectional electrocatalyst for alkaline water splitting. In the MoP/CNTs nanohybrid, the

MoP shows superior catalytic performance with low overpotentials of 81 mV for the hydrogen evolution

reaction (HER) and 245 mV for the oxygen evolution reaction (OER), with Tafel slopes of 34 mV dec™
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and 96 mV dec™, respectively. The MoP/CNTs nanohybrid is capable of overall water splitting with high

efficiency via the formation of an electronic interface between the MoP active sites and the conductive
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1. Introduction

The growing need for eco-friendly energy technologies has
made the world's efforts to make hydrogen that doesn't add to
climate change even stronger. Hydrogen is widely seen as a next-
generation energy carrier because it has a high gravimetric
energy density, doesn't release any carbon when used, and can
be used with large-scale energy storage and transport systems.*
Among all available methods of hydrogen production, the
electrochemical water-splitting process is one of the strategi-
cally important technologies due to its high efficiency, opera-
tional scalability, and perfect match with renewable,
intermittent solar and wind power.”* Notwithstanding the
elegance of its underlying mechanism, a symmetry problem has
existed in the actual process of water electrolysis in that the
reaction rate for both the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER) has been kinetically
sluggish. To overcome this, a high potential is required, but this
is invariably accompanied by losses in efficiency and remote
economies of scale for scaling up the process. To date, the
highest performing electrolyzer cells still use platinum for the
HER and ruthenium or iridium oxides for the OER, but due to
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CNTs support. Phosphide—carbon nanohybrids can now be employed as an abundant resource
approach for the sustainable evolution of hydrogen.

their availability and long-term stability, these precious metals
still tend to pose a severe challenge for scaling up.®

In this regard, onset metal-based electrocatalysts have been
identified as promising substitutes for noble metals, and in this
category, TMPs have garnered keen interest. TMPs possess
inherent metallicity, desirable hydrogen adsorption enthalpies,
and enhanced charge transfer rates, which are desirable in an
HER catalyst.*” Under these conditions, the co-existence of
metal and phosphorus points within these materials as hydride
acceptor and proton acceptor sites offers a synergetic catalytic
environment.*** Of all the TMP compounds, molybdenum
phosphide, denoted as MoP, has been gaining popularity owing
to its high electrical conductivity, chemical robustness, and
economical feasibility."»** The presence of phosphorus, which
has a low ionization energy and utilizes vacant 3p orbitals and
a pair of lone-electron pairs, leads to localized charge density
and facilitates proton trapping, thus promoting kinetics in the
HER process.”™ Promising results for the performances of
HER and bifunctional water splitting have been achieved for the
phosphide materials, namely cobalt phosphides and nano-MoP
catalysts. In particular, orthorhombic-CoP and Co,P have been
able to show stable catalysis during prolonged periods of usage,
and the nanostructure and amorphous nature of MoP improve
the overall performance of the material compared with bulk
counterparts by suppressing the hydrogen binding energy and
providing an increased number of accessible active sites.'
Nonetheless, these achievements have revealed inherent chal-
lenges. For instance, the preparation of high-quality MoP with
good crystal structure usually requires high-temperature treat-
ment (>700 °C), which is likely to cause particle agglomeration
and inhomogeneous phase distribution. In addition, the
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multistep synthesis method is likely to raise the fabrication cost
and difficulties. Research efforts in bimetallic or hetero-
structural systems aiming at addressing these challenges have
shown improved local performance but face challenges of
instability or low durability.>*

However, these restrictions indicate an important knowledge
gap: high catalytic activity does not guarantee functioning
without adequate integrity and functional architecture in rela-
tion to catalyst supports. Carbonaceous supports have been
shown effective for enhancing electronic conductivity, although
it has also been a poorly explored area in relation to under-
standing the significance of interactions in suppressing volume
expansion and performance-related restrictions of the catalyst.
Of the conductive supports, carbon nanotubes (CNTs) have
shown remarkable strength, high surface area, and good
chemical and thermal stability, with conductivity in the range of
10* S em ™', making them excellent supports for preparing
phosphide catalysts.’®”*® In this study, we demonstrate an
MoP/CNTs microsphere architecture that targets the activity—
stability dilemma in HER electrocatalysts with simplicity in
material complexity rather than complexity in composition. The
rationale for employing MoP/CNTs nanohybrids in this study is
founded on their complementary properties in catalysis, where
MoP possesses high catalytic active site density and CNTs serve
as a conductive support that ensures optimal electron transfer
between the catalytically active material and the electrode
surface. By incorporating MoP nanoparticles in an inter-
connected CNTs network that utilizes a simple solid-state pro-
cessing method, nanoparticle clustering, volume change, and
electrode material stability are prevented even during sustained
electrochemical tests." Notably, this research proves that the
electrocatalytic properties of MoP/CNTs hybrids are dominantly
impacted by CNTs loading, as higher loading of carbon may
impede access to active sites, while properly mixed CNT loading
promotes maximum utilization of Mo-P active sites. This
microspherical morphology allows for maximal exposure of
active sites and facilitates charge transport and toughness.”
Furthermore, in addition to reaching a competitive HER
performance level that can rival that of benchmark Pt/C
electrocatalysts, it provides a clear and rational framework for
designing electrocatalysts based on abundant materials, with
emphasis on structural stability and scalability and, by exten-
sion, robustness and longevity.”** Rather than emphasizing
metrics for isolable performance, it proposes a clear direction
towards achieving economical and scalable hydrogen produc-
tion methods.*

2. Experimental study
2.1 Chemicals and materials used

Sodium hypophosphite monohydrate (NaH,PO,-H,0), sodium
molybdate dihydrate (Na,MoO,-2H,0), sulfuric acid (H,SO,),
and nitric acid (HNO;) were purchased from Sigma-Aldrich.
Ethanol (=99.9%) and methanol (grade quality) were obtained
from Merck. During electrochemical measurement nickel foam
(thickness: 1.5 mm, area: 1 x 1 cm) served as the substrate for
catalyst deposition. In the catalyst ink, PVDF solution was
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employed as a binder. The calcination was carried out in an
inert atmosphere with 99.999% pure Ar gas. All solution prep-
arations used DI water.

2.2 Activation of carbon nanotubes (CNTs)

In a typical procedure, 1 g of multi-walled carbon nanotubes
(MWCNTs) was dispersed in a mixed acid solution containing
concentrated sulfuric acid (98%, 18.75 mL) and nitric acid
(68%, 6.25 mL) in a 100 mL round-bottom flask. The suspension
was refluxed at 80 °C for 3 h under continuous stirring to
introduce surface functional groups. The resulting black solid
was collected by centrifugation, thoroughly washed with
deionized water several times until neutral pH was achieved,
and subsequently dried at 70 °C for 24 h. The acid-treated
material is hereafter referred to as functionalized MWCNTs.>*

2.3 Synthesis of MoP electrocatalyst

MoP was synthesized via a solid-state synthesis method. For
a typical synthesis, 300 mg of sodium molybdate dihydrate
(Na,MoO,-2H,0) was mixed with 3 g of sodium hypophosphite
monohydrate (NaH,PO,-H,0) and ground thoroughly using
a mortar and pestle for approximately 30 minutes. Thereafter,
the uniform precursor mixture was transferred into a ceramic
boat and calcined for two hours at 750 °C while being contin-
uously exposed to argon gas. The final product was centrifuged
and dried overnight at 70 °C after spontaneously cooling to
room temperature and being repeatedly cleaned (five washing
cycles) with deionized water.>

2.4 Synthesis of MoP/CNTs hybrid electrocatalysts

MoP/CNTs hybrids were synthesized by incorporating CNTs
into a Na,MoO,-2H,0 and NaH,PO,-H,0 precursor mixture. A
schematic representation of the synthesis procedure is shown
in Fig. 1. For the purpose of achieving homogeneity, the reac-
tants were crushed together for 30 minutes using a mortar and
pestle. The resultant homogenous mixture was then placed in
a ceramic boat and subjected to a heating rate of 10 °C per
minute for a period of two hours at a temperature of 750 °C in
an Ar atmosphere. The addition of CNTs in the synthesis of MoP
nanoparticles was significant in resisting the agglomeration/
sintering processes that occurred as a result of the high
temperature interactions between the metal and the CNTs.
Then, the final product was centrifuged and washed
repeatedly using deionized water and dried at 70 °C overnight.
The concentration of CNTs was changed in order to synthesize
MOoP/CNTs hybrids with different CNTs composition.

2.5 Preparation of working electrode

Catalyst ink was prepared and then coated on a pre-treated
nickel foam to develop the functional electrode. The nickel
foam substrate was cleaned with ethanol and HCI before use.
The catalyst ink was produced from 5 mg of carbon black,
2.5 mg of PVDF binder, 42.5 mg of the synthesized catalyst, and
0.3-0.4 mL of N-methyl-2-pyrrolidone (NMP) as solvent. The
sonication of the mixture was conducted in an ultrasonication

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Process flow diagram of MoP/CNTs hybrids synthesis.

bath for four hours to ensure uniform dispersion. After soni-
cation, the ink was evenly spread over the nickel foam,
compressed at a pressure of 1 bar to enhance the adhesion, and
dried overnight at 80 °C to obtain the final electrode.

3. Material characterization

The XRD (STOE-SEIFERT XPERT PRO) analysis was done using
Cu Ko radiation from 0° to 90° degrees in an attempt to identify
the composition and formation of phases. Energy-dispersive X-
ray analysis, carried out using scanning electron microcopy
(SEM, model: JSM6490A, available from the Japan-based
company JEOL), was utilized in an attempt to determine the
shape and composition of catalyst surfaces. In an attempt to
establish the average size of the MoP and CNTs hybrids,
Scherrer's equation (eqn (1)) was used:

kA

b= B cos b (1)

D is the crystallite size, K is Scherrer's constant, which has
avalue of 0.9 (shape factor), 6 is the full width at half maximum,
O is the Bragg angle, and D is the X-ray wavelength, which has
a value of 0.15406 nm.

3.1 Electrochemical testing

Electrocatalytic performance of the as-synthesized MoP/CNTs
catalysts for HER was measured by an Origa Lys instrument
(Model 5) with a conventional three-electrode. Platinum wire
served as the counter electrode, catalyst-coated nickel form as
the working electrode, and an Ag/AgCl electrode as the reference
electrode. An aqueous solution of 1 M KOH was utilized as the

© 2026 The Author(s). Published by the Royal Society of Chemistry

electrolyte. All measured potentials were converted to the
reversible hydrogen electrode (RHE) scale for comparison.
Nernst equation that is applied.

Eagagcl +(0.059 x pH) + Ey agiagct = EruE (2)

Eng/agcl 1 0.1976 and pH is 14 in the provided eqn (2).

Electrochemical impedance spectroscopy (EIS), linear sweep
voltammetry (LSV), cyclic voltammetry (CV), and chro-
nopotentiometry were used to evaluate the electrochemical
performance of the synthesized catalysts. The Tafel slopes,
acquired from eqn (3) of the Tafel equation, are invaluable
indicators of catalytic effectiveness and reaction kinematics of
the HER process.>®

n=blogj+a (3)

An assessment of turnover frequency (TOF) was determined
using eqn (4).
jxA

TOF = ——
axfxn

4)
Here, A represents the electrode surface area, the Faraday
constant is represented by F, the current density by j, and the
number of electrons transported by «, which varies for HER and
OER processes. On the basis of chrono-potentiometric analysis,
the stability of electrocatalysts was estimated. EIS analysis was
also carried out over an extensive range of frequencies from 100
kHz to 0.1 Hz, along with a low amplitude of the AC probe of
10 mV. This facilitates estimation of electrochemical capaci-
tance based on eqn (5).

Nanoscale Adv.
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A

G = Rxmxk)x (Vo= W)

(5)

Here, A is the surface area difference between the surface area
calculated from the CV graph and the CV curve. m is the mass of
the loaded catalyst in grams (g), and & is the speed at which the
catalyst accomplished its cycle. (V, — V;) = defined as the
potential window (V) available in the system for the operation of
the catalyst. Eqn (6) and (7) are employed in determining the
performance parameters.

ECSA = % (6)
1/a
Y, X R
Cdl — ( I: P) (7)
p

Cs: specific capacitance unit is F cm 2, Cq: double layer
capacitance unit is farad.

(@)
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4. Results and discussion
4.1 Analysis of phase morphology and functional groups

In Fig. 2, analysis of the crystal and chemical structures of MoP
and MoP/CNTs hybrid structures reveals significant informa-
tion regarding phase purity, interface coupling, and structural
stability parameters, which are crucial for electrocatalysis. The
X-ray diffraction (XRD) pattern of pristine MoP Fig. 2a(i)
exhibits well-defined reflections at 26 = 27.41°, 31.57°, 42.53°,
and 46.21°, corresponding to the (001), (100), (101), and (110)
planes of hexagonal MoP (JCPDS No. 03-065-6024).>° Such
reflections prove the successful synthesis of single-phase MoP
with a hexagonal crystal structure and the space group P6m2, in
which Mo atoms have been six-coordinated with phosphorus
atoms. Worth noting is that this coordination geometry is very
similar to that of platinum metal, and this explains the reason
why platinum metal-like catalytic activity often exists in MoP-
based HER.

(b)
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Fig. 2
MoP/CNTs (20 mg).
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Fig. 2a(v) Diffraction pattern of CNTs matches very well with
standard reference (JCPDS No. 00-058-1638) indicating the
sound structure of the material even after synthesis and pro-
cessing. Notably, the MoP/CNT hybrid samples containing
different amounts of CNTs (10 mg, 15 mg, and 20 mg) Fig. 2a(ii,
iii and iv) exhibit the characteristic diffraction peaks of MoP
without the evolution of any secondary phases, thereby con-
firming that the presence of CNTs does not disturb the crys-
tallization of MoP. For all hybrid samples, the (101) plane is
found to be the dominant peak at 42.54°. Minor changes in the
peaks and slight expansion in the lattice are observed, which
can be credited to the strains caused by the interface between
MOoP/CNTs, rather than a phase transformation, and this is an
important strength of CNTs dispersion, where it adds flexibility
to the crystallographic structure.”® An examination of the crys-
tallite size calculations made by Scherrer's Equation indicates
a gradual reduction in the MoP crystallite size with increased
CNTs loading, from 65.77 nm to 48.38 nm as shown in Table 1.
This size modulation reflects the role of CNTs as spatial
confinement scaffolds that suppress high-temperature particle
coalescence, a well-known failure mode in phosphide synthesis.
Such controlled crystallite refinement is particularly significant
because excessive grain growth in MoP has been directly linked
to reduced active-site accessibility and rapid performance
degradation under electrochemical cycling. Beyond phase
identification, FTIR spectroscopy provides molecular-level
evidence of interfacial coupling between MoP and CNTs. As
shown in Fig. 2(b) FTIR spectrum of pure MoP shows a broad
absorption band around 3417 cm ™', which is attributed to ~-OH
stretching vibrations from surface hydroxyl groups or adsorbed
moisture. The weak band near 1635 cm ' corresponds to
H-O-H bending vibrations. In the low wavenumber region
1045 cm ™! characteristic Mo-P vibrational modes are observed,
confirming the formation of molybdenum phosphide. In
Fig. 2(c) CNTs display expected features corresponding to O-H
stretching 3425 cm ™", C-H stretching 2932 em ™", and graphitic
C=C skeletal vibrations 1634 cm*, indicating retained struc-
tural integrity. Notably, the increased intensity of Mo-P vibra-
tional bands in MoP/CNT hybrids suggests enhanced MoP-
CNTs interaction and improved dispersion of MoP domains
within the conductive network.”” A key observation is the
attenuation of the broad O-H stretching band 3420 cm ™" in the

Table 1 Crystallite size of prepared electro-catalyst
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MoP/CNTs hybrids compared to pristine MoP. The C-H
stretching vibrations near 2922 cm™" and the C=C vibrations
around 1638 cm ™' confirm the presence of CNTs in the hybrid
shown in Fig. 2 (d).

Importantly, the characteristic Mo-P vibration in the
1157 em ! region is retained, confirming that the MoP crystal
structure remains intact after hybridization. This implies
decreased surface hydroxyl coverage or modified surface
adsorption behavior, which may facilitate faster proton transfer
kinetics and reduced parasitic adsorption during HER. Such
interfacial chemical modulation is particularly relevant for
long-term electrocatalytic stability, where surface hydroxyl
accumulation is known to contribute to catalyst passivation.*®
Crucially, post-electrolysis XRD analysis of used MoP/CNTs
electrodes reveals no discernible structural degradation or
phase evolution, with diffraction profiles remaining nearly
identical to those of the pristine samples (SI Fig. S1 and S2). The
fact that the MoP peaks are present along with a low back-
ground intensity from CNTs and Ni foam indicates a highly
stable material structure. This is particularly important for MoP
electrocatalysts, where material failure originates from crystal
collapse and phase oxidation.

4.2 Morphological analysis of synthesized sample

Morphological development in pristine MoP and hybrid MoP/
CNTs structures was analyzed through SEM studies to gain
insights into structural properties in terms of catalytic perfor-
mance, durability, and scalability. From Fig. 3(a), it can be
analyzed that pristine MoP consists of tight and dense porous
clusters. Although it is advisable to observe tight clusters in
MoP materials, it is an issue to be considered seriously because
tight assemblies diminish accessibility of electrolytes, which are
responsible for lowering active sites along with accelerating
degradation in performance during EC studies.”® In contrast,
the original CNTs, Fig. 3(b), exhibit the characteristic and ex-
pected entangled tubular structure and high aspect ratio and
porosity, aligning well within their established use within
strong and conductive structural roles. When MoP is added to
CNTs, there is an expected and drastic change in the surface
topography, Fig. 3(c), (d), and (e). Over a loading range of 10, 15,
and 20 mg, MoP/CNTs hybrids show a hierarchical and inter-
connected void structure, where the MoP nanoparticles are

Catalyst FWHM Peak position (26) Crystallite size (nm) Crystallite size (nm)

Pure MoP 0.182, 0.25 27.41236, 31.57 78.41, 56.50 65.77
0.328, 0.182 42.5397, 46.216 45.36, 82.82

Pure CNTs 0.874, 0.218 25.683, 43.260 16.27, 68.42 55.49
0.218 77.921 81.79

MOoP/CNTs (10 mg) 0.328, 0.291 31.875, 31.875 43.962, 49.552 51.46
0.291, 0.255 42.875, 54.412 51.18, 61.13

MOoP/CNTs (15 mg) 0.301, 0.301 22.026, 27.912 46.928, 47.465 50.47
0.328, 0.234 31.435, 43.474 43.924, 63.571

MOoP/CNTs (20 mg) 0.218, 0.328 21.649, 31.804 64.755, 43.954 48.38
0.328, 0.364 31.806, 42.619 43.954, 40.887

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

homogeneously dispersed on the CNTs interfaces, giving
a nanorod and roughed appearance. This arrangement is effi-
cient in preventing the agglomeration of MoP nanoparticles and
at the same time providing a continuous route for electronic
conduction, which has been a challenge in phosphide catalyst
materials for a considerable time. It is important to note that
increased amounts of CNTs loading lead to rougher surface
topography, which is not devoid of void space within the
structure. Such inherent structural openness is critical to sup-
porting quick electrolyte diffusion, preventing concentration
polarization, and ensuring efficient transport of reactants and
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(a) SEM images of pure sample, (b) pure CNTs, (c—e) hybrids MoP/CNTs.

products in the hydrogen evolution process. Indeed, the above
points emphasize the importance of CNTs loading in hydrogen
evolution as more than just a conductivity enhancer, as CNTs
serve as spatially separate agents involved in controlling the
nucleation and growth of MoP, thus avoiding structural degra-
dation. Such high morphological sensitivity to CNTs loading, in
fact, implies CNTs-MoP interaction beyond just the mixture.*
Energy-dispersive X-ray spectroscopy confirms the elemental
composition of MoP and the hybrids Fig. 4, showing a compo-
sition of 54.7% Mo and 25.4% P for pristine MoP, as expected.
For MoP/CNTs (20 mg) hybrids, peaks for Mo, C, and P are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Elemental composition analysis via energy-dispersive X-ray spectroscopy (EDX) (a) MoP, (b) MoP/CNTs 20 mg.

identified, with a corresponding composition of 40.3% Mo,
37.5% C, and 14.2% P, respectively. This high C content
confirms the incorporation of CNTs into MoP, supporting the
structural analysis obtained from SEM images.** To assess the
applicability of this architecture as a means of device-scale
functionality, the MoP/CNTs hybrid material was deposited as
an electrode and the resultant electrode morphology is pre-
sented in Fig. S3 and S4. On the whole, the hybrid material
exhibits an excellent conformal coverage of the entire three-
dimensional porous architecture of the Ni foam. This is an
imperative requirement that provides a uniform pathway for the
electrons from the current collector as well as enables the
diffusion of the electrolyte.

4.3 Electro-chemical study of pure sample and hybrids

The electro-chemical properties of bare MoP and MoP/CNTs
hybrid catalysts have been explored using cyclic voltammetry
(CV), to understand charge transfer mechanisms, redox acces-
sibility, and inherent catalytic activity. As depicted in Fig. 5(a),
addition of CNTs to MoP has increased electro-chemical activity

© 2026 The Author(s). Published by the Royal Society of Chemistry

substantially. The addition of CNTs to MoP has helped to
sustain efficient charge transfer between redox sites, in addition
to facilitating ion diffusion within a porous electro-chemical
cell. This is an important aspect because MoP catalysts have
often exhibited limitations due to potential electronic
bottlenecks.

To gain deeper insights into the redox kinetics and charge
storage property of the sample, CV curves of MoP/CNTs (20 mg)
were recorded at scan rates from 5 mV s~ to 100 mV s~ ' as
shown in Fig. 5(b). Well-resolved pairs of redox peaks are
recorded in the potential range of 0-0.6 V, confirming the
reversible nature of the electrochemical reactions involving the
surface accessible MoP catalytic sites. What is remarkable is the
independence of the CV cycle with scan rate, indicating low
inherent resistance and fast mass transport characteristics that
are desirable qualities for an electrochemical material.*> The
progressive enhancement of redox peak currents with the scan
rate is an additional confirmation of the surface-limited nature
of the electrochemical process of the MoP/CNTs hybrid. Such
a surface-limited process is a result of the CNTs support, which

Nanoscale Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00046k

Open Access Article. Published on 12 February 2026. Downloaded on 3/17/2026 6:49:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

(@)

Pure MoP

e MOP/CNTs(10mg)
—==MoP/CNTs(15mg)

e MOP/CNTs(20mg)

4 I g 4
=) o =) 1=}
S ) F -3
A L A A

-0.02 +

Current density (mA/cm?)

-0.04 4

-0.06 4= T
0.0 0.1

0.2 03 04
Over-Potential(mV)

0.5 0.6

()

Pure MoP

e MoP/CNTs(10mg)
MoP/CNTs(15mg)
e MOP/CNTs(20mg)

TOF (H2 s'1) per Active Site

02 0.0
Potential (V vs RHE)

-0.4

Fig. 5

not only prevents the MoP nanoparticles from clustering but
also provides a path for the passage of electrons with each cycle.
The MoP structure in a hexagonal morphology within the
carbon matrix is a major reason for the availability of the redox
sites and the quick passage of electrons along with the
prevention of degradation.*® Apart from the qualitative electro-
chemical fingerprints, the inherent catalytic property was eval-
uated on the basis of turnover frequency (TOF) calculated for
both HER and OER as shown in Fig. 5(c) and (d). TOF values
increase systematically with the addition of CNTs, and MoP/
CNTs (20 mg) have the highest inherent catalysis amongst all
the samples examined. The improved catalysis cannot be solely
ascribed to the enhanced surface area and instead relate to the
modification of the electronic property inside the MoP/CNTs
interface.

The bifunctionality of pure MoP, CNTs, and MoP/CNTs
hybrids was investigated systematically in a 1.0 M KOH elec-
trolyte in an effort to understand the role of interface engi-
neering for hydrogen and oxygen evolution. As indicated in
Fig. 6(a) and (b), each MoP/CNTs hybrid showed a strong
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(a) CV for all samples; (b) MoP/CNTs (20 mg) at different scan rates (c and d) TOF for HER and OER.

reduction in its HER overpotentials compared to its individual
component, pointing out the dominant role of MoP and CNTs
interface engineering. Under a typical current density of 10 mA
cm 2, there is a gradual reduction in overpotentials from
186 mV for 10 mg of CNTs to 141 mV for 15 mg of CNTs, to reach
a lowest point of 81 mV for MoP/CNTs of 20 mg, thus high-
lighting an optimal heterostructural area rather than CNTs-
loading phenomena.** However, this achievement cannot be
attributed solely to the intrinsic conductivity of MoP and the
high surface area of CNTs. Instead, it should be attributed to the
increased density of MoP/CNTs heterointerfaces, which allow
for efficient electronic coupling, facilitate catalytically active
MoP edges, and inhibit nanoparticle agglomeration during
operation. Although MoP has an electronic structure similar to
that of Pt, favoring proton-electron coupling at a wide range of
pH values, its standalone use is impeded by low active site
accessibility and interelement charge transport. Additionally,
the CNTs template eliminates these issues by allowing for effi-
cient, macroscopic-scale electron transport along with the
induction of local modifications to the electronic states of Mo

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a and b) HER potential for MoP and their hybrids. (c and d) OER potential for MoP and their hybrids. (e and f) Tafel slope for HER & OER
respectively.

and P. Such a combination facilitates faster proton adsorption evolution, the MoP/CNTs hybrids show considerable activity
and desorption kinetics for hydrogen evolution, favoring towards oxygen evolution, qualifying the system to be a true
a surface-dominated mechanism. In addition to hydrogen dual-functional electrocatalyst.
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It can be observed from Fig. 6(c) and (d) that MoP/CNTs (20
mg) exhibits an OER overpotential of 245 mV at 10 mA cm 2,
outperforming pure MoP (295 mV), commercial Pt/C (357 mV),
and lower-CNTs-content hybrids. The inferior OER response of
Pt/C arises from the formation of inactive surface oxides under
anodic conditions, highlighting the fundamental limitation of
noble-metal catalysts for alkaline OER. In contrast, the efficient
charge transfer is sustained and the structure is maintained in
the MOoP/CNT architecture, emphasizing the advantages
brought about by the transition-metal phosphide-carbon
heterostructure toward high-performance alkaline water elec-
trolysis.* The kinetic understandings confirmed by Tafel slope
analysis further support the excellent mechanism advantage of
the optimal hybrid. The Tafel slope for HER with the sample of
MOP/CNTs (20 mg) shows the lowest value of 34 mV dec ',
greatly outperforming pure MoP with a Tafel slope of 50 mV
dec ! and CNTs-based hybrids, as shown in Fig. 6(e), confirm-
ing faster surface charge transfer and easily accessible reaction
channels. The Tafel analysis for OER shows that the sample
with the lowest Tafel slope of 96 mV dec™' for all assessed
electrocatalysts is MoP/CNTs (20 mg), as shown in Fig. 6(f),
representing faster reaction rates and optimal active surface
engagement. More notably, these benefits are successfully
enlarged by combining with conductive nickel foam, contrib-
uting to increased structural integrity, reduced internal contact
resistances, and maximized exposure of hexagonal surfaces in
MOP/CNTs, as illustrated.*® Despite these advances, the opti-
mization study in fact reveals an important limitation of the
current hybrid design strategies. High loadings of CNTs (140-
260 mg) result in catastrophic performance degradation SI
Fig. S5, displaying high overpotentials coupled with repressed
current densities. Such failures arise from CNTs agglomeration
that masks active sites of MoP, disrupts the proton diffusion
pathway, and compromises the interfacial charge transfer.

Table 2 Comparison of HER potential for different electrocatalyst
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These observations underscore a persistent challenge in hybrid
electrocatalysts: how to maximize conductivity while not sacri-
ficing catalytic accessibility. In this regard, identification of
20 mg CNTs as the optimal composition clearly indicates that
the catalytic performance is controlled by the interface archi-
tecture rather than the abundance of components. This work
advances phosphide-carbon interfacial design but resolving
operando electronic reconstruction and long-term active-site
stability will require operando diagnostics, multiscale
modeling, and standardized benchmarking. Different electro-
catalyst performance for HER and OER has been reported
Tables 2 and 3.

EIS provides critical mechanistic insight into why the opti-
mized MoP/CNTs (20 mg) hybrid transcends conventional
phosphide-based electrocatalysts. As shown in Fig. 7(a) and (b)
the Nyquist response reveals a pronounced contraction of the
semicircle diameter, directly evidencing a substantial reduction
in charge-transfer resistance and accelerated interfacial kinetics
for the OER. “This behavior represents more than a mere
increment in conductivity, as it reflects a fully optimized,
differently configured electrode/electrolyte interface that would
result from rational phosphide carbon coupling.” The proximity
of the impedance arc to the imaginary axis reflects efficient
electron percolation channels as well as rapid ion diffusion,
both of which are still problematic within transition metal
phosphides, especially within an alkaline environment.*®
Equivalent circuit analysis also serves to further elucidate this
performance enhancement. The measured polarization resis-
tance (R.) thereof is reduced with increasing applied potential,
emphasizing this voltage-sensitive behavior of the MoP/CNTs
interface. This is in stark contrast to both pristine MoP elec-
trodes where slowed charge accumulation and interface-
induced restrictions are prominent at higher current densi-
ties.* The integration of CNTs thus rectifies the long-standing

Over-potential Tafel slope

Current density

Electrocatalyst (mv) (mV dec ™) (mA cm?) Stability (h) Ref.
MOoP/CNTs (20 mg) 81 34 10 24 This work
MoP/CNTs 86 60 10 24 37
MoP@NCF 121.8 72.4 10 30 38
MoP/NG 94 50.1 10 20 39
MoS,/MoP/CNTs 73 56 10 12 40
CoP/MoP 183 53.3 10 10 41
Table 3 Comparison of different OER potential of electrocatalyst

Over-potential Current density Tafel slope
Electrocatalyst (mv) (mA cm?) (mV dec™V Stability (h) Ref.
MoP/CNTs (20 mg) 245 10 96 24 This work
MoP/NiFeP 256 10 31 — 42 and 43
NF/Mn-MoOxSy/NiP 191 10 81.2 10 44
MoP,@MnP, 301 20 105 16 45
NMCP@NF 250 10 41 24 46
MO0y 26C00 71 P»/CNTs 220 10 — 12 47
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drawback of phosphide catalysts, specifically the decoupling of
the inherent catalytic property from overall charge transport
under realistic operating conditions.>® The electrochemical
impedance data were analyzed using the equivalent circuit
model shown in Fig. 7(c). The circuit comprises a solution
resistance (R;), representing the ohmic resistance of the elec-
trolyte and electrical contacts, connected in series with
a parallel combination of a charge transfer resistance (R,) and
a constant phase element (C,). The CPE accounts for the non-
ideal capacitive behavior arising from surface heterogeneity
and electrode roughness. Additionally, a Warburg impedance
(W,) element is included to describe ion diffusion processes
within the electrolyte and porous electrode structure. This
equivalent circuit effectively captures the charge transfer
kinetics, interfacial capacitance, and mass transport charac-
teristics of the electrocatalytic system.

Quantification of the ECSA provides additional insight into
the structure-activity relationship. Conventional CV-based Cy;
extraction becomes unreliable for redox-active materials such as
MoP/CNTs hybrids due to overlapping faradaic contributions.
In this case, CNTs make use of the constant phase element

© 2026 The Author(s). Published by the Royal Society of Chemistry

(@ and b) EIS Spectra of prepared electro-catalyst. (c) Equivalent electrical circuit employed for fitting the EIS spectra using Gamry

(CPE) fitting approach from electrochemical impedance spec-
troscopy (EIS) measurements to yield a more accurate and
realistic values of Cq4). Based on a standardized specific capaci-
tance (Cs = 40 uF cm~?) in an alkaline electrolyte solution, the
MOoP/CNTs (20 mg) hybrid displays an unusually high ECSA of
6958.33 cm?, confirming that performance enhancement arises
from genuine increases in accessible active sites rather than
superficial current amplification. This is an important reminder
of a major gap in the current state of knowledge where accurate
normalization metrics are absolutely essential for comparison.

The enhanced catalytic efficacy is again demonstrated by its
high exchange current density (j,), obtained from the low
charge-transfer resistance. A higher j, represents a reduced
activation energy and rapid equilibration of reaction rates,
directly correlating interfacial electronic properties to macro-
scale reaction rates. Herein, CNTs and Mo-P/CNTs decoration
via Mo-P synergistic bonding mitigates kinetic constraints by
stabilizing reaction intermediates and, at the same time,
enables efficient electron injection into interfacial orbitals, an
effect that escaped previous phosphide-based electrocatalysis.
In practice, j, is employed as an authentic indicator to validate
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6na00046k

Open Access Article. Published on 12 February 2026. Downloaded on 3/17/2026 6:49:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Table 4 Comparative values of Rs, Re., ECSA and J, for prepared
electro-catalyst

Electrocatalyst Rs (ohm) R, (ohm) ECSA (cm?) J, (mAcm?)
MoP 4.2 3.78 2500 6.79
MOoP/CNTs (10 mg) 0.035 3.58 2875 7.17
MOP/CNTs (15 mg) 0.0172  2.35 5541.667  10.92
MOoP/CNTs (20 mg) 0.015 2.11 6958.33 12.16

the fundamental catalytic activity of different electrocatalysts,
unaffected by transport limitations, as indicated by eqn (8). In
particular, it can be obtained by fitting into the Tafel equation
or EIS analysis. This improvement is largely owing to the
superior electrical conductivity of CNTs, as depicted in Table 4,
which enhances charge transfer by lowering charge-transfer
resistance. Moreover, MoP/CNTs enhance interfacial interac-
tion, overcome activation barriers, and enable facile charge
transport, thus leading to superior catalytic activity.

_RT
" n FRy

(8)

where J, is exchange current density, R ideal gas constant, F is
Faraday's constant (96485 C mol '), R is the universal gas
constant (8.314 ] mol ' K '), n is the number of electrons
transported, T is the absolute temperature (K), and R, is the
charge transfer resistance.

The electrocatalytic durability of MoP/CNTs (20 mg) was
quantitatively measured by chronopotentiometry and subse-
quent polarization analysis. As shown in Fig. 8(a), MoP/CNTs
demonstrates a remarkably stable operation process during
a prolonged current-driven electrolysis process over a period of
24 h with a very slight potential shift of only about 20-25 mV at
a fixed current density. In addition to plotting a polarization
curve, a linear sweep voltammetry (LSV) experiment was con-

ducted to measure how well MoP/CNTs maintains its
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Fig. 8 Electrochemical stability of the MoP/CNT (20 mg) catalyst: (a)
durability testing.
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electrocatalytic activity. Fig. 8(b), presents negligible An = 15-
20 mV at a current density of 10 mA cm™~> with a performance
retention more than 95%.

The excellent stability can be attributed to the synergistic
effect between MoP and the conductive CNTs framework. The
CNTs scaffold ensures a mechanically stable and electrically
conductive matrix, which is capable of tolerating the volume
expansion occurring during the repeated redox cycles and thus
prevents reduction of the catalyst. As a result, the efficiency of
the charge transfer and accessibility to the active sites are
retained during the electrolysis process. In summary, the above
findings clearly demonstrate the excellent stability of the MoP/
CNTs hybrid for electrocatalysis applications.

The HER kinetics help identify the critical key for assessing
the practical merits of interfacial engineering in phosphide
carbon interfaces. As revealed in Fig. 9, without optimization,
the natural kinetics for MoP are quite low (50.9 moly, Ceat
s™'), thereby identifying an important underlying issue with
unmodified transition-metal phosphide electrocatalysts:
namely, that although favorable from an energetic standpoint
for hydrogen adsorption, their actual activity is compromised by
poor charge transfer and nanoparticle agglomeration during
actual use.

Incorporation of the CNTs into the MoP system in an ordered
manner causes a dramatic and monotonically increasing
improvement in the hydrogen evolution reaction rate, with the
rate increasing to 53.0, 71.2, and 79.3 moly, geac ' s~ ' with the
addition of 10, 15, and 20 mg of the CNTs, respectively. This
behavior indicates more than the increase of electrical
conductivity and the onset of the transition from the isolated
catalytic regions to the percolated catalytic network with the
coherent electron transport through CNTs, while the latter
inhibit the agglomeration of the MoP particles, maintain the
catalytically active edge regions, and provide the continuous
pathways for electron transport between the catalytic regions
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Fig. 9 HER kinetics for synthesized electro-catalyst.

and the current collector directly. This leads to the kinetically
accessible electron supply to the hydrogen adsorbates.*
Notably, these results resolve the paradox of previous phos-
phide catalyst designs, which have largely failed because
enhancement through nanostructuring alone quickly becomes
undermined by structural coarsening and interfacial barriers.
Conversely, the MoP/CNTs heterostructure shows that kinetic
acceleration and structural robustness have to be optimally
balanced at the interface level to enable sustained activity. The

View Article Online
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fact that the kinetic acceleration with increasing amounts of
CNTs shows the presence of an optimal concentration of
conductive support beyond which increased transport becomes
deteriorated because of site blocking again points to the need
for compositionally optimized catalyst design. The Kkinetic
equations derived in this work (extended in SI) have the
potential to facilitate benchmarking, which still represents an
area of need within the entire scientific community.

5. Proposed mechanism for water
splitting

The electrocatalytic properties of the MoP/CNTs hybrid are
dominated by the interfacial electronic interactions between the
MoP nanodomains and the conductive CNTs matrix, and not by
the individual atomic reaction steps as in the case of a tradi-
tional water-splitting catalyst. The strong MoP-CNTs interface
leads to charge redistribution in the heterointerface, in turn
altering the Mo and P electronic structures and the consequent
adsorption energies in the catalyst-electrolyte interface.

In the alkaline HER process, the MoP/CNTs hybrid system
favors the Volmer-Tafel reaction path, as evidenced by the
experimental Tafel slopes, which remains small. The density
of interfacial states at the MoP-CNT interface enables fast
electron injection from the CNT to the MoP sites, thus
reducing the activation barrier for the Volmer reaction
(H,O + e — H* + OH"). In the proposed hybrid design,
phosphorus regions work as preferred sites for the activation of

Hydrogen Evolution Reduction
Reaction

Oxygen
Water Splitting

2

Mo+ OH — Mo-OH+e"
Mo-OH +OH™ - Mo=0 +H,0 +e~
Mo=0+ OH~ — Mo-OOH +e~

Mo-OOH + OH~ — Mo + 0, + H,0 + e~

Fig. 10 Proposed mechanism for HER & OER in water splitting.
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H20, and the neighboring Mo areas have the strongest binding
affinity for H* species. The CNTs scaffold provides an efficient
reservoir for electrons and thus prevents the accumulation of
charges at the MoP surface and allows for an increased surface
concentration of H* species. This is followed by the Tafel
recombination step (H* + H* — H,), thus allowing for faster
HER kinetics compared to MoP due to slower charge transport
in the latter.>” During OER, the MoP/CNTs hybrid experiences
electrochemically assisted surface reconstruction under anodic
polarization, giving rise to Mo-related oxyhydroxide catalytic
sites. Indeed, the CNTs scaffold retains uninterrupted charge
transfer channels during the entire multielectron process of
OER. The interfacial interaction between Mo-related surface
reconstruction sites and the CNTs scaffold facilitates stabilized
key intermediates, namely MoOHO*, MoO*, and MoOOH¥,
while resisting polarization losses that could be incurred during
their generation as a result of interfacial interaction between
Mo-related reconstruction sites and the carbon scaffold, as
a carbon scaffold resists over-surface passivation by precluding
electro-insulative oxide-layer deposition, thus supporting sus-
tained OER activity when operated in alkaline medium
conditions.

In summary, the promoted bifunctionality of MoP/CNTs
hybrids can be attributed to the interfacial synergy, in which
the regulation of electronic structure, facilitated charge trans-
port, and surface reconstructions work together to control the
reaction rates. The suggested mechanisms for HER and OER are
shown in Fig. 10.

6. Conclusions

The current study focuses on an important issue related to the
synthesis of non-noble metal electrocatalysts and the harmo-
nious combination of high catalytic activity, fast charge transfer
rates, and high durability under operation. Despite widespread
concern about the excellent H adsorption properties, earth
abundance, and excellent chemical stability of molybdenum
phosphide (MoP), the substance has remained less explored as
an electrocatalyst owing to the low conductivity and reduced
effective surface area under the agglomeration of MoP. This
study, which combines MoP nanoparticles with a conductive
CNTs framework, strongly suggests the significant impact of the
MoP-CNTs interface, instead of the MoP composition itself, in
determining the efficiency of the electrocatalyst. The MoP-
CNTs hybrid with an optimal amount of MoP (20 mg) shows
superior electrocatalytic activity for the HER process with low
overpotential of 81 mV at the current density of 10 mA cm?, low
Tafel constant of 34 mV dec ', and strong OER activity with low
overpotential of 245 mV at the current density of 10 mA cm?.
Furthermore, the long-term electrochemical stability exper-
iments exhibit that the CNTs serve not only as conducting
fillers, but also as the mechanistic and chemical support
structures to retard the sintering process of the nanoparticles
and the degradation of the interfacial regions when the cell is
operated under alkaline environments. However, the time-
evolution of the interfacial status of the Mo-P/CNTs interfaces
when operating under the current density as needed by the
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industrial applications and its contribution to the long-term
degradation and efficiency losses are still not understood.
Furthermore, any practical translation of the current lab-scale-
based research to industrial applications would require the
precise control of the final electrode structure. To conclude, it
appears that MoP/CNTs hybrids are still a general, adaptable
catalytic system rather than any one optimized composition.
The adherence to standardized benchmarking practices,
involving measures of activity corrected for ECSA, high current
density tests, and efficiency tests, will be critical to facilitate
comparison between different studies, hence facilitating the
adoption of phosphide-based electrocatalysts in industry.
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HER Hydrogen evolution reaction
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LSV Linear sweep voltammetry
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