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ABSTRACT: Recently, the Anderson-type heptamolybdate [Mo7024]% ion has been used as an inorganic ligand to protect various
metal oxy-hydroxides (FeOOH and NixFe1xOOH) and oxides (SnO2 and CeOz2), and these unique varieties of materials are
employed as electrode materials for water oxidation and nitrate reduction. Herein, [Mo7024]% covalently connected to a SnO2
nanocore, namely Mox@SnOz2, is prepared through a hydrothermal route and has been fabricated on a 1 cm? surface of a
conducting carbon support to study proton conduction and electrocatalytic proton reduction. The Mox@SnO: fabricated carbon
cloth (CC) exhibits the maximum proton conductivity of 15.34 x 1073 S cm" at pH 3.65 and room temperature, which increased
linearly with the increment in cell temperature and reached 32.47 x 103 S cm™" at 318 K. Under similar conditions, the bare
SnO: fabricated on CC shows relatively low proton conductivity, highlighting the importance of POM ligands on Mox@SnO: to
facilitate proton conduction with an extremely low activation energy of 0.13 eV, indicative of proton shuttling through the
Grotthuss pathway. Further, the facile proton conduction on Mox@SnO2 and the redox participation of POMs, as depicted from
cyclic voltammetric studies, enable electrocatalytic hydrogen evolution reaction (HER) under mild acidic conditions, delivering
an onset potential of -0.4 V vs RHE and a nearly two-fold higher catalytic current at -0.9 V compared to that observed for SnOx.
The electrokinetic study has confirmed that the improved performance of Mox@SnO:2 over SnO:2 is due to enhanced charge-
transfer kinetics. This study showcases a new role for covalently attached heptamolybdate anions on SnOz, facilitating proton

relay and reduction.
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1 Introduction.

Rapid population growth results in exponential growth in global
energy consumption, as reported by the US DOE, with about 34%
by 2050.! Subsequently, energy consumption challenges the
depletion of fossil fuels, which are the primary source of
traditional energy.* To minimise the consumption of traditional
energy, some cleaner energy devices have recently been developed
that convert chemical energy to electric energy; among them, fuel
cells, proton exchange membrane fuel cells (PEMFCs), and
polymer electrolyte membrane fuel cells (PEMFCs) have attracted
significant attention.” Among the different devices, the proton
exchange membrane fuel cell (PEMEC) is inferred as a promising
technology for curbing the environmental and energy problem,
due to its unique benefits such as high energy conversion
efficiency (>60%),
greenhouse gas emission, rapid startup and convenient

operating temperature (80 °C), zero

integration, where the proton exchange membrane (PEM) is the
heart of the system, which enables proton conduction and
provides isolation within the fuel cell.*> Nafion is a widely used
proton-conducting material due to its high conductivity (> 107
Scm™) and excellent chemical stability. It was first used as a
proton-conducting material and widely commercialised.
However, the performance degradation at temperatures above

100 °C is due to dehydration, disruption of proton transport

channels, reduced conductivity, and fluorine leaching and
contamination in water, which limit its potential application.’

Due to high crystallinity and porosity, tunable topography,

variable chemical functionality, surface functionalization
possibilities, and controllable guest adaptability inside the pores,
different crystalline porous materials such as metal-organic
frameworks (MOFs), hydrogen-bonded organic frameworks
(HOFs), covalent organic frameworks (COFs), and porous
polymers (POPs) grab attention as potential candidates for

proton-conducting materials. materials. *7

The proton
conductivity in framework-based materials mostly depends on
the number of proton sources and the H-bonding pathway.!
Polyoxometalates (POMs) are aqueously soluble and cost-
effective, which makes them a greener and environmentally
friendly material. Crystalline molecular materials including
polyoxometalates (POMs)* "' have gained significant interest for
proton conduction due to their modular assembly, high stability,
and chemical tunability.”” Notably, the high density of oxygen
atoms on the surface of POMs provides multiple sites for proton
shuttling, and the nanoscale anionic clusters on their surface
exhibit a lower charge density due to negative charge
delocalisation, which facilitates the dynamic proton adsorption
and migration.” However, POM-based frameworks or materials'
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are relatively less explored. Nakamura et al. first conducted a
detailed study of the proton conductivity of POMs using
(HsPMo012040-29H,0)  and
dodecatungstophosphoric acid' Thereafter, various POM-based

dodecamolybdophosphoric  acid

proton conductors have been developed and mostly studied in
solid-state media. Das's group reported recently various
polyoxomolybdates>'®'>'® and polytungstate clusters, such as
xerogel {WnFew}xs, and polymer-based polyoxometalate
processed membranes of 5% {W~.Fes}+PA@m-PBI, which show
facile proton conduction (1.71 x 102 S cm™ S cm™)* and 1.59 x
10" S cm™ S ecm™,” under relative humidity of 98%. Recently,
Chakraborty and co-workers reported a triazole-containing
polymer and studies of proton conductivity of 2.5 x 107> S cm™ in
the liquid phase, which opens the door to investigating proton
conduction under real operating conditions.'”® In a subsequent
study, the polymer showing outstanding proton shuttling has
been fabricated as a PEM membrane, and the same polymer
showed notably low overpotential (311 mV at 10 mA cm™) for the
hydrogen evolution reaction (HER) when used as a cathode.”
Solution-state proton conductivity is a more realistic assessment
than solid-state measurements, as real-world membrane use in
proton conduction involves two solutions separated by a
membrane.'*"” Proton conductivity is often facilitated by proton
adsorption, which is an essential step for the electrocatalytic

hydrogen evolution reaction (HER). '*!

Herein, heptamolybdate-stabilized SnO, has been prepared and
fabricated on a carbon support to study intrinsic proton relay in
the solution state. Variable pH and temperature impedance
studies were performed to obtain the proton conductivity and
activation barrier to understand the shuttling pathway. Further,
the Mo@SnO; fabricated electrode was used for the study of
electrocatalytic HER under mild acidic pH conditions to show the
dual function of the material. Saira et al. demonstrated that
hollow-architecture SnO: is an active catalyst for HER, but low Ru
loading exhibits markedly enhanced HER activity and long-term
stability by overcoming the sluggish kinetics associated with
pristine SnO,.” Early studies demonstrated that polyoxometalates
(POMs) can serve as robust molecular platforms for stabilizing
normally inert transition metal-aqua complexes and promoting
efficient proton-coupled electron transfer (PCET) in the
hydrogen evolution process (HER). In particular, POM-
supported Cu(II)-aqua complexes were effective for HER under
near-neutral  conditions®  and a  nickel-containing
polyoxovanadate was used to electrochemically transform
inactive [Ni(H.O)¢]** into an efficient and stable homogeneous
HER catalyst with low overpotential,* demonstrating the unique

role of POMs in modulating the electronic structure and catalytic
activity of transition metal centers. POM clusters preferably
contribute to HER through electron buffering and via tuning of
the electronic structure of the complex. During the
electrocatalytic events, POMs undergo reversible multi-electron
redox shuttling® and also act as the active site for hydrogen
adsorption due to the presence of oxo terminals and moderate
adsorption free energy of hydrogen intermediates (AGn-). Further
coordination of the metal center through oxo-terminals of the
POMs modulates the electronic state, redistributing the electron
density to nearby metal centers or metal-oxide interfaces.* POMs
are also capable of free diffusion of protons or rapid
shuttling. The oxygen-rich framework (M=0, bridging M-O-M,
and surface M-OH groups) accumulates protons at the catalyst
surface, accelerating water splitting; in hydroxylated systems,
fewer WY-OH sites can even reduce water to H,.**”” Finally, POM
containing catalysts prefer the proton-coupled-electron-transfer
(PCET) pathway (M-O + ¢ + H* & M-OH), which reduce the
energy barrier to stabilize the HER intermediates which allow
transition metal containing POM complexes as active HER
catalysts in near-neutral conditions.”>” Despite wide use of SnO:
in FTO- or ITO-based electrode fabrication, the electrocatalytic
performance is not impressive. Further, the limited HER studies
with pristine SnO, are available in literature. Herein, a
comparative HER performance of Mo.@SnO, material with bare
SnO, is performed to understand the role of POM ligands present
in the surface of SnO. nanocore.

2 Experimental Section
2.1 Synthesis of SnO,, and Mo.@SnO: nanocore

Tin (II) chloride (14 mg, 0.06 mmol) was dissolved in 8 mL of
deionised water in a 20 mL glass vial. A freshly prepared 0.2 M
NaOH solution was added dropwise until the pH reached 6.8-7.0.
The reaction mixture was brought to a final volume of 10 mL with
deionised water, with a pH of approximately 4.5. The mixture was
transferred to a 25 mL Teflon-lined stainless-steel autoclave and
heated at 75 °C for 24 h. After cooling to room temperature, the
reaction mixture was transferred to centrifuge tubes. The yellow
precipitate was collected by centrifugation and washed with
deionized water. This process was repeated twice to remove
residual impurities. Finally, the yellow precipitate was dried at
60 °C for 4 h in an air oven and ground with an agate mortar for
subsequent characterization and experiments.
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Figure 1. (a-b) Schematic model of Mox@SnO: and representation of the atomic connectivity of [M07024]° to the SnO: core. (c)

Electrocatalytic cell diagram with Mox@SnO: fabricated cathode and its proton conduction through hydrogen bonding at the oxo-

terminals of POM anions.

Aqueous dispersed Mox@SnO:. nanoparticles were prepared
hydrothermally and purified through a repeated cycle of NaCl
wash followed by dialysis against deionized water, as reported in
the literature.”®

2.2 Proton conductivity

To study the proton conductivity, SnO. and Mox@SnO:
nanoparticles were dispersed in 1-2 % Nafion in ethanol solution,
and the resultant mixture was drop-cast on a 1 cm’® geometric
surface area of the carbon cloth (CC: 2 x 1 cm). The mass loading
of the material was 101 mg cm™. The proton conductivity was
measured in a standard three-electrode set-up, taking
Mo:@Sn0O,/CC as the working electrode, Ag/AgCl as the
reference electrode, Pt wire as the counter electrode, and using an
electrolyte of different
Electrochemical AC impedance spectroscopy (EIS) studies were

aqueous proton concentrations.
carried out over a frequency range of 0.01 to 1 MHz with an
applied AC voltage of 10 mV and a DC voltage of -1.8 V vs
Ag/AgCl. Impedance spectra were collected over a range of pH
values (3-5) and temperatures (303 K-318 K). The conductivity
was determined from the Nyquist plot using the equation: 6 =L/
(A-R), where o is the proton conductivity (S cm™), L is the
thickness (cm), and A is the cross-sectional area (cm?) of the
electrode. From the variable-temperature EIS studies, the
activation energy was calculated from the Arrhenius equation (Eq.

1):

E .

o =0a°exp (— —“) Equation 1
kpT

Where o is the proton conductivity, kg is the Boltzmann constant,

0" is the pre-exponential factor, and T is the temperature.
2.3 Hydrogen evolution reaction (HER)

The electrocatalytic hydrogen evolution reaction (HER) activities
of bare SnO; and Mox@SnO: were systematically studied using a
standard three-electrode electrochemical cell in 0.1 M acetate
buffer solution (pH=5+0.2) as the electrolyte. SnO. and
Mo.@SnO: were deposited on CC as the working electrode, with
an Ag/AgCl reference electrode and a graphite (diameter: 3 mm)
rod counter electrode. HER performance was evaluated by linear
sweep voltammetric study (LSV) at 1 mV - dec-1, while the LSV

polarograms were 50% iR compensated. The Tafel slope was
obtained from the linear sweep voltammetry (LSV) polarisation
curves by plotting the overpotential (1)) against the logarithm of
the current density (log j ) according to Equation (2).

NoEr = blOng—O

where n denotes overpotential (V); j, current density (mA cm™);

(Equation 2)

jo, exchange current density (mA ¢cm™); and b, Tafel slope (mV

dec!).”

The electrochemically active surface area (ECSA) was
determined from the double-layer capacitance (Ca), which was
derived from cyclic voltammograms measured in the non-
!. The ECSA was

computed according to Equation (3), assuming the specific

faradaic region at scan rates of 10-200 mV s’

capacitance Cs of 0.04 mF cm-2 in similar electrolyte conditions.”

NoER = blogﬁ (Equation 3)
Electrochemical impedance spectroscopy (EIS) measurements
were performed at an applied potential of —0.8 V vs. RHE over a
frequency range of 100 kHz to 1 mHz. The Nyquist plots were
fitted using an equivalent RC circuit, and the charge-transfer
resistance (R«) was determined from the circuit fitting of the high-
frequency semicircle.®'

3 Results and Discussion.

3.1 Heptamolybdate-coordinated SnO-

Recently, Chakraborty and co-workers reported that the
Anderson-type [(NH4)sMo07024] ion can be used to stabilise the
FeO(OH)*, NixFe;<FeO(OH),* and also SnO, QD with a 3-4 nm
overall particle size (Figure 1a). The first two materials were used
to fabricate an anode with remarkable electrocatalytic oxygen
evolution reaction (OER), although a significant amount of
molybdate leaching in alkaline medium results in instability of the
POM-protected metal oxy-hydroxide core structure. The
Mo.@SnO: material is distinct as it has a p-block metal oxide in
the core, with a significant amount of oxygen vacancies. Further,
SnO: nanoparticles are reported to be more conductive than
transition metal oxides. Therefore, vacancy-rich Mo:@SnO:
material was used to fabricate a cathode to study electrocatalytic
nitrate reduction to selectively produce ammonia.”® The strong
covalent linkage of the molybdate (Mo""-O-Sn") to the SnO; core
preserves the material for a longer period of time in water as well
as under reductive conditions and acidic pH (Figure 1b). Owing
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to the high aqueous stability of the Mo:@SnO,, the oxo terminals
of the isopolymolybdate ligands serve as proton adsorption sites,
and its notable cathodic performance leads to the use of this
unique material for proton conductivity studies and subsequent
hydrogen evolution reaction at acidic pH (Figure 1c). The
Mo.@SnO; material was synthesised using the reported procedure,
and powder X-ray diffraction (PXRD) shows reflections of the
cubic SnO; phase between 20 values of 10-80° (JCPDS file No. 01-
01-70-4177) (Figure 2a), similar to that reported earlier.”**
Subsequently, high-resolution transmission electron microscopy
(HRTEM) revealed well-defined (110) and (002) crystal facets
with an interplanar spacing of 0.325 nm and 0.164 nm (Figure 2b,
Figure S1-S2). SAED further confirmed the crystalline SnO: core
(Figure 2b, inset). Field-emission scanning electron microscopy
(FESEM) images and simultaneous energy-dispersive X-ray
spectroscopy (EDX) elemental mapping indicate a homogeneous
distribution of Sn, Mo, and O (Figure 2¢-2f).
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Figure 2. (a) PXRD pattern of as-synthesized SnO2, Mox@SnO, and
bar diagram of the simulated pattern from reported JCPDS data. (b)
HRTEM image of a single nanoparticle of Mox@SnO: showing (110)
(101) and (011) lattice fringes (Inset: SAED pattern). (c) FESEM
images of Mox@SnQO:.. (d-f) FESEM-EDX elemental (Sn, Mo, and O)
mapping of a selected region of the Mox@SnO: material.

3.2 Proton conductivity study.

The proton conductivities of Mo.@SnO. were measured by the
AC EIS studies at a constant applied potential (experimental
section), and the data are presented through Nyquist plots. The
semicircular arcs of the individual plots were fitted into an
equivalent R||C circuit. The diameter of the arc is highly
dependent on the pH of the electrolyte. As seen from Figure 3a,
the solution resistance (R;) for the electrolyte at different pH levels
(pH: 4.57, 4.23, 3.86, 3.65) at 30°C (303 K) was almost constant,

10.75 Q while the Ru: values gradually dropped with the decrease
in pH of the electrolyte. The proton conductivity was measured at
different pH values (pH: 4.57, 4.23, 3.86, 3.65) at 30°C (303 K)
from the Nyquist plot and using the relation (Figure 3, Figure S3,
Table S1-S2). At pH 4.57, the conductivity value was calculated to
be 9.69 x 107 S cm™ (Figure 3a). Addition of dil. acid resulted in
decreasing the pH of the electrolyte, and consequently the proton
conductivity gradually increased to 15.34 x 10 S cm™ at pH 3.65
(Figure 3b). The conductivity of Mox@SnO: is higher than that of
bare SnO. at pH 3.65 (Figure S3). At pH 3.65, the proton
conductivity of Mox@SnO: increased almost linearly when the cell
temperature was raised from 303 K to 318 K, and it reached 32.47
x 107 S cm™ (Figure 3c). The proton conductivity of bare SnO:
and carbon cloth (CC) support itself at pH 3.65 is 1.58 x 107 S
cm™ and 1.09 x 107 S cm™, respectively, at 318 K, which
highlights a better conductivity of Mox@SnO: than the bare SnO.
(1.92 x 107 S cm-") (Figure 3d-3h, Figure S3, Table S1-S2). At a
given temperature, the higher proton conductivity of Mox@SnO-
compared to bare SnO. and its enhancement with increasing
temperature and increasing proton concentration demonstrate
the vital role of the heptamolybdate clusters present on the surface
of SnO; in the proton conduction of Mo:@SnOs.

Proton hopping generally proceeds through two distinct
pathways, and it can be assessed by evaluating the activation
energy. The activation energy (E.) for the proton conductivity can
be experimentally determined by recording EIS at variable
temperatures (Figure 3i) and correlating the change in proton
conductivity with temperature. Upon increasing the cell
temperature, the diameter of the arc-shaped Nyquist plot became
smaller, which corroborated the drop in charge transfer resistance
across the double layer. Consequently, it gave a linear increment
of conductance with temperature. Fitting the variable-
temperature conductivity data into the Arrhenius relation and
using the slope of the linear fit of the log(o) versus 1/T plot gave
the activation barrier energy of proton hopping. The
experimentally determined E. for Mox@SnO:was obtained as 0.13
eV, which is lower than bare SnO; (E.=0.19 eV) and carbon cloth
(E.=0.21 eV) (Figure 3i). The activation energy (E.) suggests that
the proton-transfer pathway in Mox@SnO: follows the Grotthuss
mechanism,” which is dependent on the hydrogen-bond network
of water molecules, enabling proton conduction, and is
accompanied by hydrogen-bond breakdown and recombination.
Delocalisation of negative charges on heptamolybdates' surfaces
and the "oxo" terminals facilitate the adsorption and desorption
of protons on the POM surface (Figure 1c).** POMs also have
entirely hydrophilic cluster structures that are rich in oxygen, and
hydrogen bonds can form readily in the vicinity of these abundant
oxygen sites.” Proton transport benefits from the high
reversibility of this dynamic hydrogen-bonding formation and

IC) .35,38,39

However, establishing a specific proton conduction mechanism in

dissociation mechanism (Figure
POM materials is quite difficult due to various factors such as the
activation barrier, proton concentration, acidity of the hydrogen-
bonding pathway (whether continuous or closed loops), the

proton sources, and proton diffusion dynamics.! Previously,
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several literature reports on solid-state proton conductivity with
superconducting properties, with activation energies of 0.17eV to
0.60 eV, in the high-temperature range 50°C-100°C (Table S3).
Here, a solution-based proton conductivity was performed with a
Anderson-type polyoxometalate protected with a well-known
electrode, SnO., with low activation energy (0.13 eV) and high

proton conductivity 32.47 x 107 S cm™ at 45°C (318K) compared
type polyoxometalates-based metal-organic
frameworks (POMOFs) used such as
[Cos(Bip)2(H20)10(TeM06024)] (CUST-861) 0f 2.96 x 1072 S cm™
'at45°C reported by Cui et. al *

to Anderson
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Figure 3. (a) Nyquist plots (from EIS) at different pH for Mox@SnO, (b) Plot of proton conductivity at different pH for Mox@SnO, (c) Plot of
proton conductivity at different temperatures for Mox@SnO,, (d) Nyquist plots (from EIS) at different pH for SnO, (e) Plot of proton
conductivity at different pH for SnO,, (f) Plot of proton conductivity at different temperatures for SnO:. (g) Nyquist plots (from EIS) at different
pH for carbon cloth (CC), (h) Plot of proton conductivity at different pH for carbon cloth (CC), and (i) Arrhenius plot for the activation energy
of carbon cloth (black curve), SnO; (purple curve), and Mox@SnO: (blue curve).

3.3 Electrocatalytic hydrogen evolution reaction (HER) study.

Cyclic and linear sweep voltammetry (CV and LSV) were carried
out on SnO; and Mox@SnO: using a three-electrode configuration
in an acetate buffer (pH 3.65). For the HER study, owing to its
higher proton conductivity, the acetate buffer of alower pH value
was selected. The CV study was performed within the potential
window of 0.4 to -1.0 V (Figure 4, S4a-S4b). Mo:@SnO, material
showed redox features associated with the redox features of POM,
as reported earlier. A slight improvement in the catalytic current
with the progress of CV cycles, followed by stabilisation after 5-10
CV cycles, was noticed (Figure 4b). CV polarisation curves of
Mo.@SnO: exhibit a broad cathodic feature around -0.15 V,

which can be assigned to the overlapping reduction processes of
surface Sn (IV) species and Mo (VI) centres. The broadening of
the redox response indicates the coexistence of multiple
electroactive sites and strong electronic (covalent) interactions
between the [M0;024]" and the SnO. core (Figure 4a-4b). By
contrast, bare SnO: exhibits relatively sharper redox features for
the reduction of surface Sn species (Figure 4a-4c). In the LSV
polarisation curves of both materials, the onset of the HER partly
overlaps with these redox processes, resulting in less pronounced
individual peaks. The HER onset potentials of SnO. and
Mox@SnO; are similar (ca. -0.4 V vs RHE), but upon further
application of cathodic potential during LSV, Mo:@SnO: shows a
significant enhancement of the cathodic current density. To
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correctly compare the HER kinetics, Tafel plots were generated
from the LSV polarisation curves. A Tafel slope of 143 mV dec™
for Mox@SnO: was obtained, which is significantly lower than that
of SnO: and CC (Figure 4d). It is worth mentioning that, at an
applied potential of ca. —0.9 V, the current density of Mox@SnO.
is nearly two times higher than that of pristine SnO,,
demonstrating the positive role of encapsulating heptamolybdate.
The improved performance can be attributed to the synergistic
interaction between POM and SnO,, which enables charge
transfer, increases the density of electrochemically active sites,
and promotes more efficient proton reduction kinetics.
Furthermore, cyclic voltammetry measurements in the non-
faradaic region showed a higher capacitive current response for
Mox@Sn0O:; (0.14 mF cm™), indicating a larger electrochemically
active surface area (ECSA) of Mo.@SnO: (2.8 cm?) compared to
SnO; (Ca: 0.09 mF cm™, ECSA: 1.8 cm?) (Figure 4e, Figure S5).
Electrochemical impedance spectroscopy (EIS) analyses showed
that Mo.@SnO: exhibited a much lower charge-transfer resistance
(Ra of ~20 Q), indicating improved interfacial electron transfer
and enhanced conductivity at the electrode-electrolyte interface
at an applied potential of -0.7 V (vs RHE) (Figure 4f). Moreover,
the electrochemical double-layer capacitance (Ca) values showed
a much higher Ca for Mox@SnO: than for bare SnO,, which
confirmed the increased number of exposed electrochemically
active sites. The Mox@SnO; catalyst delivers a 17+3 mA cm?
current density for 60 h at —0.8 V versus RHE for 60 hours during
the electrochemical chronoamperometric HER study (Figure 5a),
and post-CA-HER LSV delivered an almost comparable catalytic
current (Figure 5b). At the beginning of CA, a slight drop in the
current density was noticed, while throughout the time j was
maintained at >15 mA cm™.
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Figure 4. Electrochemical HER study at pH 3.65 acetate buffer:

cyclic voltammograms recorded for (a) SnO; and (b) MOx@SnO-
within 0.4 V to -0.6 V. (c) Linear sweep voltammetric
polarisation curves, (d) Tafel plots, (e) double layer capacitance,
and (f) Nyquist plot obtained from the EIS study with carbon
cloth (CC), SnO,, and Mo:@SnO: (Inset: equivalent circuit
fitting)and re-oxidation.

The improved HER activity of Mox@SnO: can be attributed to
two key factors. First, the presence of [Mo070.4]* during synthesis
presumably restricts the growth of the SnO: core, leading to
smaller nanoparticles with a larger surface area, which can expose
more catalytically active sites. Second, the synergistic electronic
interaction between anionic and redox-active POM and the SnO:
core enhances charge delocalization and electron-transfer ability.
Further, the anionic POMs present on the surface of the material
behave as proton adsorption centres and show improved proton
adsorption ability. In addition, the redox-active properties of
POMs enhance the electron delocalisation during HER, and
accelerates the electrokinetic improving the electrocatalytic
process. Overall, the electrochemical parameters, including lower
overpotential, smaller Tafel slope, larger Ca, and lower charge-
transfer resistance, collectively demonstrate that Mo.@SnO: is
more active than pure SnO: and efficient electrocatalyst for HER
under mild acidic pH conditions (Table S4).

3.4. Post-catalytic study

The structural and compositional stability of Mox@SnO: after
long-term CA-HER study was confirmed by post-catalytic PXRD,
FT-IR, and ICP-OES analysis of the used electrode and electrolyte
solution (Figure 5a-5d). The PXRD pattern of the used
Mox@Sn0,/CC electrode showed almost identical PXRD patterns
like the as-synthesised sample. No additional reflections or no
spectral broadening confirmed the retention of tetragonal SnO.
core in the used electrode after 60 h CA-HER (Figure 5c). FT-IR
analysis further revealed the retention of the characteristic broad
[Sn-O] vibration band that appeared at 613 cm™, which is the
signature of the [Sn—O] vibration of the SnO; core.”® The bands at
946 and 899 cm™ could be assigned to the [M=O]:and Mo-O-
Mo bending [Mo-0O] vibration bands*' of the heptamolybdate
cluster, indicating the presence of POM on the SnO: surface and
the structure of the material is largely preserved after CA-HER
(Figure 5d). After 60 h CA-HER, the optical spectrum of the
electrolyte was further examined which showed an broad
absorption band within 275-300 nm, which can be attributed to
the molybdate, as correlated to standard molybdate or
heptamolybdate samples (Figure S6).* Furthermore, to quantify
the Mo and Sn possibly present in electrolyte after 60 h CA-HER
electrolysis, the electrolyte was further analyzed through ICP-OES.
ICP-OES analysis of the electrolyte suggests approximately 6.8%
molybdenum leaching after 60 h of electrolysis (Figure 5a). In
comparison, only 0.8% Sn leaching was detected, indicating that
the SnO: core remains intact against dissolution. At the same time,
a fraction of the surface-bound molybdate cluster undergoes
gradual leaching during long-term electrolysis.
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Figure 5. (a) Chronoamperometric HER study using Mox@SnO»/CC
for 60 h at a constant potential of -0.8 V (vs. RHE). (b) Comparison
of LSV before and after CA of Mox@SnO,/CC. (c) PXRD data and (d)
FT-IR spectra of Mox@SnO/CC electrode before and after 60 h of
CA-HER.

4 Conclusion

Heptamolybdate-stabilised SnO. nanocore material was reported

earlier as an efficient cathode material for studying NO;RR to NHs.

In this study, this unique material was presented as an excellent
solution-state proton conductor, achieving 32.47 x 10 S cm™ at
pH 3.65 and 318 K. An extremely low activation energy barrier of 0.13
eV highlighted the facile proton relay across the Mox@SnO.. A
comparative study with bare SnO, and POM-stabilized SnO: has
shown that the presence of Anderson-type heptamolybdate not only
facilitates the proton flow but also enhances the adsorption of
protons, which makes it an excellent proton reduction catalyst.
The low overpotential, Tafel slope, charge-transfer resistance, and
higher ECSA values are responsible for the better HER
performance of Mox@SnO: than that of SnO,. The presence of
POM clusters covalently linked to SnO: not only stabilised the
SnO: but also made the Mo.@SnO: an active and efficient
electrocatalyst for clean hydrogen production. Although the
performance of this material can’t supersede the benchmark
noble-metal-based catalyst, Pt/C, it is an example of a non-
precious metal POM-based catalyst, whose advantage lies in the
relative improvement of proton conduction and HER compared
to bare SnO..

Electronic Supplementary Material: Supplementary material
(please provide a brief detail of the ESM) is available in the online

version of this article at
https://doi.org/10.26599/POM.2026.9140175.
Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and/or the Electronic Supplementary
Material. Additional data related to this paper may be requested
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Anderson-type ammonium heptamolybdate-protected SnO, quantum dots enable proton adsorption, relay and reduction to produce
clean hydrogen.

Proton Conduction and Proton Reduction
Conductance ~ 32.47 x 1073 S cm™"
Tafel slope ~ 143 mV dec™’

ECSA~ 2.8cm?

Charge transfer (R, ) ~ 20 Q
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