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ABSTRACT: Hydrogen evolution reaction (HER) in electrocatalytic
water splitting for producing green hydrogen has recently emerged
as a promising approach to address the current energy and
environmental challenges. In this study, we prepared and
characterized the mononuclear Pt-polyoxometalate clusters
[PtiMog(OH)sO1g](NH,).  (PtMog) and  [PtiMog(OH)304)O03CsHq]
TBA, (PtMog-L, TBA: tetrabutylammonium) as HER electrocatalysts
with enhanced activity. The HER performance of PtMog-L coated
onto glassy carbon is superior to that of naked PtMog and
comparable to that of commercial 20 wt.% Pt/C, with an
overpotential of 37 mV@10 mA-cm™ and a Tafel slope of 42
mV-dec™. The HER follows the Heyrovsky—Volmer mechanism over
PtMog-L, similar to Pt/C, but the Tafel-Volmer mechanism over
PtMog. Experimental and density functional theory calculation
results indicate that the Pt—-O—H group in the polyoxometalate .
clusters is the active site for the HER. Moreover, mechanistic studies reveal that the negatively charged CsHq-bonded O1 in
PtMog-L is prone to proton adsorption and activation, thereby enhancing electrocatalytic HER activity. Overall, this study
provides new insights into the polyoxometalate structure—electrocatalytic property relationship at the precise atomic and
molecular levels, advancing HER research.
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1 Introduction

Pt-based materials are considered state-of-the-art electrocatalysts
for the hydrogen evolution reaction (HER) because their extremely
low overpotential for the HER overcomes its high energy barrier
and fast kinetics [1-7]. Recently, extensive research efforts have
been devoted to designing new types of Pt-based electrocatalysts
using composition-, morphology-, and crystal-phase-engineering
strategies. In particular, to boost the utilization and catalytic
efficiency of Pt in the HER, single-atom catalysts (SACs) have
attracted intense attention [8-15]. However, the effect of the
location and coordination environment of single-atom Pt on the
reaction pathway and activation energy is unpredictable. In
addition, stabilizing isolated Pt atoms on appropriate supports with
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high metal loading without compromising catalytic activity and
product selectivity remains a challenge that hinders the practical
applications of Pt SACs.

In this context, we envisaged that polyoxometalates containing
single-atom Pt [16] could serve as a readily available and ideal Pt
SAC model to study the electrocatalytic HER owing to the
following advantages: (i) Polyoxometalates are a unique type of
nanoscale early transition-metal-oxo clusters with definite
structures and superior physical and electrochemical properties
[17-23]. The unique structural versatility of polyoxometalates in
terms of composition, structure, and coordination environment
provides an ideal platform to investigate the structure-activity
relationship in SACs [24]. (ii) The excellent catalytic redox activity
of polyoxometalates allows them to effectively undergo
multielectron redox transformations without any structural
alteration [25-27]. (iii) Polyoxometalates also serve as support
materials for SACs. For example, phosphomolybdic acid effectively
stabilizes single-atom Pt with a high loading (> 10 wt.%) [28-30]. In
Pt-doped polyoxometalates, the Pt—O bonds accelerate the coupling
of protons and electrons for the rapid release of hydrogen [31].
However, the specific roles of the Pt-O and Pt-O-H bonds in
polyoxometalates during the HER remain unclear.
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Herein, we present the design, synthesis, and investigation of the
HER activity of two single-Pt-centered polyoxometalate clusters
with an Anderson structure: ligand-free [PtMog(OH)sO4]*
(PtMo,) and  ligand-capped  [(PtMo4(OH);0,5)O5CsH,]*
(PtMog-L). As the electrocatalytically active site, the Pt-O-H
moiety is tuned by the capping trimethylolethane ligand, which
tailors the electrochemical HER activity of the polyoxometalates.
PtMos-L coated onto glassy carbon exhibits a promising
overpotential of 37 mV@10 mA-cm™ (r,,) with a Tafel slope of
42 mV-dec. Interestingly, naked PtMo, and PtMos-L operate via
distinct HER pathways (Tafel-Volmer mechanism and
Heyrovsky—Volmer ~mechanism, respectively). Furthermore,
PtMogs-L shows good long-term durability. Finally, the HER
mechanism over the polyoxometalate clusters is elucidated at the
atomic and molecular levels on the basis of experimental and
density functional theory (DFT) calculation results.

2 Experimental

2.1 Chemicals

All reagents were of analytical grade and used as received without
further purification. ~Ammonium molybdate tetrahydrate
((NH,)¢M0,0,,4H,0, 99%), chloroplatinic acid (H,PtCls6H,0,
99%), tetrabutylammonium bromide (TBABr, 98%), and
trimethylolethane (H,-L, 99%) were obtained from Sinopharm
Chemical Reagent Corporation. Deionized water was prepared in
the laboratory. All glassware was cleaned with aqua regia, rinsed
with deionized water, and dried in an oven before use.

2.2 Synthesis of (PtMos(OH);O5)(NHy), (PtMog) and
[(PtMo4,(OH);0,5)O;C;H,l(TBA), (PtMog-L)

PtMog and PtMog-L were synthesized using a modified version of a
previously reported procedure [32-34]. For PtMoy, typically, 0.75 g
of (NH,)sMo,0,,4H,0 (0.6 mmol) was dissolved in 30 mL of hot
water (90 °C), followed by the addition of 36.2 mg of H,PtCl,6H,0
(0.7 mmol), yielding a solution with a pH of 2-3. After 6 h of
reaction, the solution was concentrated to ca. 10 mL at 80 °C. Then,
the system was allowed to cool to room temperature. After
recrystallization from water, the PtMog solid was obtained via
simple filtration in ~ 51% yield based on the consumption of
H,PtCl,61,0.

PtMog-L was prepared using PtMo, as the mother cluster.
Typically, PtMog was dissolved in 30 mL of hot water (90 °C), and
one molar equivalent of H,-L was added. After 10 h, the system was
allowed to cool to room temperature, and TBABr was added. After
1 h, the resulting solids were collected via filtration and thoroughly
washed with hot water, affording PtMog-L in 95% yield based on
the consumption of PtMo, PtMog-L was recrystallized from
water—acetonitrile and used for characterization and
electrochemical measurements.

2.3 Characterization

The ultraviolet-visible (UV-vis) spectra of PtMog and PtMog-L in
water and acetonitrile, respectively, were recorded on an Agilent
Cary 300 spectrophotometer. The electrospray ionization mass
spectra (ESI-MS) in the negative mode were obtained using an ion
trap mass spectrometer (Thermofisher LTQ, capillary voltage 33 V).
Thermogravimetric analysis (TGA) was performed on a Mettler
Toledo TGA/SDTAS851 instrument under a nitrogen flow with a
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rate of 20.0 mL'min™ and a heating rate of 10 °C-min™. Fourier
transform infrared (FT-IR) spectra were recorded on a Thermo
Fisher Nicolet 6700 instrument in the transmittance mode using a
crystal sample mixed with KBr. X-ray photoelectron spectroscopy
(XPS) measurements were performed on an X-ray microprobe
(ULVAC-PHI Quantera SXM) under an ultrahigh vacuum of 1.0 x
107 Torr using an axis HS monochromatized Al K« cathode source
at 150 W, a focused X-ray 100 um beam, a pass energy of 55 eV
with a 0.1 eV step length, and a detection angle (take off) of 45°.
The binding energy was calibrated with C 1s at 284.8 eV.
Inductively coupled plasma-optical emission spectroscopy (ICP-
QOES) was conducted on an ICP-8100 (Shimadzu) instrument. The
ESI-MS of PtMo, (dissolved in a water-methanol solution (1:1,
v/v)) and PtMo,-L (dissolved in acetonitrile) were obtained using a
Waters Q-TOF mass spectrometer equipped with a Z-spray source.

2.4 Electrochemical measurements

Electrochemical HER experiments were conducted using a CHI
760C workstation electrolytic cell with a three-electrode system in
0.5 M H,SO, at room temperature. Graphite rod and Ag/AgCl (sat.
KCI) electrodes were used as the counter and reference electrodes,
respectively. Typically, 5 mg of crystal samples and 40 uL of a 5
wt.% Nafion solution were mixed via ultrasonic treatment for 1 h to
form a homogeneous ink. About 6 pL of the above solution was
loaded onto glassy carbon (5 mm diameter, loading 0.306 mg-cm™)
to record the linear sweep voltammetry curves at a scan rate of 5
mV-s™. Long-term stability evaluations were performed via cyclic
voltammetry between 0 and —0.3 V (vs. RHE) at a potential sweep
rate of 100 mV-s™ for a given number of cycles. For all experiments,
the electrocatalyst mass loading kept constant at 0.306 mg-cm™, and
polarization measurements were conducted with 95% iR
compensation. ICP-OES analysis of Pt species in the electrolyte
after the long-term stability tests was performed on an ICP-8100
(Shimadzu) instrument.

2.5 DFT calculations

First-principles calculations were performed using the Vienna ab
initio simulation package [35, 36]. The Perdew-Burke-Ernzerhof
functional within the generalized-gradient approximation was
adopted for electron exchange-correlation [37]. The projector-
augmented-wave method [38] was employed to characterize
electron-ion interactions using a kinetic energy cutoff of 520 eV to
model the valence electron density. A I'-centered k-point mesh of
2 x 2 x 1 was used for geometric optimization, and a denser 5 x 5 x
1 mesh was used for electronic structure calculations to sample the
Brillouin zone. Convergence criteria were set to 10~ eV for the total
energy and 0.05 eV-A" for atomic forces. In accordance with the
corresponding crystal structures, PtMog and PtMog-L clusters were
separated by a 15 A vacuum. The Gibbs free-energy change for
hydrogen adsorption (AGy.) was obtained using the formula
AGyx = AEg« + AEzp; — TAS, where AEyy., AE g, AS, and T are the
adsorption energy of hydrogen, the change in zero-point energy,
the entropy change associated with hydrogen adsorption, and the
temperature (298.15 K), respectively.

3 Results and discussion

3.1 Synthesis and characterization of PtMo, and PtMo,-L
The single-Pt-centered Anderson-typed polyoxometalate cluster
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PtMo, was prepared via a modified previously reported method
[32-34]. PtMos-L was obtained by directly grafting a
trimethylolethane ligand on one side of the PtMo, molecule using a
post-synthesis modification method. Both clusters were purified via
recrystallization before characterization.

UV-vis spectroscopy, a straightforward and effective tool for
evaluating the charge transfer in materials, was used to determine
the structures of PtMog in water and PtMog-L in acetonitrile. As
presented in Fig. 1(a), the characteristic absorption bands of PtMoy
and PtMog-L appear at 375 and 364 nm, respectively, indicating
that the absorption underwent a slight blueshift after grafting the
trimethylolethane ligand. These bands can be attributed to the 'A;,
> 'Ty, transitions of the octahedral [PtOs] moiety in PtMos and
PtMos-L, suggesting that single-atom Pt is located at the center of
the clusters. In addition, the absorption band at 426 nm for PtMo,-
L is attributable to 'A, > °T), transitions [39], demonstrating the
successful incorporation of the L ligand on the PtMo, surface. The
UV-vis results suggest that PtMo, and PtMo,-L exhibit a similar
topological structure to that of our previously reported CuMog-
based Anderson-type polyoxometalate [40].

Next, the chemical formula and purity of PtMog and PtMog-L
were studied using ICP-MS and ESI-MS [41]. Using PtMo, and
PtMog-L samples dissolved in aqua regia, the Mo/Pt molar ratios
were determined to be 6.1 for PtMog and 5.9 for PtMoy-L via ICP-
MS. Meanwhile, the ESI-MS analysis was conducted using water
solutions of the clusters to preserve their molecular structures. No
signals were found in the mass range of 100-1000 Da in the
positive mode, implying that PtMo, and PtMo,-L are negatively
charged, as most polyoxometalates. In the negative mode,
prominent ESI-MS peaks were detected in the range of m/z
575-587 Da for PtMo, (Fig. 1(b)) and m/z 606622 Da for PtMo4-L
(Fig. 1(c)). The spacing of the experimental isotopic patterns was
0.5 Da (0.5 = 1/2) in both cases, indicating that the charge of the
PtMog and PtMo,-L anions is —2. Specifically, the distinct mass
peak at m/z 580.38 Da in Fig. 1(b) can be assigned to the
[PtMog(OH)(O;5]* anion (PtMoO,,H,, theoretical m/z (z = 2):
508.37 Da), and the sharp mass peak at m/z 614.64 Da in Fig. 1(c)
can be assigned to the [(PtMos(OH);0,5)O05CsHy]> anion
(PtMo0gO,,CsH,,, theoretical m/z (z = 2): 613.43 Da), confirming
the successful introduction of the L ligand on the PtMo, molecule,
consistent with the UV-vis spectroscopy analysis.

Single-crystal X-ray diffraction (SCXRD) was used to determine
the atomically precise structure of PtMos and PtMog-L. The
SCXRD results revealed that the PtMo, motif has a flat Anderson
topology (a type), with six edge-sharing MoOg octahedra
surrounding a central PtO, unit (Fig. 2(a)). The length of the
terminal Mo-O bond is 1.719(3) A, and that of the lateral bridging

Mo-O bond is 1.912(2)-1.953(3) A. Six p5-O atoms bind with six
protons on each side of PtMog, where the Pt-O and Mo-O bond
lengths are 1.971(2)-1.984(3) and 2.262(3)-2.320(3) A, respectively.
The distance between the Pt center and Mo is 3.310(2) A. This
structure is similar to that reported by Lee’s group [42].

Unfortunately, no single crystals of PtMos-L could be obtained.
Nevertheless, comparison of the UV-vis and mass spectra of PtMo,
and PtMog-L indicates that PtMos,L contains one
trimethylolethane ligand anchored on PtMo, via three y;-O atoms
on one side, replacing three surface protons in PtMoy (Fig. 2(b)).
The remaining y;-O atoms are still coordinated with three protons
(Fig. 2(b)). Meanwhile, C-O bonds, Mo=0 bonds, and Mo-O-Mo
motifs were detected in the FT-IR spectrum of PtMog-L (Fig. SI in
the Electronic Supplementary Material (ESM)).

To confirm the metal/ligand ratio in PtMos-L, TGA was
conducted in a nitrogen atmosphere. As shown in Fig. 2(c), the
TGA curve displays three main stages characterized by weight
losses of 5.0 wt.%, 27.8 wt.%, and 9.4 wt.%, corresponding to the
removal of adsorbed water, TBA cations (theoretical value:
283 wt%), and trimethylolethane ligand (theoretical value:
9.6 wt.%), respectively. Notably, after the TGA test, the residue was
identified as Pt'Mo"4Oy,. This result agrees with the ESI-MS
analysis. The chemical environment of Pt in PtMog-L was further
investigated using high-resolution XPS. The binding energy of Pt
4f7/2 in PtMog-L was 72.2 eV, suggesting that the Pt atom is more
positively charged (Pt*, 0 < § < 2) than PtO (Pt 4f7/2: 72.8 eV) and
metallic Pt° (Pt 4£7/2: 71.0 eV) [43].

X-ray absorption spectroscopy was used to elucidate the
electronic structure and coordination environment of PtMog-L
using Pt foil and PtO, as references (Fig. 3). The extended X-ray
absorption fine structure at the Pt L; edge revealed the coordination
environment of the Pt center. As shown in Fig. 3(a), the Pt L;-edge
(11,568.11 €V) is between those of Pt foil (11,566.27 €V) and PtO,
(11,568.74 eV), indicating that the chemical state of Pt in PtMoy is
higher than Pt’ and close to Pt*. Moreover, no Pt-Pt bond
(~ 258 A) was detected in PtMog-L, indicating the presence of
single-atom Pt rather than Pt clusters or particles. Pt-O (2.11 A)
and Pt-Mo (2.90 A) interactions were observed in PtMo,-L with
slight chemical shifts relative to PtMog (Fig. 3(b)), consistent with
the change in the chemical environment of Pt. These results
confirm the high dispersion of individual Pt atoms in PtMo,-L.

3.2 Electrocatalytic performance of PtMo, and PtMo,-L in
the HER
To disclose the effect of the introduced ligand, the electrocatalytic

performance of both clusters in the HER was studied in an aqueous
0.5 M H,SO, solution (pH = 0) as the electrolyte, since they are very
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Figure1 (a) UV-vis spectra of PtMog (dissolved in water) and PtMo4-L (in acetonitrile). ESI-MS analysis of the (b) PtMog and (c) PtMog-L (inset: the experimental
isotopic distribution patterns; cluster samples were dissolved in water and tested in a negative model).
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stable in acidic solution [44]. The -electrocatalytic tests were
performed on a standard three-electrode setup with a graphite rod
and Ag/AgCl as counter and reference electrodes, respectively,
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using a commercial 20 wt.% Pt/C electrocatalyst as the reference.
The obtained polarization curves are shown in Fig. 4(a). PtMog-L
loaded onto glassy carbon showed a positive overpotential at
10 mA-cm™ (#7,0) of 37 mV, close to that of commercial Pt/C (17,5 =
36 mV). Conversely, PtMo, exhibited poor HER activity (17, =
138 mV), indicating that the electrocatalytic activity is related to the
polyoxometalate composition (Fig. 4(b)). Measurements of the
mass-normalized HER performance at -0.03 V (Fig. 4(c))
revealed a peak associated with the HER at ~ 132 mA-mgp"* for
PtMo,-L, which is approximately 8- and 1.5-fold that of PtMog
(~ 16 mAmgy"') and commercial Pt/C (~ 90 mA-mgy"),
respectively.

In general, the HER mechanism over the electrocatalyst surface
(*) proceeds via the following steps: i) adsorption or Volmer step
(H" + e +* > H*); ii) electrochemical desorption or Heyrovsky step
(H* + e + H* > H,); iii) chemical recombination or Tafel step
(2 H* > H,). Generally, Tafel slopes of >110 mV-dec", 40-
100 mV-dec™, and < 30 mV-dec™ indicate that the rate-determining
step (RDS) is the Tafel step, the Heyrovsky step, and the Volmer
step, respectively [45, 46]. Commercial Pt/C showed the lowest
Tafel slope of 28 mV-dec™ (Fig. 4(d)), implying that the Volmer
step is the RDS. Meanwhile, PtMog-L exhibited a Tafel slope of
42 mV-dec”, indicating that the RDS is the Heyrovsky step. Thus,
both Pt/C and PtMog-L electrocatalysts most likely obey the
Heyrovsky-Volmer mechanism. In contrast, the Tafel slope of
naked PtMog was the highest (103 mV-dec"), meaning that the
Tafel step is the RDS and this electrocatalyst operates via the
Tafel-Volmer mechanism. These results demonstrate that the TBA
surface ligand affects the HER mechanism and RDS of the
mononuclear Pt-polyoxometalates.

To further study the HER performance, electrochemical
impedance spectroscopy (EIS) measurements were conducted to
examine the electrocatalytic kinetics. As shown in Fig. 4(e), the
Nyquist plots revealed a smaller semicircle diameter for PtMog-L
than for PtMO,, suggesting a smaller charge transfer resistance in
PtMog-L, which is conducive to the HER activity. The
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voltammetry curves with 5 mV-s™ and (b) overpotentials at 10 mA-cm™ (7,). (c) Mass activity normalized to the Pt loading at an overpotential of 30 mV. (d) Tafel and (e)
Nyquist plots. The double-layer capacitance measurements of () PtMo, and (f) PtMog-L clusters. (g) Capacitive currents at different scan rates. (i) Long-term durability

measurements for 5000 CV cycles.

electrochemical double-layer capacitance of PtMog-L (0.8 mF-cm™)
was larger than that of PtMOg (0.5 mF-cm™), suggesting a much
greater electrochemically active surface area (Figs. 4(f)-4(h)). The
observed electrocatalytic activities and EIS results are consistent
with PtMog exhibiting a nanosized metal oxide structure. The
electrocatalytic results demonstrate that the PtMo,-L electrocatalyst
exhibits high HER activity owing to the favorable reaction kinetics
stemming from the enhanced mass and charge transport.
Furthermore, the clusters were subjected to long-term durability
measurements over the voltage range of 0 to —0.5 V (vs. RHE) at a
scan rate of 100 mV-s™. As shown in Fig. 4(i) (orange profiles),
PtMo,-L exhibited an excellent stability, with only a slight decline in
activity from the initial #,, of 37 to 66 mV after 5000 cycles. This
activity degradation can be attributed to the slow etching of PtMog-
L in acidic solution or ligand loss. Conversely, the HER activity of
PtMoyg decreased from the initial #,, of 138 to 367 mV after 5000
cycles, which is also caused by partial detachment of PtMog clusters
in the acidic solution. This is consistent with the results of the ICP-
OES analysis of the electrolytes after the long-term durability tests,
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which revealed that the amount of Pt cations increased from the
initial value of 287 to 1966 ppm. Moreover, the robustness of PtMo,
and PtMog-L was further evaluated using the current-time curves.
As shown in Fig. S2 in the ESM, PtMo,-L was much more robust
than PtMog owing to the grafted TBA ligand. In addition, the
UV-vis spectrum of PtMog-L remained unaltered after a 12 h test
(Fig. S3 in the ESM ), indicating that the initial structure of PtMo,-L
was preserved, which can also be attributed to the grafted TBA
ligand. The difference in HER performance between the two
clusters (PtMog and PtMo,-L, Fig. 4(a)) most likely stems from the
unique textural and electronic structures of the single-Pt-centered
polyoxometalates.

3.3 Mechanism investigation

Finally, DFT calculations were performed to elucidate the role of
the Pt-O-H moieties in the HER [8]. Structural optimization was
conducted on the PtMog and PtMog-L surfaces, finding four types
of O atoms, which are sequentially numbered in Fig. 5(a). In detail,
Pt atoms form a six-coordinated octahedral structure with O atoms,
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whereas Mo atoms adopt a four-coordinated regular tetrahedral
configuration with O atoms. The Pt-O1, Pt-02, Mo-0O3, and
Mo-04 bond lengths in PtMog were 2.01, 2.01, 1.94, and 1.73 A,
respectively. In PtMog-L, the Pt-O1 bond length was marginally
shorter (1.99 A), and the remaining bond lengths were comparable
to those in PtMo, consistent with the SCXRD results. This
indicates that the interaction between Pt and the O1 atom was
reinforced by the incorporation of the C;H, ligand. Accordingly,
the density of states results revealed that the Pt-5d and O-2p
orbitals of PtMog-L were more delocalized near the Fermi level
compared with those of PtMo, (Fig. 5(b)). Bader charge
calculations indicated that, compared with the corresponding O1
atom in PtMog, the CsHy-bonded O1 in PtMog-L possessed a more
negative charge of —-1.43 e.

AGy« is an important descriptor for evaluating the HER
electrocatalytic activity. Weak hydrogen-surface interactions lead to
adsorption being the RDS for electrocatalysis, whereas the strong
interaction will increase the difficulty of the desorption process. For
an electrocatalyst to exhibit optimal HER performance, its AGy-
should approach zero. As shown in Fig. 5(c), PtMos-L showed a
AGy« of —0.93 €V, which is closer to 0 eV than that of PtMo,
(AGy = —2.33 eV), revealing the underlying reason for the
enhanced HER electrocatalytic performance of PtMog-L. In
addition, PtMog and PtMog-L exhibited distinct proton adsorption
sites (Fig. 5(d)). In PtMoy, protons preferentially bind to O3 owing
to its higher charge density relative to that of O4, rendering it the
favorable proton adsorption site. In contrast, in PtMog-L, protons
are located in the interstitial space between O1 and O3.

According to the experimental and DFT calculation results, the
following pathway can be proposed for the acidic HER over PtMog
and PtMog-L. For PtMoy, the protons are selectively adsorbed on
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Figure5 (a) DFT simulated structures of PtMog and PtMog-L. (b) Density of states (DOS) plots, (c) free energy profiles of hydrogen evolution reaction, and (d) electron
density difference distribution diagrams around active spots over PtMo, and PtMog-L. (Part of O-Mo bonds in PtMo, and PtMog-L were omitted for highlight H atoms).

PtMo,-L

the O1 atom, which is reduced by electrons on the electrode
surface. Then, two adsorbed H atoms (H*) combine with each
other and detach from the electrocatalyst surface to form one free
hydrogen molecule, following the Tafel-Volmer pathway
(Fig. 6(a)). In contrast, protons are adsorbed on the interstitial space
between O1 and O3 in PtMog-L and then reduced by electrons to
give H* species, which further react with another proton and an
electron to produce a hydrogen molecule. Thus, the
Heyrovsky—Volmer pathway is favored over PtMos-L (Fig. 6(b)).
Overall, the results demonstrate that surface ligand engineering of
mononuclear Pt-polyoxometalates modifies their electronic
structures and, in turn, their electrocatalytic behavior.

4 Conclusions

Two single-Pt-centered polyoxometalate clusters, PtMog and PtMo,-
L, were prepared and characterized. Both clusters share similar
geometric structures except for the introduced ligand, which plays a

(b)

PtMoy

-9f+H +

+ H/e- '-r

Tafel-Volmer pathway Heyrovsky-Volmer pathway

Figure6 The tentative HER mechanism over (a) PtMog and (b) PtMo,-L
clusters.
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key role in the HER performance. Pt;Mo,-L exhibits excellent
electrocatalytic activity comparable to that of commercial 20 wt.%
Pt/C, with an overpotential of 37 mV@10 mA-cm™ and a mass
activity of 132 mA-mg. Furthermore, PtMo,-L exhibits good long-
term stability, with a small Tafel slope of 42 mV-dec™. Interestingly,
the surface ligand tailors the HER mechanism: The HER over
naked PtMo, follows the Tafel-Volmer mechanism, whereas PtMog-
L operates via the Heyrovsky—Volmer mechanism, similar to
commercial Pt/C. The Pt-O-H group plays an important role in
the electrocatalytic HER, as confirmed by DFT calculations. This
study provides new insights into the electrocatalytic activity of
polyoxometalate clusters at the precise atomic and molecular levels.

Electronic Supplementary Material: Supplementary material (FT-
IR and UV-vis spectra, mass activity, crystal data and structure
refinement for PtMog, and bader charges of Pt atoms) is available in
the online version of this article at https://doi.org/10.26599/
POM.2026.9140144.
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