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Grafting a WY'=(OH), functionality on the surface of polyoxometalates (POMs) makes the concerned POM
compounds, Nagl{Co'"(H,0)5}{W"(OH),},{(Bi"WY'Os33),}]- 8H,0 (1) and Nag(Himi){Mn"(H20)s}{W"(OH)2}»
{(Bi”'Wg'Osz)z)]-ZBHZO (2) prominent heterogeneous electrocatalysts for water reduction to molecular
hydrogen. We have identified that the WY'—(OH), functionality acts as the active site for electrocatalytic
hydrogen evolution reaction (HER). The chances of in situ generation and participation of secondary
species (metal nanoparticles etc.) in the present electrocatalysis have been eliminated by performing con-
trolled experiments. The electrocatalysts 1 and 2 are stable enough towards HER up to 1000 cycles of cyclic
voltammetric measurement and 10 hours chronoamperometry. The relevant turnover frequencies of 1 and
2 are 0.593 st and 0.634 s™* respectively exhibiting high efficiency towards electrocatalytic HER. This work
has potential to generalize that POMs having M—OH functionality attached on its cluster surface would
function as catalysts for HER.
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Introduction

Scientists, worldwide, have realized that hydrogen energy can Cathode:

be considered as the next-generation energy source, because

this carbon-free energy source possesses desired high energy 2HT +2¢” = H, E°=0.00V (2)

density (146 kJ g7*)."”” The electrochemical water splitting can Alkaline medium

produce H, in a sustainable manner.” The overall electro- Anode:

chemical water splitting consists of the oxygen evolution reac-

tion (OER) and hydrogen evolution reaction (HER)." ° O, +2H,0 +4e” = 40H" E°=+0.40V 3)
In acidic pH, the water oxidation to molecular oxygen Cathode:

(egn (1)) and proton reduction to molecular hydrogen (eqn (2))
form the overall water splitting reactions (eqn (1) and (2)). In
neutral and basic pH, the half-reactions are described by
eqn (3) and (4). The shift in the half-cell reactions is governed
by the change in pH ie., by the change in the relative concen-
trations of H" and OH™ in water.

Acidic medium

Anode:

4H,0 +4e” = 2H, +40H" E°=-0.83V (4)

Significant advances have been made in the development of
noble metal-free electrocatalysts for HER (eqn (2) and (4)) in
the last few decades. Zou et al., have reviewed several noble-
metal-free metal electrocatalysts, which work in a hetero-
geneous manner, e.g., metal sulphides, metal selenides, metal
carbides, metal nitrides, metal phosphides, heteroatom-doped
nanocarbons, etc.” The reported catalytic studies on HER are
mainly performed in acidic conditions.*®"'™** In an acidic
medium, HER is thermodynamically feasible. Moreover, it also
follows a simple reaction pathway: 2H" + 2e~ = H,, for which

2H" + 0, +4e” = 2H,0 E°=+1.23V (1)
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the mechanism [the Volmer step, H' + €~ — H,qs (adsorbed
hydrogen atom on the electrode surface), followed by the Tafel
step (2Hags — H,) or the Heyrovsky step (Hags + H' + €7 — H,)
or both together resulting in HER], is well established. In this
direction, polyoxometalate (POM) based catalysts can be the
best choice for water splitting, because POMs not only show
huge applications in diverse areas including medicinal

This journal is © the Partner Organisations 2022
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science,”> magnetism,'®"”  photo-/electro-chemical water
splitting,”*®">* etc. but also are earth-abundant metal-oxides
(inexpensive materials) and most of them can hold a large
number of electrons reversibly,”**” exhibiting rich redox chem-
istry while maintaining the structural integrity in an acidic
aqueous solution.?®7°

We have synthesized and structurally characterized a sandwich-
type POM-based compound where a [{Co"(H,0)3},{W"(OH),},]"*
core is sandwiched by two {Bi"W3'0;5}’~ units. The compound is
formulated as Nag[{Co"(H,0)s}{W"(OH),},{(Bi"WY'0s5),}]-8H,0
(1), having two cis-{W"(OH),} functional units for electrocatalytic
hydrogen evolution reaction (HER) by water reduction.

Apart from the classic Krebs compound Nay,[(W'0,(OH)),
(WY10,),(Bi"W}Y'05;),]-44H,0 (also formulated as Na;,[Bi,W,,074
(OH),]-44H,0)* and Nay,(Hyimi),[{Zn"(H,0)5},{Ww""0
(OH)}{(Bi™WY!033),}]25H,0*  having two W-OH moieties,
two more POM based compounds containing the cis-
{WY(OH),} units namely, Na,(Himi),[{Mn"(H,0);},{W"(OH),},
{BI"WY055),}]128H,0  (2)*  and  Na,(Himi),[{Co"(H,0)s},
{WY(OH),},{(Bi"WY'035),}]:31H,0 (BWCN),** have been reported
by Zhou-Liu-Yang groups and Zhou-Liu groups, respectively.
Both the compounds, 2 and BWCN can perform HER in acidic
pH 4. A detailed account of electrocatalytic HER by water
reduction at a mildly acidic pH 4, catalyzed by compounds 1 and
2, has been described here. Since the cluster (anionic) part of
BWCN and compound 1 are essentially identical, we have not
explored further the electrocatalytic properties of BWCN. This
report establishes a new insight in POM chemistry that a {W"'-
OH} functionality on a POM cluster surface can function as an
active site for HER.

Experimental
Materials and methods

All the experiments were conducted with deionized water under
ambient atmospheric conditions and chemicals were used as
received of analytical reagent grade without further purification.

Synthesis of polyoxometalates (POMs). Compound
Nag[{Co" (H20)3}{W" (OH), }{(Bi'""WY'035),}]8H,0 (1) was
isolated in a one-pot wet synthesis (see below), whereas the
compound Na,(Himi),[{Mn"(H,0)s},{W""(OH),},{(Bi""W¥'033),} ]
28H,0 (2) was prepared according to the literature
procedure.*?

Synthesis of Nag[{Co"(H,0);},{W"(OH),}»{(Bi"Wy'035),}]-8H,0
(1). 0.5 mL of 6 M nitric acid (HNO;) was added dropwise to
the aqueous solution of sodium tungstate (9 mmol of
Na,WO0,-2H,0 present in 25 mL of water) and heated at 90 °C
for 15 min under stirring. The reaction mixture was removed
from the hot plate and cooled to room temperature, and then
filtered off to remove the traces of insoluble material. The
cobalt nitrate solution (2 mmol of Co(NOs),-6H,0 dissolved in
2 mL of water) was added dropwise to the above colorless fil-
trate at room temperature under constant stirring, which
turned to a purple color reaction mixture. Subsequently, a
bismuth nitrate solution (1 mmol of Bi(NOs);-5H,0 in 1 mL of
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6 M nitric acid) was added dropwise with vigorous stirring and
the pH of the reaction mixture was adjusted to 6.82 using 15%
aqueous ammonia solution. The reaction mixture was covered
with a watch glass and again heated at 90 °C for 1 hour with
continuous stirring. A blue-colored solution with a purple
color slurry was formed and the reaction mixture was filtered
hot. The purple-colored precipitate, that was formed again in
the filtrate, after 4 hours, was removed by filtration. The clear
filtrate was left for crystallization at room temperature. The
block-type pink color crystals were obtained within ten days.
The crystals were isolated by washing twice with a minimal
amount of ice-cold water and kept for drying at room tempera-
ture. Yield: 1.65 g (61.84% based on tungsten). Elemental ana-
lysis: (%) calc. Bi: 7.12, Co: 2.01, Na: 2.35, W: 62.63 and (%)
Found. Bi: 7.25, Co: 1.96, Na: 2.17, W: 62.89. FT-IR
(4000-400 cm™): 3730, 3314, 1625, 941, 874, 831, 782, 730,
640, 579, 475.

Physical characterization. Single-crystal X-ray diffraction
data were collected on Bruker D8 Quest CCD diffractometer
with Mo-Ka (4 = 0.71073 A) source (for details, see ESI section
S1.1%). Powder X-ray diffraction (PXRD) data were recorded on
Bruker D8-Advance diffractometer using graphite monochro-
mated Cu Kal (1.5406 A) and Koa2 (1.54439 A) radiation.
Elemental analyses were performed on ICP-OES Varian 720ES.
Bruker Tensor II equipped with platinum attenuated total
reflectance (ATR) accessory was used to collect IR spectra.
Raman spectra were obtained with a Wi-Tec alpha 300 AR laser
confocal optical microscope (T-LCM) facility equipped with a
Peltier cooled CCD detector using 633 nm Argon ion laser.
Electronic absorption spectra were obtained on the UV-2600
Shimadzu UV-visible spectrophotometer at room temperature.
Field-emission scanning electron microscopy energy dispersive
X-ray (FESEM-EDX) analysis was carried out with a Carl Zeiss
model Ultra 55 microscope equipped with Oxford Instruments
X-MaxN SDD (50 mm?) system functioned with INCA software.
X-ray photoelectron spectroscopy profiles were obtained with
the Thermo Scientific K-ALPHA surface analysis spectrometer
using Al Ko radiation (1486.6 eV). All the electrochemical
studies performed on Zahner Zanium electrochemical worksta-
tion were operated with Thales software. GC experiments for
the detection of electrochemically generated hydrogen gas
were performed using Shimadzu Nexis GC-2030 equipment.

Electrochemical methods. The cyclic and linear sweep
voltammograms were recorded at acidic pH 4.0 solution (0.1 M
potassium phosphate electrolyte), under nitrogen atmosphere
in heterogeneous mode using a conventional three-electrode
setup. Compounds Nag[{Co"(H,0);},{W" (OH),},{(Bi" WY 033),}]-
8H,O (1) and Na,(Himi),[{Mn"(H,0)3},{W"(OH),},
{(Bi"W}'035),}]-28H,0 (2) modified nickel foam (NiFO) electro-
des were used as working electrodes, while Ag/AgCl (3 M) and
Pt-mesh electrodes were employed as reference and counter elec-
trodes, respectively. All measurements were performed using
100 mV s* scan rate unless mentioned otherwise. The homo-
geneous cyclic and linear sweep voltammograms of water
soluble compound Nay,[(WO,(OH)),(WO,),(BiWyO33),]-44H,0
(hereafter named as compound 3) were recorded using 1 mmol
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compound in 0.1 M potassium phosphate electrolyte solution
(pH 4.0). The concerned homogeneous CV and LSV profiles
were collected with 3 mm glassy carbon electrode as working
electrode, Ag/AgCl (3 M) as reference electrode and Pt-mesh as
counter electrode in a similar experimental condition. All poten-
tials were reported in terms of RHE, where Egrug) = Eagagal) +
0.204 V + 0.059pH. The detailed relevant procedures can be
found in section S2, ESL}

Results and discussion
Synthesis

The cobalt incorporated anti-Lipscomb (Krebs type) compound
Nag[{Co" (H,0);},{W" (OH),},{(Bi""WY'03,),}]8H,0 (1) was
obtained in a one-pot aqueous wet synthesis involving sodium
tungstate, cobalt nitrate and bismuth nitrate. The molecular
formula of compound 1 was derived from the single-crystal
X-ray structure and elemental analyses including ICP-OES ana-
lysis. The synthesis of compound Na,(Himi),[{Mn"(H,0)3},
{WY(OH),},{(Bi""W)'0;5,),}]-28H,0 (2) was adapted from a
reported procedure.*® Compounds 1 and 2 have a common
anionic component [{M"(H,0);},{W"(OH),},{(Bi"'W¥'035),}]°~
(M" = Co and Mn) except the fact that M" = Co(u) in 1 and Mn
(1) in 2. In the common cluster anion of the present study
(compounds 1 and 2), two identical tri-lacunary bowls,
{BiW,0;3}°~ are joined together by two units of {W"(OH),}*"
moieties resulting in a hypothetical entity of bis-dodecatung-
state, [{W(OH),},(BiWy033),]'°". This is further coordinated to
two units of {M"(H,0);}*" (M = Co, Mn) to result in M"-incor-
porated common heteropoly cluster anion [{M"(H,0);},{W
(OH),},(BiWs0353),]°~ (M = Co, Mn) of compounds 1 and 2.
There are a number of POM compounds, that have bridging
hydroxyl (OH™) groups;*>*>° but there are only a few POM
compounds having terminal M-OH, as found in the com-
pounds Nay,[(WO,(OH)),(WO,),(BiWs0;3),]-44H,0 (3)*' and
Na,(H,imi),[{Zn"(H,0)5},{W" O(OH)}{(Bi"'WY'03,),}]-25H,0.*>
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And there are only two reported structurally characterized
POM  compounds, namely  Nay(Himi),[{Mn"(H,0)3},
{WY(OH),}{(BI"W'035),}]28H,0  (2)** and  Na,(Himi),
[{Co"(H,0)s},{W"(OH),}{(Bi"WY'053),}]31H,0 (BWCN),** to
our knowledge, each of that have two terminal hydroxyl (OH)
groups, i.e., two —cis{W"(OH),}** moieties.

Compound
Nag[{Co"(H,0);3},{W"(OH),},{(Bi""W}'033),}]:8H,0 (1) in the
present work is the third example of structurally characterized
POM compound that has -cis{W"(OH),}** functionality.
This article has been coined to establish the importance of
having -cis{W"(OH),}*" moiety on the POM cluster surface,
which can act as the functional site for electrocatalytic water
reduction to molecular hydrogen.

Crystal structure

Single-crystal X-ray diffraction (SCXRD) analysis reveals that
compound 1 crystallizes in a monoclinic C2/m space group,
while compound 2 crystallized in a triclinic P1 space group.*?
The presence of protonated imidazole molecule in the crystal
structure of 2, probably, resulted in this difference. The six
negative charges of the common heteropoly tungstate anion,
[{M"(H,0)3},{W(OH),},(BiW4053),]°", is counter-balanced by
six Na" ions in compound 1 and by four Na" and two imidazo-
lium (Himi)" cations in compound 2.

The molecular structure of the cobalt-containing cluster
anion [{Co(H,0);},{W(OH),},(BiWs053),]°” in the crystal struc-
ture of compound 1 is shown in Fig. 1a. The Bi-O and O-W
bond distances in Bi-O-W and W-O-W fragments within this
POM cluster unit fall in the range of 2.1 to 2.2 A, which are con-
sistent with reported analogs.>>*'>%° The complete details of
bond distances and bond angles are given in the crystallo-
graphic tables (see ESI, Fig. S1, Tables S1 and S27). Notably, two
units of the tungsten —cis{W'(OH),} centres, present at the
sandwiched positions, are geometrically/environmentally
different from the other framework tungsten centers as shown
in Fig. 1(b and c). In each of the {W"(OH),} moieties, the W""

©

Fig. 1 (a and b) polyhedral and ball-stick representation of molecular structure of the compound 1, (c) magnified view of —cis{W"'(OH),} core of

compound 1 (W, grey; O, red; Co, cyan; H, blue).
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center is coordinated by two hydroxyl groups that are cis to each
other and symmetrically related. Thus, there are four W'-OH
groups with identical W-OH bond distances of 1.839 A. The
bond valence sum (BVS) values of the hydroxyl oxygen (-OH)
atoms in compounds 1, 2, and BWCN, respectively are 1.29,
1.30, 1.26 (see ESI, section S1.2t). This supports the presence of
W-OH groups in compounds 1, 2, and BWCN.

FESEM-EDX and spectroscopy

In order to understand the surface elemental composition, the
field emission scanning electron microscopy energy dispersive
X-ray (FESEM-EDX) analyses have been carried out on both
compounds 1 and 2 and we found the presence of their con-
stituent elements (Fig. 2a and b). Further, X-ray photoelectron
spectroscopy survey scans of compounds 1 and 2 have also
confirmed the same (Fig. 2c). The XPS analyses of compounds
1 and 2 have been carried out with respect to the C1s peak at
284.8 eV."! In the XPS survey scan, the bands at 35.9, 159, 530,
and 1072.5 eV for W 4f, Bi 4f, O 1s, and Na 1s respectively in
compounds 1 and 2 have confirmed the presence of W, Bi, O,
and Na. The bands at 779.3, and 641.6 eV for Co 2p and Mn 2p
respectively have supported the existence of Co and Mn in
compounds 1 and 2 (Fig. 2c). In the high-resolution X-ray
photoelectron spectroscopy (HR-XPS) scan, the deconvoluted
O 1s peaks at 530.22, and 530.24 in compound 1 and 2 respect-
ively correspond to the existence of oxygen in the form of M-
O-M (0*7), whereas 532.51, and 531.69 eV in compounds 1
and 2 authenticates the existence of M-OH (-OH), (Fig. 2d and
e). More precisely, the O 1s HR-XPS shoulder peak at 532.51
and 531.69 eV in compounds 1 and 2 respectively have
strengthened the presence of metal-hydroxyl groups, i.e., W-

View Article Online

Research Article

OH functionality.*> The W 4f and Bi 4f HR-XPS peaks in both
the compounds have shown that the tungsten and bismuth are
present in 6+ and 3+ oxidation states respectively (see ESI,
Fig. S41). On the same line, the Co 2p and Mn 2p XPS bands
in compounds 1 and 2 respectively have inferred that these
metals are in their 2+ oxidation state (see ESI, Fig. S47).

The FT-IR spectra of compounds 1 and 2, as expected, have
shown POM characteristic IR peaks in the region of 950 to
450 cm™' for W=0, W-O-W, and Bi-O-W stretching and
bending vibrations (Fig. 3a). The broadband around
3300 cm™" in both implies the O-H stretching of lattice water.
However, in compound 2 two weak bands at 2995 and
2850 cm™' have resembled the N-H, C-H vibrations of the
imidazole, which are expectedly absent in the IR spectrum of
compound 1. In addition to the support of SCXRD, BVS, and
XPS, the presence of -W(OH), functionality in these two com-
pounds can also be supported by the appearance of a weak
feature at around 3730 cm ™" in the IR spectra of compounds 1
and 2 (Fig. 3a and b).**** The Raman spectra of compounds 1
and 2 feature a strong peak in the region of 883-950 cm™" for
terminal W=0 bonds (Fig. 3c). There is a considerable shift of
the main Raman band towards the high-energy side for com-
pound 2 as shown in Fig. 3c. This is probably due to the invol-
vement of imidazolium cation in the hydrogen interactions
with the polyxometalate in compound 2. Fig. 3d shows the d-d
transitions in the region of 800 to 540 nm for the compounds
1 and 2 in their electronic spectra confirming the incorpor-
ation of Co”" and Mn>" in the respective systems. For both the
compounds, a broad feature in the high-energy region is attrib-
uted to the ligand to metal charge transfer (LMCT) transition.
The experimental PXRD profiles of compounds 1 and 2 are

NaKa1_2

BiMat

C 5 , —9— Exp. data of compound 1 e —o— Exp. data of compound 2
( ) Ots —E::l:::::jl 1 7 Cumulative fit peak ( ) T Cumulative fit peak
¥ - —_ -~ 530.24
= = =
= & &
8 ] > &g
- 25 - 531.69
» = o
= D —
g = =
E = » v
ps”
E
0 200 400 600 800 1000 1200 525 530 535 540 525 530 535 540
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2

(a and b) FESEM-EDX elemental mapping on compounds 1 and 2,

(c) X-ray photoelectron spectroscopy survey scan of compounds 1 and 2,

(d and e) O 1s core level X-ray photoelectron spectra of compounds 1 and 2.
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Fig. 3 (a) FT-IR spectra of the compounds 1 and 2, (b) magnified view of W—OH FT-IR band in the region of 3700 to 3770 cm™, (c) Raman spectra

of compounds 1 and 2, (d) electronic spectra for compounds 1 and 2.

found to be consistent with their respective simulated patterns
(see ESI, Fig. S5t), which confirm the bulk purity and hom-
ogeneity of the synthesized materials (compounds 1 and 2).

Electrocatalysis

Electrocatalytic hydrogen evolution reaction (HER).
Hydrogen evolution reaction, catalyzed by compounds 1 and 2,
have been assessed by the cyclic and linear sweep voltammo-
grams with the respective catalyst-modified nickel foam (NiFO)
electrodes in an acidic pH 4.0 solution of 0.1 M potassium
phosphate electrolyte. In Fig. 4a, the cyclic voltammograms of
bare nickel foam (NiFO), compounds 1 and 2 have been dis-
played, where compounds 1 and 2 have shown a substantial
catalytic current surge with the onset potentials at —0.360 and
—0.285 V (vs. RHE) respectively corresponding to electro-
catalytic HER; no comparable current was observed in the case
of bare NiFO. Thus, in similar experimental conditions, com-
pound 2 has exhibited an excellent HER activity over com-
pound 1 in terms of the HER onset potential and current
surge.

The hydrogen gas, generated electrocatalytically in our
study, has been identified by the gas chromatograph (GC)

3570 | Inorg. Chem. Front., 2022, 9, 3566-3577

experiments (see ESI, Fig. S6 and S7{). In order to further
understand HER activity, the linear sweep voltammograms
(LSVs) of compounds 1 and 2 were performed with a scan rate
of 5 mV s™! in an identical operational condition (Fig. 4b). As
shown in Fig. 4b, the compounds 1 and 2 have demanded
potentials of —0.693 and —0.652 V (vs. RHE) to attain the
10 mA cm™? current density. The LSV curves of compounds 1
and 2 again infer that compound 2 has shown better activity
than compound 1. In the present work, in order to investigate
the basis of HER, i.e., whether it is water reduction (eqn (4)) or
proton reduction (eqn (2)), we examined the CV features of
catalyst-coated glassy carbon electrode in non-aqueous tetra-
hydrofuran (THF) containing 0.1 M tetrabutylammonium per-
chlorate (TBA-ClO,) as supporting electrolyte with the sequen-
tial addition of a controlled amount of water which resulted in
the chronological enhancement in cathodic catalytic current
density for both 1- and 2- coated glassy carbon electrodes (see
ESI, Fig. S8t). This suggests direct electrocatalytic water
reduction (eqn (4)) catalyzed by compounds 1 and 2 under
operational conditions.

WY-OH group on POM surface for HER by water reduction:
validation of WY'-OH functionality, accelerated durability

This journal is © the Partner Organisations 2022
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Fig. 4 (a) Cyclic voltammogram (CV) profiles of the NiFO-blank, compounds 1 and 2 recorded in a heterogeneous manner in 0.1 M potassium
phosphate electrolyte (at acidic pH 4), (b) linear sweep voltammogram curves of the NiFO-blank and compounds 1 and 2 collected in 0.1 M potass-
ium phosphate electrolyte (at acidic pH 4). All the CV scans were performed at a scan rate of 100 mV s~* and LSVs were collected at a scan rate of

5mvVs

tests, and relevant controlled experiments. Transition metal-
hydroxyl groups (e.g., M"'~OH) are chemically/electrochemi-
cally more reactive than the other forms of metal-oxo
groups,“>*> because metal-hydroxyl groups possess Brgnsted
acidity/more labile nature. There are reports on M*'-OH func-
tionality containing compounds exhibiting HER, but mostly
without adequate emphasis on the structure-function relation-
ship between the metal-hydroxyl group and HER.*® For POM
chemistry such accounts are rare.”” The main theme of this
article is to validate the role of WY'~OH group on the electro-
chemical HER performed by compounds 1 and 2, each having
two symmetrical cis-WY(OH), groups. As a part of
controlled experiments, electrochemical analyses
performed on two more structurally relevant
compounds, Naj,[(WO,(OH)),(WO,),(BiWe033),]-44H,0  (3)
and Na;[Bi;W,(C0,07¢(H0)6]-41H,O (hereafter named as
compound 4), of which the former possess two W-OH groups

were

and the later does not contain any W-OH group. Because of
water-soluble nature of compound 3, its cyclic and linear
sweep voltammograms were performed homogeneously using
1 mmol compound 3 solution which was prepared in 0.1 M
potassium phosphate electrolyte (pH 4.0). As evident from
Fig. 5a-d, compounds 1-3 can perform electrocatalytic HER
but no such catalytic current can be observed for compound 4
(which does not contain any M-OH functionality). This infers
that: (i) the -W(OH) functionality containing POMs can
perform electrocatalytic HER, (ii) there is no direct role of
Co(un)-aqua/Mn(u)-aqua species on the electrocatalytic HER pro-
perties of compounds 1 and 2, because the HER active com-
pound 3 contains no such first-row transition metal ions but
contains ~-W(OH) groups and (iii) structurally similar com-
pound 4, having ~-W=O0 groups and Co(u)-aqua species but not
having -W(OH) groups, does not show electrocatalytic water
reduction (Fig. 5¢ and d). These experiments strongly support
that ~-W"(OH), active sites of compounds 1 and 2 are respon-
sible for electrocatalytic HER in the present study.

This journal is © the Partner Organisations 2022

Long-term stability. In order to understand the long-term
stability, accelerated durability tests of (i) 1000 cycles of cyclic
voltammetry (from —0.05 V to —0.95 V vs. RHE) and (ii) chron-
oamperometry (CA) electrolysis at —0.81 V (vs. RHE) for
10 hours were performed using compounds 1- and 2-modified
NiFO electrodes. As shown in Fig. 6a and b, no significant
changes in HER curves and catalytic current have been
occurred after 1000 cycles of cyclic voltammograms (CVs) for
both the cases (compounds 1 and 2), indicating that com-
pounds 1 and 2 are stable enough during electrocatalytic HER
for 1000 cycles of CVs. As shown in Fig. 6¢, the derived plots of
specific current density versus cycle number show no promi-
nent drop in catalytic current in both cases even after 1000
cycles of CVs, retaining their HER current densities of —19.75
and —27.50 mA cm~> for compounds 1 and 2, respectively.
Similarly, the chronoamperometry analyses for both the cata-
lysts (1 and 2) show that both the compounds have notable
long-term stability under operational conditions (at pH 4) exhi-
biting stable HER current densities of —10 and —12 mA cm >
respectively at —0.81 V (vs. RHE) over the period of 10 hours as
shown in Fig. 6d.

The structural integrity of the catalysts was thoroughly veri-
fied at the end of the accelerated HER durability tests by XPS,
Raman spectral analyses, and FESEM-EDX analysis of the post-
electrolysis electrode materials. The spectral features, recorded
after electrolysis, are compared with those of the same
materials (catalysts) recorded before electrochemical analysis.

The XPS (Fig. 7a and b) and Raman (see ESI, Fig. S9t) spec-
tral features of the post-electrolyses electrode materials are
consistent with those of electrode materials of compounds 1
and 2 before HER electrolyses. FESEM images of post-electroly-
sis electrode materials of compounds 1 and 2 are compared
with those of before electrolysis materials in the section of ESI
(see ESI, Fig. S10f). EDX elemental mappings (see ESI,
Fig. S11-S14%) before and after HER electrolyses suggest no
substantial changes in the elemental compositions of the elec-
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Fig. 5 (a) Cyclic voltammogram (CV) profiles of the NiFO-blank, compounds 1, 2 and 4 recorded in a heterogeneous manner in 0.1 M potassium
phosphate electrolyte (at acidic pH 4); inset, CV of compound 4 in an expanded form, (b) linear sweep voltammogram curves of the NiFO-blank and
compounds 1, 2 and 4 collected heterogeneously in 0.1 M potassium phosphate electrolyte (at acidic pH 4), (c and d) homogeneous CV and LSV
profiles of glassy carbon electrode blank (GCE-blank) and compound 3 recorded using 1 mmol of compound 3 present in 0.1 M potassium phos-
phate electrolyte (at acidic pH 4). All the CV scans were performed at a scan rate of 100 mV s~tand LSVs were collected at a scan rate of 5 mV s~

trode materials of compounds 1 and 2 after electrolyses. All
these experiments and the relevant results conclude that the
POM-based compounds 1 and 2 function as true molecular cat-
alysts for electrocatalytic HER in the mild-acidic condition of
pH 4.0.

Kinetic insights. The Tafel plots have been constructed to
investigate the kinetics of the electrocatalytic HER catalyzed by
compounds 1 and 2 by carrying out galvanostatic polarization
experiments under steady-state mass transfer. The observed
Tafel slope values of 173.80 mV dec™" and 152.07 mV dec ™" for
compounds 1 and 2 respectively indicate that both the cata-
lysts have efficient HER activity at acidic pH 4.0 (Fig. 8a). The
hydrogen evolution reaction in the acidic medium, the mecha-
nism of which is well-established, can be described by Volmer-
and Heyrovsky-steps. It has been established that if the rate-
determining step is water dissociation, i.e., the Volmer step, as
shown above, the theoretical value of the Tafel slope would be
118 mV dec™'.*® In the present electrocatalytic HER study, the
values of experimentally observed Tafel slopes are in the range

3572 | Inorg. Chem. Front, 2022, 9, 3566-3577

of 150-170 mV dec™*, which is 30-50 mV dec™* more than the
theoretical value. This indicates the Volmer step as the rate-
determining step in the present HER study. The increase in
the Tafel slope value from the theoretically predicted value
may be due to the slow combination of H,qs to form molecular
hydrogen (H,) in the Heyrovsky step or maybe the slow rate of
mass transportation.*® Further, to understand hydrogen evol-
ution reaction electrode kinetics in terms of charge transfer re-
sistance (R, electrochemical impedance spectroscopy (EIS)
for compounds 1 and 2 in the catalytic HER region has been
performed (Fig. 8b) in the operational experimental conditions
(at acidic pH 4.0), the relevant details have been given in the
ESI (section S2.4t). The charge transfer resistance helps in
understanding the electrochemical reaction kinetics at the
electrode surface-electrolyte interface, where a lower R, value
corresponds to the faster reaction kinetics. The obtained
charge-transfer resistance (R.) values of 95.82 and 94.37 ohms
for compounds 1 and 2 have followed the similar trend of
Tafel slope values that the compound 2 is slightly better elec-

This journal is © the Partner Organisations 2022
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the magnified view of the Nyquist profiles of 1 and 2 in the region highlighted with a blue dotted circle.

trocatalyst for HER than compound 1 (lower the value of
charge transfer resistance, more likely we get better catalytic
performance). The double-layer capacitance (Cq;) value of a
system is also helpful to understand the performance of an
electrocatalyst. In order to obtain this value, we recorded cyclic
voltammograms of both the catalyst-modified electrodes at
different scan rates in the non-faradaic region (0.04-0.09 V vs.
RHE) using 0.1 M potassium phosphate solution as the elec-
trolyte with an assumption that double-layer charging is the
only process in this potential range. The slopes of the straight-
line parts of the capacitive current densities vs. scan rates (see
ESI, section S2.51) give the double layer capacitance values
1.3467 x 10”* F ecm™ and 1.9827 x 10" F ecm™?, respectively
for compounds 1 and 2. In a similar way, the double-layer
capacitance of the bare nickel foam (NiFO) electrode is
measured and found to be 0.848 x 10™* F cm™2. Thus, the
capacitance values also follow the same trend that compound
2 performs some-what better than compound 1 in the present
study. The electrochemically active surface areas (EASAs) of
NiFO-blank, compounds 1 and 2 (on nickel foams) are calcu-
lated from the double-layer capacitance values (Fig. S15, ESI{)
and are found to be 1.388 cm?, 2.204 cm?, and 3.245 cm? for
NiFO-blank, compounds 1 and 2, respectively. The detailed cal-
culations are provided with ESI (section S2.5). Subsequently,
the EASA values are applied to estimate the specific current
densities to obtain the EASA-normalized polarization curves of
NiFO-blank, compounds 1 and 2 (Fig. S16, ESI{).

The required overpotential () values to drive the HER
current density of 10 mA cm™> are found to be —726.04 mV
and —643.52 mV for compounds 1 and 2, respectively (Fig. 8a).
Thus, the comparison of values of Tafel slopes and overpoten-
tials of 1 and 2 clearly indicates that compound 2 outperforms
compound 1 as far as overall electrocatalytic HER is con-
cerned. The obtained overpotential values are comparable to
the values reported for various other relevant systems for the
current density of 10 mA cm2.>%°°* Faradaic efficiencies,

3574 | Inorg. Chem. Front., 2022, 9, 3566-3577

i.e., the efficiencies of conversion of electrical energy to chemi-
cal energy, for both the catalysts were obtained by measuring
the amounts of evolved hydrogen gas under chronoampero-
metric measurements using a homemade setup. The relevant
details are given in ESI (section S2.67). The obtained faradaic
efficiencies (FEs) of compounds 1 and 2 are found to be 90.9%
and 95.7%, respectively. This supports that no major simul-
taneous side reactions take place in both catalyses.

The relevant turnover frequency (TOF) values were deter-
mined from the galvanostatic Tafel plots. The complete
coated material on the working electrode is expected to be
catalytically active for HER in the present study, because the
crystals of compounds 1 and 2 are porous in nature (referring
to their crystal structure analyses, see Fig. S2 and S3 in ESI¥).
We have also performed their pore volume analyses by gas
adsorption studies (see ESI, section S2.7f). We have thus
assumed that the internal surface areas of the catalysts can
be accessible in the overall catalysis. Therefore, the lower
limits of TOF values of catalysts 1 and 2 were calculated by
accounting for the total amounts of catalysts present in the
respective coated samples and not by the surface coverage of
the active species. The obtained (lower limit) TOF values are
0.593 s~ and 0.634 s™* for 1 and 2 respectively indicating a
moderate HER catalytic efficiency in the present work (see
ESI, section S2.8} for details). Even though we have presumed
that the whole coated material on the working electrode may
be catalytically active towards HER, it is important to
mention that practically only a small fraction is expected to
remain exposed. Thus, the surface coverages by catalysts 1
and 2 should be much lower than the total amount of
respective catalysts present in the coated material. Therefore,
the actual TOF values may be much higher than the reported
ones here. Stability experiments (10 hours CA electrolysis and
1000 cycles CVs) along with all the kinetic parameters (such
as Tafel slope, EIS, Cqj, overpotential, FEs, and TOF values)
unambiguously establish that compounds 1 and 2 are poten-

This journal is © the Partner Organisations 2022


https://doi.org/10.1039/D2QI00421F

Published on 27 May 2022. Downloaded on 8/4/2024 7:24:32 AM.

Inorganic Chemistry Frontiers

tial HER electrocatalysts and compound 2 outperforms com-
pound 1 in the present work.

Conclusions

In this study, we intended to establish that if WY'~OH function-
ality is grafted on a polyoxometalate (POM) cluster surface, the
resulting POM can be used as an electrocatalyst for HER by
water reduction. We have successfully demonstrated this struc-
ture-function relationship model by studying two POM-based
compounds 1 and 2, each having two —cis{W"(OH),} moieties as
active sites for HER. The obtained kinetic parameters and stabi-
lity experiments suggest that both the electrocatalysts (1 and 2)
are efficient and robust for electrocatalytic HER. In particular,
we have successfully designated and generalized the role of a
well-defined functional group on a POM surface that can be
used for introducing electrocatalytic HER properties to POMs.
From this work, we predict that a POM compound, known or
unknown, having M-OH group/functionality can be active
towards electrochemical HER. This structure-function relation
and the observed hierarchical HER trend provide the necessary
toolkits for further introduction of more number of active sites
(M-OH) and molecular modulation for the next level catalysts to
sustainably harvest clean energy. This work will not only have an
impact in the area of polyoxometalate chemistry but also in the
area of inorganic materials chemistry, in general, in the sense
that there are numerous polyoxometalate-based metal-oxide
compounds, and any compound among these, having M-OH
functionality, would exhibit hydrogen evolution reaction (HER).
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