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by a bimetallic zinc selenolate
electrocatalyst†
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The development of alternative energy sources is the utmost priority of developing society. Unlike many

prior homogeneous electrocatalysts that rely on a change in the oxidation state of the metal center and/

or electrochemically active ligand, here we report the synthesis and structural characterization of

a bimetallic zinc selenolate complex consisting of a redox silent zinc metal ion and a tridentate ligand

that catalyzes the reduction of protons into hydrogen gas electrochemically and displays one of the

highest reported TOF for a homogeneous TM-metal free ligand centered HER catalyst, 509 s�1. The

current–voltage analysis confirms the onset overpotential of 0.86 V vs. Ag/AgCl for the HER process.

Constant potential electrolysis (CPE) has been carried out to study the bulk electrolysis of our developed

protocol, which reveals that the bimetallic zinc selenolate catalyst is stable under cathodic as well as

anodic potentials and generates hydrogen gas with a faradaic efficiency of 75%. Preliminary studies on

the heterogeneous catalyst were conducted by depositing the bimetallic zinc selenolate catalyst on the

electrode surface.
Introduction

With the exponential increase in the consumption of current
energy sources across the world, the biggest challenge that lies
ahead is the development of alternative energy sources that are
competitive with the currently available energy resources.1 Over
the past decades, substantial progress has been made in elec-
trochemical energy production. In hydrogen production in
which protons are reduced to produce hydrogen gas, termed the
hydrogen evolution reaction (HER), this occurs at the cathode.2

Generally, heavy transition metal (TM) catalytic systems
augment the HER.3–6 In these catalysts, the metal ion performs
the electron transfer and interacts with the substrate during
bond-forming and breaking events.7 Consequently, a metal
center is associated with the formation of metal hydride inter-
mediates in the HER. Moreover, earth-abundant 3d-transition
metal complexes such as those of nickel, copper, and cobalt
(Scheme 1) have been prepared with the appropriate choice of
organosulfur and organoselenium ligands having selenium or
sulfur at the active site to interact with the proton and to assist
Scheme 1 Chalcogen containing ligand/complex electrocatalysts for
hydrogen evolution. Catalysts in the first and second rows catalyze the
reduction of protons into hydrogen gas.
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in the formation of a metal–hydride bond by the proton shut-
tling process, which is the crucial step in the reduction of
protons in the hydrogen evolution reaction.8–17 Besides the
organotransition metal selenolate electrocatalysts, selenium
and transition metal (Fe, Co, Ni, Cu) derived materials also
provide an alternative for electrocatalytic proton reduction
reactions (HER).18 Thus, the reactivity of metal–hydride bonds is
crucial for optimum catalytic efficiency. Also, the traditional
metal hydrides require open coordination sites and are able to
accommodate multiple redox two-electron processes.19

In this context, it is desirable to explore new pathways in
which metal hydrides are not necessarily involved in the cata-
lytic cycle. Further, economic and sustainable alternatives are
highly desirable to ease out the dependency on the transition
metals (TMs, vide infra). In 2016, Grapperhaus and co-workers
reported the electrocatalytic proton reduction of acetic acid
and oxidation of hydrogen gas by redox-active thio-
semicarbazone ligand along with its zinc complex (Scheme 1) by
avoiding the traditional metal hydride approach (Scheme 1).20,21

Nonetheless, zinc selenolate complexes have not been reported,
which could electrocatalyze HER. Sun et al. have unsuccessfully
attempted electrocatalytic HER by using zinc(II)pentapyridine
complex. However, the cobalt(II) complex of the same ligand was
successfully able to reduce water electrocatalytically.22

From the past decade, our group has been active in the
synthesis and catalytic activity of organoselenium
compounds.23–25 Recently, we have reported a diorgano dis-
elenide derived from the o-aminophenyl diselenide ligand,
which could activate aerial oxygen towards the oxidation of
organothiols.26,27 Inspired by nature28 and by the non-transition
metal electrocatalysts, i.e., aluminum-bis aminopyridine
(Scheme 1), for hydrogen evolution reactions (HER),20,21,29,30

herein, we report the synthesis and structural characterization
of the novel bimetallic zinc selenolate electrocatalyst 1 that
catalyzes the ligand centered hydrogen evolution reactions.
Also, the catalyst has been studied in heterogeneous conditions
for HER from water under an acidic medium for a longer period
(7 hours). Mechanistic insights into the electrocatalytic activity
of the bimetallic zinc selenolate complex were also gained by
kinetic isotopic effect, EPR, and UV-visible spectroscopies.
Experimental
Bis(2-aminophenyl)diselenide26

To a DMF solution (8 mL), CuI (173 mg, 0.9 mmol, 0.2 equiv.)
and 1,10-phenanthroline (L) (164 mg, 0.9 mmol, 0.2 equiv.) was
added sequentially under nitrogen atmosphere and stirred for
15 min at room temperature. To an orange-colored solution of
CuIL, succinimide (450 mg, 4.6 mmol, 1 equiv.), 2-iodoaniline
(1000 mg, 4.6 mmol, 1 equiv.), Se powder (720 mg, 9.1 mmol, 2
equiv.), and K2CO3 (945 mg, 6.8 mmol, 1.5 equiv.) was added in
the same order and stirred the reaction for 16 h at 140 �C. Aer
this, the reaction mixture was poured into a brine solution (80
mL) and stirred for 2 h at room temperature in air. Reaction
mixture extracted by ethyl acetate (25 mL � 3). The combined
organic layer was washed with water (50 mL), dried over Na2SO4,
3802 | RSC Adv., 2022, 12, 3801–3808
and evaporated on a rotatory evaporator under vacuum, which
results in crystalline orange solid. Yield 1.09 g (70%).

Schiff base 2 (ref. 27)

In an oven-dried round bottom ask, salicylaldehyde (160 mL,
1.5 mmol, 3 equiv.) and acetic acid (8–10 drops) were added in
15 mL of toluene. Aer that, bis(2-aminophenyl)diselenide
(172 mg, 0.5 mmol, 1 equiv.) was added. The ask was tted
with a water condenser and connected to Dean–Stark apparatus,
and the reaction mixture was allowed to be stirred at 140 �C for
4 h. Aer the full consumption of diselenide, the reaction
mixture was cooled to room temperature, and the solvent was
removed on the rotatory evaporator. The obtained crude solid
was washed by hexane several times to afford a yellow crystalline
pure Schiff base. Yield 203 mg (74%).

Reduced Schiff base 3 (ref. 27)

To an ethanolic solution of Schiff base 2 (138 mg, 0.25 mmol, 1
equiv.), sodium borohydride (38 mg, 1 mmol, 4 equiv.) was
added at room temperature and stirred for 4 h at room
temperature. Aer that, the reactionmixture was poured into an
aqueous sodium carbonate solution, and the resulted solution
was stirred for 2 h at room temperature, followed by extraction
with ethyl acetate (25 mL � 3). The extracted reaction mixture
was washed with brine and dried over Na2SO4, and the solvent
was removed under vacuum to yield a crystalline yellow colored
solid. Yield 122 mg (88%).

Bimetallic zinc selenolate complex 1

To the stirred solution of Schiff base diselenide 2 (248 mg,
0.45 mmol, 1 equiv.) in ethanol, we added sodium borohydride
(76 mg, 2.0 mmol, 4 equiv.) to generated in situ selenol and
stirred the solution up to 4 h at room temperature. Then we
added zinc chloride (122 mg, 0.9 mmol, 2 equiv.) and stirred the
solution for 2 h. Aer that, the solvent was removed by rotatory
evaporator and the solid residue was washed with aqueous
sodium bicarbonate solution several times to afford a light
yellow colored novel bimetallic zinc selenolate complex 1 in
(230 mg) 75% yield. Crystallization was done in DMSO water
(2 : 1) mixture to afford yellow colored crystals. 1H NMR (400
MHz, DMSO-d6) d 9.63 (s, 1H), 7.29 (d, J ¼ 7.3 Hz, 1H), 7.12 (d, J
¼ 7.3 Hz, 1H), 6.98 (t, J ¼ 7.5 Hz, 1H), 6.83 (m, J ¼ 7.4 Hz, 2H),
6.63 (t, J¼ 7.4 Hz, 1H), 6.35 (d, J¼ 8.0 Hz, 1H), 6.22 (t, J¼ 7.3 Hz,
1H), 5.42 (s, J ¼ 6.2 Hz, 1H), 4.22 (s, 1H); 13C NMR (101 MHz,
DMSO-d6) d 168.3, 146.1, 136.3, 135.3, 131.3, 129.5, 126.0, 124.7,
124.2, 123.7, 119.8, 112.6, 55.7. 77Se NMR (76 MHz, DMSO-d6)
d �84.7. HRMS of [M + H]+ ¼ 682.8659, found 682.8652. Anal.
calcd for C26H22Zn2N2O2Se2$H2O: C 44.54, H 3.45, N 4.10,
found: C 44.94, H 3.75, N 3.98%. IR data (solid) in cm�1: 3015.9,
1738.6, 1584.5, 1480.9, 1446.8, 1365.7, 1229.4, 839.2, 747.0,
716.8.

Monometallic mercuric selenolate complex 4

The standard elemental mercury (108 mg, 0.54 mmol, 1 equiv.)
was added to the stirred ethanolic solution of reduced
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of zinc and mercuric selenolate 1 and 4.
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diselenide 3 (300 mg, 0.54 mmol, 1 equiv.) at room temperature
for 3 days which results in the insertion of Hg into Se–Se bond
of reduced diselenide 3. Then the reaction mixture was ltered
over Celite, and solvent was removed under rotatory evaporator
to afforded a green colored monometallic mercury selenolate
complex 4. Yield 327 mg (80%). 1H NMR (400 MHz, DMSO-d6)
d 7.29 (d, J ¼ 7.3 Hz, 1H), 7.12 (d, J ¼ 7.3 Hz, 1H), 6.98 (t, J ¼
7.5 Hz, 1H), 6.83 (q, J ¼ 7.3 Hz, 2H), 6.63 (t, J ¼ 7.4 Hz, 1H), 6.35
(d, J ¼ 8.0 Hz, 1H), 6.22 (t, J ¼ 7.3 Hz, 1H), 4.22 (d, J ¼ 5.1 Hz,
2H); 13C NMR (101 MHz, DMSO-d6) d 155.3, 148.9, 137.2, 128.6,
128.2, 127.9, 125.7, 119.3, 116.6, 115.2, 114.4, 110.4, 42.4; 77Se
NMR (76 MHz, DMSO-d6) d 75.7. Anal. calcd for C26H24HgN2-
O2Se2: C 41.36, H 3.20, N 3.71, found: C 42.94, H 2.94, N 4.04%.
HRMS of [M + H]+ ¼ 758.9956, found 758.9977. IR data (solid)
in cm�1: 3379.9, 2970.4, 1738.4, 1640.1, 1454.4, 1365.7, 1229.1,
1217.1, 1102.6, 984.1, 745.7.

X-ray crystallography

Suitable crystals of compounds were obtained by slow evapo-
ration of their solutions. The single-crystal diffraction studies
were carried out on a Bruker APEX II diffractometer (Mo-Ka, l¼
0.71069 Å). All crystal structures were solved by direct methods.
The program SAINT (version 6.22) was used for integration of
the intensity of reections and scaling. The program SADABS
was used for absorption correction. The crystal structures were
solved and rened using the SHELXTL package. All hydrogen
atoms were included in idealized positions, and a riding model
was used. Non-hydrogen atoms were rened with anisotropic
displacement parameters.

Electrochemical measurements

A potentiostat (CHI 760D, CH Instruments, TX, USA) bio-
potentiostat instrument was used for electrochemical
measurements. The three-electrode electrochemical cell con-
sisted of a glassy carbon (3 mm diameter, 0.07 cm2 surface area)
as the working electrode, a nonaqueous Ag/AgNO3 (10 mM
AgNO3) and aqueous Ag/AgCl (0.1 M KCl) as a reference elec-
trode, and a platinum wire as a counter electrode were used for
the electrochemical measurements.

Constant potential electrolysis (CPE)

For electrocatalytic HER, CPE was carried out using Hg pool
(surface area 3.5 cm2) as a working electrode, Pt mesh as
a counter electrode and Ag/AgCl (1.0 M KCl) as a reference
electrode. A methanolic solution of catalyst 1 (3 mM) and acetic
acid (12 mM) was kept at �1.57 V vs. NHE for 30 minutes. The
evolved hydrogen gas was conrmed by Gas Chromatogram
equipped with Thermal Conductivity Detector (GCTCD) using
Shimadzu GC-2014 system.

Results and discussion
Synthesis and characterization

Precursor Schiff base and its reduced diselenides 2 (ref. 27) and
3 (ref. 27) were synthesized by the copper-catalyzed method in
gram quantity (Scheme 2).26
© 2022 The Author(s). Published by the Royal Society of Chemistry
The reduction of Schiff base diselenide 2 with an excess of
sodium borohydride generated selenol in situ, which upon
reaction with zinc chloride, afforded a light yellow colored
novel bimetallic zinc selenolate 1 in 75% yield. Crystallization
from DMSO and water mixture afforded yellow crystalline
solid. Next, we attempted to isolate the mercury analog of zinc
complex 4. The reaction of mercury chloride with in situ
generated selenol afforded a complex mixture, and isolation of
any mercury selenolate complex was unsuccessful despite
several attempts. Standard elemental mercury insertion reac-
tion into the Se–Se bond afforded a monometallic mercury
selenolate complex 4. It is worth noting that, despite several
reports on the structurally characterized mercury selenolate
complexes, limited examples of structurally characterized zinc
selenolates are available.31–38 Herein, suitably positioned
nitrogen and oxygen donor atoms in the ligand presumably
stabilized bimetallic zinc core. Characterization of zinc and
mercury selenolate complexes 1 and 4 by 77Se NMR, which is
a very sensitive technique towards the electronic environment
around the selenium nucleus, revealed signicantly downeld
shi (d ¼ �85 and 76 ppm, respectively) as compared to the
diselenide 3 (d ¼ 400 ppm).

Structural determination

The solid-state crystal structure of 1 was obtained from DMSO
and water mixture afforded yellow crystalline solid and is air
stable for several days. The molecular structure of the bimetallic
zinc selenolate 1 is determined by single-crystal X-ray diffrac-
tion analysis (Fig. 1). The structure renement parameters for 1
is given in Table 1 while the selected bond lengths and bond
angles are given in Table 2. ORTEP diagrams of the crystal
structures has shown in Fig. 1.

The crystal structure of bimetallic zinc selenolate 1. 2DMSO
reveals the average bond distance of 2.44(7) Å between Zn and
Se and is comparable with the previously reported Se1–Zn1
bond distances, which are in the range of 2.313(3)–2.463(6) Å
(Table 2).31–37 The average Zn1–N1 bond distance is 2.199(3) Å,
equivalent to those reported for zinc and typical N-donor
ligands, which generally range from 2.04 to 2.14 Å (Table 2).
The average C–Se–Zn angle is 89.34(1), lower than the already
reported value 97.45–99.26(17).32–37 The average Se1–Zn1–N1
chelate bite angle is 82.22(9)�, and this is comparable to that
RSC Adv., 2022, 12, 3801–3808 | 3803
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Table 2 Selected bond length [Å] and bond angle (�) for 1

Se1–Zn1 2.4455(7) Zn2–N2 2.199(3)
Zn1–O1 2.031(3) Zn2–O2 2.031(3)
Zn1–N1 2.199(3) Se2–Zn2 2.4455(7)
Zn1–O2 2.058(3) Zn2–O1 2.058(3)
O1–Zn1–O2 78.2(1) Se2–Zn2–N2 82.22(9)
Zn2–O1–Zn1 101.8(1) Zn1–N1–C6 108.7(3)

Fig. 1 ORTEP view of bimetallic zinc selenolate complex 1. 2DMSO
(ORTEP view of 1 with 60% thermal ellipsoid probability).
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reported for [Zn{But2P–(Se)NPri}2] [81.37(9)�].32 This smaller
bite angle leads to the larger bite angle of Zn1–O1–Zn2
[101.83(1)�] (Table 2).

The two sides i.e., Zn2–O2¼ Zn1–O1 (2.031 Å) and Zn1–O2¼
Zn2–O1 (2.057 Å) and angles i.e., :Zn2O2Zn1 ¼ :Zn2O1Zn1
(101.83�) and :O1Zn1O2 ¼ :O1Zn2O2 (78.17�) are equal.
Both Zn and phenolic oxygen binds cyclically and form a paral-
lelogram, which is a stable geometry39 and could be the reason
for structural stability. The metal center Zn is tetra coordinately
bonded with the ligand, and DMSO is ligated to the h coor-
dination site, which could be a potential position for ligand
exchange.
Table 1 Crystal data and structure refinement for 1

CCDC no. 1949548
Formula weight 420.69
Temperature 164(2) K
Wavelength 0.71073 Å
Crystal system Triclinic
Space group P�1
Unit cell dimensions a ¼ 8.4306(14) Å a ¼ 76.941(6)�

b ¼ 9.2108(16) Å b ¼ 88.026(5)�

c ¼ 10.5745(18) Å g ¼ 75.718(6)�

Volume 775.0(2) Å3

Z 2
Density (calculated) 1.803 mg m�3

Absorption coefficient 4.070 mm�1

F(000) 422
Crystal size 0.23 � 0.18 � 0.15 mm3

Theta range 2.494� to 30.033�

Index ranges �11# h# 11, �12# k# 12, 0# l#
14

Reections collected 4284
Independent reections 4284
Completeness 99.9%
Renement method Full-matrix least-squares on F2

Data/restraints/parameters 4284/0/196
Goodness-of-t on F2 0.882
Final R indices [I > 2sigma(I)] R1 ¼ 0.0477, wR2 ¼ 0.1104
R indices (all data) R1 ¼ 0.1034, wR2 ¼ 0.1405
Largest diff. peak and hole 0.818 and �0.665 e Å�1

3804 | RSC Adv., 2022, 12, 3801–3808
Electrochemical studies

The Cyclic Voltammetry (CV) of the zinc selenolate 1 have been
studied under cathodic and anodic potential in dry acetonitrile,
methanol, and propylene carbonate solvents, respectively, using
a glassy carbon working electrode.

The CV of zinc selenolate complex 1 (1 mM) in acetonitrile
shows one broad reduction wave at �0.92 V vs. Ag/AgCl (the
potentials presented in this study are referenced to it) under
cathodic potential (Fig. S1, ESI†), which corresponds to the
reduction of the ligand as LUMO is situated at the ligand core of
the complex (Fig. S29†). At the low scan rate, the broad reduc-
tion wave (�0.92 V) was well resolved into two successive one-
electron reduction waves (at �0.96 V and �1.09, Fig. S2, ESI†).
This was further supported by differential pulse voltammetry
(DPV, Fig. S3, ESI†). The controlled potential electrolysis
experiment also conrmed the stoichiometry of the electron,
which calculated as 1.88.40 The CV study of diselenide ligand 3
has also been studied, which shows similar behavior (with
reduction waves at �0.93 V and �1.13 V) like zinc selenolate
complex 1 (Fig. S4, ESI†).

Next, the CV of zinc selenolate 1 and ligand 3 was recorded at
various scan rates (0.1 to 3.5 V s�1) in methanol (Fig. S5–S8†)
under cathodic potential. The peak current increases linearly
with the change in scan rate, and the experimentally calculated
diffusion coefficient (D0) for complex 1 and ligand 3 is 5.3 �
10�6 and 19.3 � 10�6 cm2 s�1 in methanol, which suggests that
the reduction reaction is diffusion-limited and the complex 1 is
suitable for the electrocatalysis.
Electrocatalysis

The electrocatalytic properties of the bimetallic zinc selenolate
1 were performed in a custom-made, single apartment cell with
a glassy carbon working electrode, Pt wire counter electrode,
and Ag/AgCl wire reference electrode. The electrochemical
solution of zinc selenolate complex 1 in methanol shows the
catalytic cathodic current for the hydrogen evolution reaction in
the presence of acetic acid (Fig. S9†). The cathodic current
increases with increasing the concentration of acetic acid at
�1.78 V vs. Ag/AgCl, which conrms the electrocatalytic reduc-
tion of the protons. The current plateaus at 12 mM show acid
saturation with a high current density (Fig. S9†). Also, the
maximum turnover frequency (TOF) of 509 s�1 was realized at
12 mM. The onset overpotential was determined by plotting the
current–voltage diagram (Tafel plot, Fig. S10, ESI†). Tafel anal-
ysis gives the overpotential value of 0.86 V vs. Ag/AgCl for the
hydrogen evolution reaction. The production of catalytic H2 gas
has been supported by the simultaneous formation of large
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The cyclic voltammogram of zinc selenolate 1 loaded onto
a glassy carbon electrode in a cathodic potential window using 0.5 M
H2SO4 solution as electrolytes at the scan rate (n) of 0.05 V s�1.
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amounts of gas bubbles on the electrode surface of the glassy
carbon working electrode. The catalytic current (icat) at the
12 mM acid concentration shows a linear dependency on the
scan rate, which indicates that the current is limited by acid
diffusion to the electrode surface (Fig. S11, ESI†). Similarly,
a linear plot for icat vs. [catalyst 1] was observed upon varying the
concentration of zinc selenolate catalyst 1, which suggests rst-
order reaction kinetics with respect to catalyst 1 (Fig. S12, ESI†).

Next, organodiselenide ligand 3 was evaluated as a catalyst
for hydrogen evolution reaction. The organo diselenide 3 dis-
played an irreversible reduction peak at �1.85 V vs. Ag/AgCl in
methanol (vide supra). Upon addition of a successive amount of
acetic acid, the current plateaus increase steadily and show at
a maximum current density at 14 mM acetic acid (Fig. S13,
ESI†). The calculated maximum TOF for diselenide ligand 3 (25
s�1) was low compared to the zinc selenolate complex 1
(Fig. S14, ESI†).

Heavier analog mercury selenolate 4 failed to catalyze the
hydrogen evolution reaction (HER). Mercury selenolate 4 was
found unstable under negative potential as deposition was
observed on the surface of the working electrode, presumably
due to reduced mercury and could be due to feasible standard
reduction potential (EHg2+/Hg0 ¼ +0.74 V vs. SHE) of mercury ion
to mercury than that of hydrogen ion to H2.

Heterogeneous studies

For this, rstly, 7 mg of catalyst 1 was dispersed in a mixture of
1.0 mg PVDF (polyvinylidene uoride) binder and 1 mL solu-
tion of water–ethanol (8 : 2, v/v). This solution (100 mL) was
dropped cast on the GC electrode surface and dried for 30
minutes in the heating oven at 90 �C to obtain a heterogenized
GC electrode.

The comparison of the HER with and without hetero-
genized GC electrode has also been made to understand the
role of zinc selenolate 1 under heterogeneous conditions
(Fig. 2). The electrocatalyst 1 deposited heterogenized GC
electrode displayed a high catalytic current density of 1.21
mA cm�2 with an onset potential of �0.55 V vs. Ag/AgCl under
acidic conditions (0.5 M H2SO4, Fig. S16, ESI†). It is difficult
to compare the current densities in HER catalyzed by the zinc
selenolate 1 under heterogeneous conditions with the earlier
reported heterogeneous catalysts because of different
conditions applied,9,11 nevertheless, signicantly high
current densities were realized under heterogenized electro-
catalyst 1.

Constant potential electrolysis

The stability of zinc selenolate catalyst 1 under hydrogen
evolution reaction conditions is studied by constant potential
electrolysis (CPE) at an applied potential of �1.85 V (vs. Ag/AgCl
for HER) at the bulk electrode surface in which a signicant
change in current was not observed for 7–8 hours (Fig. S17,
ESI†). The UV-visible study was also performed on the solution
from electrolysis cell aer and before bulk electrolysis (Fig. S18,
ESI†). The characteristic absorbance at 380 nm of zinc seleno-
late catalyst 1 was noticed nearly identical to the one before
© 2022 The Author(s). Published by the Royal Society of Chemistry
electrolysis conrms that the structure of catalyst 1 remains
unchanged aer the electrocatalysis. Furthermore, catalyst 1
was screened for FTIR analysis before and aer the bulk elec-
trolysis under cathodic potential, respectively (Fig. S19, ESI†).
The FTIR spectra do not show any signicant change in the
characteristic frequencies. Next, we examined the stability of
catalyst 1 in electrolytic solution during CV scans under
cathodic potential (Fig. S20†), where no visible change was
observed, which conrms that catalyst 1 is stable during HER.
Moreover, the stability of catalyst 1 was also conrmed under
heterogeneous conditions by screening the heterogenized
catalyst 1 for the electrolysis under acidic conditions for the
long hour periods (up to 7 h), which further screened for the
EDX study (Fig. S21, ESI†). The EDX study of the electrode
surface does not show any change in the composition of zinc
and selenium, which conrms the stability of complex 1
(Fig. S21, ESI†). These results demonstrate that the bimetallic
zinc selenolate complex 1 serves as a robust catalyst for HER.
The evolved hydrogen gas in the HER during CPE was quanti-
ed. Under cathodic potential, which revealed a faradaic effi-
ciency of 75% for hydrogen gas (Fig. S22–S25 and Scheme S2,
ESI†). In comparison, the diselenide ligand shows faradaic
efficiency of 28% only for electrocatalytic HER (Page S29, ESI†).
An additional control experiment was performed aer pro-
longed electrolysis to conrm whether the ligand or complex is
decomposing onto the surface of the electrode surface as
a possible source of catalysis. Therefore, a chronoamperometry
study was performed for 2 h on a solution containing catalyst 1
(1 mM), nBu4NPF6 (0.1 M), and acetic acid (12 mM). The elec-
trode was then removed, rinsed with DI water, and placed in
a new cell containing 12 mM acid and 0.1 M nBu4NPF6 in
methanol for a chronoamperometry test of 2 h (Fig. S26, ESI†).
For complex 1, an appreciable charge was produced, while aer
rinsing with DI water, no signicant charge above the acid
blank was observed. This experiment indicates that
RSC Adv., 2022, 12, 3801–3808 | 3805
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electrocatalytically active lms are not generated over the time
frame of electrolysis.
Scheme 3 Mechanistic pathway for HER from acetic acid (* for the
reduction potential taken in acetonitrile solvent).
Control experiments

EPR spectroscopy. EPR experiment was conducted on the
reaction mixture at low temperature to have insight into the
reaction intermediates involved in HER. For this purpose, we
performed the constant potential electrolysis at �1.85 V vs. Ag/
AgCl, and an aliquot of the reaction mixture was immediately
frozen at �78 �C. An EPR spectrum of the sample showed
a singlet at 3232.61 G with a g value at 2.08212, which suggests
that a radical species presumably a selenium-centered radical
(Fig. 3).41

Spectroelectrochemistry. UV-visible spectroscopic studies
were performed on the reaction mixture to understand the
formation of an intermediate during electrocatalysis. For this,
the UV-visible spectra of the reaction mixture were also recor-
ded under cathodic potential. The absorption spectra show the
growth of the absorption band near 385 nm and a decrease in
the absorption band near 585 nm and 274 nmwith an isosbestic
point at 447 nm and 336 nm (Fig. S27, ESI†).

Proposed homogeneous HER mechanism. Based on the
control experiment and literature,8,10,20,42–44 a mechanism has
been proposed for HER (Scheme 3).

Based on control experiments, it is reasonable to assume
that the hydrogen evolution reaction catalyzed by the synthe-
sized zinc selenolate complex 1 could initiate by the solvent
exchange with the acetic acid at the Lewis acidic zinc center to
form acetic acid zinc complex 1a (Fig. S30, ESI† and Scheme 3)
as the protonation of the selenium center was not observed by
the addition of the acetic acid to 1 and also to the diselenide
ligand 3 as monitored by 77Se NMR and UV-visible absorption.
One-electron reduction of 1 could form radical anion 1b at
�0.68 V. The formation of radical anion 1b is also supported by
the EPR spectrum (Fig. 3, vide supra). Further reduction of 1b at
Fig. 3 EPR spectra of the reaction mixture during CPE in cathodic
potential.

3806 | RSC Adv., 2022, 12, 3801–3808
�0.81 V could lead to the formation of zinc selenolate dianion
1c. Both cathodic potentials of �0.96 and �1.09 V were exper-
imentally obtained by recording CV and differential pulse vol-
tammetry (DPV) of catalyst 1 in acetonitrile. The intramolecular
proton transfer from acetate to selenium due to the better
nucleophilic character of the selenium to form zinc selenol
dianion 1d.45–48 The selenol intermediate 1d could liberate
hydrogen to complete the cycle and form 1a.
Conclusions

In summary, a novel bimetallic zinc selenolate has been
synthesized and structurally characterized. Further, bimetallic
zinc selenolate electrocatalyzed the hydrogen evolution reac-
tions (HER) that could complement TM catalysts and redox-
active ligands. The synthesized complex catalyzed the
hydrogen evolution reaction (HER) with a remarkably high TOF
value of 509 s�1 via a ligand-assisted pathway avoiding the
formation of metal hydrides during catalysis. The ligand dis-
elenide 3 alone electrocatalyzed HER with a low TOF value of 25
s�1, also ZnCl2 alone failed to exhibit HER and by combining
these two in complex 1 show the catalytic activity where the
Lewis acidity of Zn(II) plays a vital role in the mechanism as it
binds with the substrate acetic acid and then would help in the
transfer of a proton from ligated acetic acid. The reaction
mainly occurs at the selenium center for the two-electron
transfer in hydrogen evolution reaction (HER), while the
Lewis acidic Zn(II) center brings the substrate near to the active
selenium center. Furthermore, the zinc selenolate electro-
catalyst has been heterogenized on the GC electrode, which
catalyzed the HER in acidic solution under cathodic potentials,
respectively. The zinc selenolate catalyst shows stability for
extended hours (up to 7 h) under acidic solutions in homoge-
nous and heterogeneous catalysis, which proves the worthiness
of the catalyst for the future. Further progress is being made to
enhance the reactivity of ligand in the bimetallic selenolate
© 2022 The Author(s). Published by the Royal Society of Chemistry
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complexes to synergistically activate the small molecules, as we
have presented here.
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