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‘I
A zinc(IT) complex of polypyazole containing ligand namely, [Tp ZnCl] (Zn1) {Tp* = tris(3,5-dimethylpyrazolyl)borate }, along with its |
zinc(I) bound hydroxo complex [TpZn—OH] (Zn2) were synthesized and characterized by FT-IR, Raman, '"H NMR techniques and |
elemental analysis. In alkaline solution (0.1 M KOH), the Zn2 modified glassy carbon (GC), namely GC—Zn2, was investigated as a
molecular electrocatalyst for the hydrogen evolution reaction (HER). Different quantities (ca. 0.1-0.5 mg cm™) of Zn2 were loaded on |
GC electrodes to make various GC—Zn2 electrodes. These electrodes were utilized as cathodes in 0.1 M KOH to produce H, using linear |
sweep voltammetry (LSV) measurements. The HER electrocatalytic activity of the GC-Zn2 catalyst was found to be quite high and it |
increased with the catalyst loading density. The top performing electrocatalyst, GC—Zn2 (0.5 mg cm ), demonstrated considerable HER |
catalytic performance with a low HER onset potential (Exgr) of —33 mV vs. RHE and a high exchange current density of 0.59 mA cm™. |
Moreover, the top performing electrocatalyst had a Tafel slope of —152 mV dec™ and consumed an overpotential of 135 mV to generate
a current density of 10 mA c¢cm . Under the same operating conditions, these HER electrochemical kinetic parameters were found to be |
not remarkably far from those determined for commercial Pt/C (=10 mV vs. RHE, 0.88 mA c¢cm?, 108 mV dec™ and 110 mV to yield a |
current density of 10 mA cm™). In addition, the most active molecular electro-catalysts for H, production from aqueous alkaline electrolytes |
were found to be comparable to the HER electrochemical kinetic parameters reported here for the GC—Zn2 electrocatalyst. Using 5000 |
cycles of repetitive cyclic voltammetry and 48 h of chronoamperometry measurements, the best electrocatalyst’s stability and long term
durability were tested. It exhibited high stability for the HER catalytic activity. I
|

Keywords: Tripod ligand, Zinc(II) complex, Molecular electrocatalyst, Hydrogen evolution reaction.

INTRODUCTION

Earth’s environment has suffered greatly as a result of the
world’s recent reliance on fossil-fuel-generated electricity. As
a result, efforts have been made to address concerns such as (i)
lowering CO; levels in the atmosphere and (ii) designing and
implementing a carbon-free energy system. While alternative
energy sources such as wind and solar energy exist, they are
constrained by geographic limits and a lack of effective storage
mechanisms for the energy produced. The challenge can be
solved by developing a non-fouling energy carrier that can be
used to store chemical energy [1].

Hydrogen has been proposed as a potential sustainable
energy carrier with a variety of uses [1-4]. Designing systems

that produce H, using electrochemical water splitting is a long
term method of converting electrical energy into clean fuel that
can be realized in an H, economy. The hydrogenase enzymes
[5,6] are portrayed as naturally occurring microorganisms that
efficiently catalyze the reversible interconversion of protons
to hydrogen using earth-abundant metals (Ni and Fe) with high
turnover rates (6000-9000 ([Fe—Fe]) and 700 ([Ni-Fe]) moles
of H, per mole of enzyme per second for the HER [7-9].
Enzymes, on the other hand, are difficult to manufacture in
large enough quantities for commercial usage and their stability
outside of their native system is often limited [10,11].

The structural and functional mimicking of hydrogenase’s
active site has recently gotten a lot of attention [12-14]. As a
result, the development of highly efficient, stable and robust
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HER molecular electrocatalysts for the creation of hydrogen,
which are inexpensive and made of earth abundant transition
metal elements and different ligand combinations, has piqued
interest in the community [15-41].

The present work’s target is to synthesize and fully charac-
terize a Tp —based zinc(I) complex [Tp"ZnCl] (Znl) {Tp'=
Tris(3,5-dimethylpyrazolyl)borate), along with zinc(II) bound
hydroxo complex, TpZn-OH. It was also the purpose of the
present work is to investigate the synthesized zinc(II) bound
hydroxo complex [Tp"*Zn(OH)] (Zn2) as a molecular electro-
catalyst for the HER in an aqueous alkaline solution of KOH
(0.1 M) employing LSV technique. Continuous cyclic volta-
mmetry (5,000 cycles) and chronoamperometry techniques
(48 h of severe cathodic polarization conditions) were used to
test the long term stability and durability of the electrocatalyst
(Zn2).

EXPERIMENTAL

MeMe)

Ligand hydrotris(3,5-dimethylpyrazolyl)borate (KTp
was synthesized following a published method [42].

Solutions: Chemical reagents of analytical grade (Sigma-
Aldrich) were freshly synthesized using Millipore Milli-Q
filtered water (resistivity: 18.2 M cm). To begin, 4 mg of Zn2
was dispersed in a 4:1 ratio (v/v) mixture of deionized water
and ethanol to create a homogenous, well-dispersed electro-
catalyst ink. The mixture was then mixed with 80 mL of Nafion.
After 30 min of sonicating the mixture, the electrocatalyst
produces a homogenous ink. A mass load of 0.1 mg cm™ was
obtained by dropping 5 mL of this homogeneous ink on a
well-polished glass carbon (GC) electrode (3 mm in diameter)
and drying it in the air. Two more GC loaded complex 1
electrodes with mass loading densities of 0.3 and 0.5 mg cm™
were made using the same procedure.

Cell and apparatus and electrochemical setup: In
deaerated 0.1 M KOH aqueous solutions, the electrocatalytic
behaviour of the three GC loaded Zn2 electrodes towards the
HER was examined using a typical jacketed three electrode
cell.

RESULTS AND DISCUSSION

Characterization of the ligand and its zinc(II) complex:
The synthesis of Zn1 was performed in absolute methanol by

further deprotonated by using KOH, forming the zinc(Il)-
bound hydroxo species Zn2. The presence of the bulky methyl
groups on the pyrazolyl rings are found to be important for
the stabilization of the obtained tetrahedral zinc(II) complex.
The analytical and spectral results demonstrated that the inves-
tigated complexes havae a 1:1 zinc(Il):ligand stoichiometry
with molar conductance value in the range of 34-39 W cm’
mol ™', proposing that both CI- and OH" anions are bound to
the central zinc(II) ion in solution (Scheme-I).

IR and Raman spectra: The IR data showed that the
free ligand exhibits bands at 1627 and 692 cm™, attributed to
the v(C=N) and &(pyazole ring), respectively. The pyrazole
ring breathing is traced at 972 cm™'. Upon complexation, the
bands due to d(pyrazole ring) observed an upward shift by
about 4-18 cm™. These indicated that the coordination of the
three pyrazolyl nitrogens Nj has been taken place (Scheme-I).
This mode of binding to zinc(Il) ion is further confirmed by
the observation of new absorption band at 435-420 cm™', which
is not shown in the spectrum of the free ligand, which is
assignable to v(Zn-N) [43,44]. The B-H stretch (2436 cm™)
in the free ligand KTp" shifted to higher energies 2509 and
2512 cm™ for Zn1 and Zn2, respectively. In the OH stretching
region in complex Zn2 (Fig. 1), a very broad absorption band
appeared in 3350-3320 cm™', which is identified for the coordi-
nated hydroxide anion [45].

"H NMR spectra: The zinc(IT) bound hydroxo complex
species Zn2, will be used as electrocatalyst the alkaline medium
was obtained by the reaction of Zn1 with an equimolar amount
of KOH in absolute methanol. Fig. 2 shows the '"H NMR spectra
of Zn1 and its deprotonating hydroxo complex Zn2 in DMSO-
ds. The "H NMR spectrum of Zn2 exhibits reson-ances at 2.27
(9H, singlet), 2.41 ppm (9H, singlet), 5.74 (3H, singlet), which
are assigned to the methyl and pyrazolyl protons. The positions
of these proton signals were shifted compared to those found
in Znl1, indicating the formation of the hydroxo species.

Electrochemical characterizations for the HER: The
LSV curves for the GC-Zn2 electrodes with varying loading
densities (ca. 0.1-0.5 mg cm™) are shown in Fig. 3a. The
experiments were carried out in a deaerated aqueous solution
of KOH (0.1 M) at room temperature. At a potential scan rate
of 5.0 mV s, the working electrode’s potential is cathodically
polarized from the corresponding corrosion potential to a
cathodic potential value of —1.0 V vs. RHE. All currents were

reacting the ligand KTp™™® with ZnCl, in 1:1 ratio, which was referred to the electrochemical active surface area (EASA)
| K* ZnCl ]}'31 I1?3I
B- 2 _ /
JNONC NN AbsMeOH  /TNTN N J N7 N N\
| \N N | \ | | \ |
_=N \ y /N N\ Abs. MeOH __N /1‘1 N
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[Tp“ZnCl] [Tp*Zn(OH)]
(Zn1) (Zn2)

Scheme-I: Structures of zinc(II) complexes Zn1 and Zn2
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Fig. 1. FT-IR spectra of the ligand KTp" and its zinc(I) complexes Znl
and Zn2

determined from the impedance measurements carried out at
different overpotentials, see later.

Fig. 3b shows the Tafel plots derived from the LSV’s data,
Fig. 3a. Such plots were constructed to gain more insight into
the electrocatalytic behaviour of the examined catalysts. Table-1
shows the electrochemical kinetic characteristics of the HER
obtained from Tafel plots.

The HER’s onet potential (Euer) value, the potential at
which the reduction of H,O molecules is commenced to generate
H, and beyond which the gas is abundantly evolved corres-
ponding to increased cathodic current (i.e. enhanced HER
catalytic activity), is used to evaluate and compare the examined
catalysts’ HER electrocatalytic performance.

j(mAcm™)

L]
-1.0 -0.8 -0.6 -0.4 -0.2 0
E/V vs. RHE

(@)

J
7.0656.0555.0454.03530252.01.51.0
ppm

Fig. 2. 'HNMR spectra of zinc(IT) complexes Zn1 and its hydroxo complex

Zn2

Because any change in its placement on the polarization
curve causes a significant change in the numerical value of j,,
which affects HER catalytic activity, this potential is considered
a critical electrochemical kinetic property that measures the
catalyst’s HER catalytic performance. Because it creates large
quantities of H, with higher j, values at low overpotentials, an
electrocatalyst with a low Eygr value is described as an efficient
HER electrocatalyst in the literature [46-51].

The three examined GC-Zn2 electrodes (curves 2-4)
demonstrated considerable current gains at lower Eygr values
as compared to the GC electrode (curve 1), which decreased
further as the Zn2 loading density increased, moving towards
the anodic (active) direction. This suggests that as the loading
density of Zn2 increases, hydrogen generation is favoured at

1.0
0.8+

0.64

0.4+

Over potential (mV)

0.2+

log (j/A cm )

Fig. 3. (a) LSV measurements constructed for the studied Zn2 of various loading densities in a comparison with bare GC and Pt/C. Measurements
were carried out in 0.1 M KOH aqueous solution at a scan rate of 5.0 mV s~ at room temperature. (b) Tafel plots derived from the LSV
data (a). (1) bare GC; (2) GC-Zn2 (0.1 mg cm™); (3) GC-Zn2 (0.3 mg cm™); (4) GC-Zn2 (0.5 mg cm™); (5) Pt/C
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TABLE-1
HYDROGEN EVOLUTION REACTION (HER) ELECTROCHEMICAL KINETIC PARAMETERS’
MEAN VALUE (STANDARD DEVIATION) CALCULATED FOR THE TESTED CATALYSTS

Tested cathode Ezr (mV) (RHE) -B. (mV dec™) jo (MA cm™?) Ny (MV)
Bare GC electrode = 254 (6.0) 6.3 (0.15) x 107* =
GC-Zn2 (0.1 mg cm) 115 (2.3) 155 3.1) 169 (0.32) x 10 240 (4.3)
GC-Zn2 (0.3 mg cm?) 65 (1.5) 157 (2.6) 354 (0.8) x 107 186 (3.2)
GC-Zn2 (0.5 mg cm™?) 33 (0.8) 152 (2.3) 58.8 (1.1) x 107 135 (2.4)
PUC 10 (0.2) 113 (1.2) 88 (1.2) x 10 110 (1.4)

low overpotential levels, resulting in better HER kinetics. These
data show that increasing Zn2 loading density boosts the HER
in a catalytic way.

The overpotential value (M) acquired by an electro-
catalyst to generate a current density value of 10 mA cm™ is
an important electrochemical kinetic metric to compare and
analyze the catalytic performance of electrocatalysts [52].
Table-1 shows that, similar to Eugg, the value of 1,9 decreases
as the catalyst loading density increases. When the electro-
catalyst loading density is raised, the efficient synthesis of
hydrogen at lower overpotentials is confirmed. These results
confirm the effectual generation of hydrogen at reduced over-
potentials when the electrocatalyst loading density is raised.

The exchange current density (j,) value increased signifi-
cantly as the loading density of Zn2 increased, indicating
increased catalytic activity. This is evident from the j, values
shown in Table-1, which range from 0.17 mA c¢cm for a loading
density of 0.1 mg cm™ to 0.35 and 0.59 mA cm™ for loading
density values of 0.3 and 0.5 mg cm™, respectively. Based on
its HER electrochemical kinetic parameters, namely Eggr, jo,
B. and 110) the GC-Zn2 (0.5 mg cm™) electrocatalyst
outperformed most active HER molecular electrocatalysts
described in the literature, as shown in Table-1.

Tafel slope is a well-known HER electrochemical kinetic
parameter for comparing and evaluating the performance of
electrocatalysts. It can also be utilized to determine the rate
determining step and forecast the HER reaction pathway. The

i (mAcm™)

L] L

L) L] v v
0.10 0.15 0.20 0.25 0.30 0.35 0.40
Potential (V vs. RHE)

Tafel slope, in practice, shows the overpotential increment
required to generate a ten-fold increase in current density. As
aresult, a small Tafel slope value indicates a rapid increase in
electrocatalytic current density at lower overpotential values,
implying increased catalytic activity [53].

Parallel Tafel lines can be clearly seen for all three GC—
Zn?2 catalysts examined, with Tafel slopes ranging from 152
to 157 mV dec™'. These findings suggest that the loading
density of the complex under consideration has no influence
on the Tafel slope value. The catalyst layer therefore causes
an unappreciated internal resistance, according to these studies
[54]. The high Tafel slopes imply that the Volmer-Heyrovsky
reaction, with the Volmer step as the rate determining step,
governs the HER kinetics [55-58].

The electrochemical active surface area (EASA), which is
directly related to the HER kinetics HER on the electrocatalysts’
surfaces, is another significant measure for comparing the
catalytic performance of different electrocatalysts. EASA is
also intimately related to the double layer capacitance (Ca)
[59-61]. As a result, Cq is utilized to determine the value of
EASA. The catalyst’s Cq value was calculated using CV meas-
urements performed for each tested catalyst in the non-faradic
area as a function of the potential scan rate (about 20-120 mV
s7), see Fig. 4 as an example conducted at a potential sweep
rate of 100 mV s™.

The values of Cyq were determined from the slopes of the
current density against the potential scan rate plots, Fig. 4b.

5 - 3
(b)
| L2
4
A o
/0/33.8 mFcm
P
o 39
IE 1
o
S 4
g 2
= 24 21.6 mFcm
1 4
0

v v
0 20 40 60 80 100 120
Potential scan rate (mV s’1)

Fig. 4. (a) CV measurements constructed for the studied Zn2 of various loading densities. Measurements were carried out in 0.1 M KOH
aqueous solution at a scan rate of 100 mV s™ at room temperature. (b) Double-layer capacitance measurements for determining the
catalyst’s electrochemically-active surface area. (1) GC-Zn2 (0.1 mg cm™); (2) GC- Zn2 (0.3 mg cm™); (3) GC-Zn2 (0.5 mg cm™)
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Ca values of 21.6, 33.8 and 41.7 mF cm™ were respectively
estimated for the electrocatalysts GC-Zn2 (0.1 mg cm™), GC—-
Zn2 (0.3 mg cm ™) and GC-Zn2 (0.5 mg cm™). Because electro-
catalysts with higher Cy values have a slew more attackable
active surface sites, these results confirm the catalytic influence
with increasing Zn2 loading density [59-61]. As a result,
efficient charge transfer is accelerated, resulting in improved
catalytic efficiency.

The flat electrode’s specific capacitance, symbolized here
as C,, with a geometric surface area of (1.0 cm?), is typically
reported in the literature covering a range 20-40 UF cm?, giving
a C, value of 30 UF cm™ on average [62]. Table-2 shows the
EASA values obtained by substituting this average C, value
into eqn. 1 [62].

_Cy
EASA —C— (1)

Moreover, when the loading density of catalyst increases, the
values of EASA also increased (Table-2).

TABLE-2
DOUBLE-LAYER CAPACITANCE (C,), ELECTROCHEMICAL
ACTIVE SURFACE AREA (EASA), NET VOLTAMMETRY
CHARGE (Q) AND THE NUMBER OF ACTIVE SITES (n)
ESTIMATED FOR THE INVESTIGATED ELECTROCATALYSTS

FROM CV MEASUREMENTS
Qux 10 :
Tested cathode Ccd;é‘?)F ]?QS{)* (C@100 “(I’;;S
mV s™)
GCZnm2 (0.lmgom?® 216 720 2586 1340
GC-Zn2 (03mgem?® 338 1127 3794  19.66
GCZn2 (05mgem?® 417 1390 4952 2566

Eqn. 2 was used to compute the active sites (n, mol) on

the catalyst surface [63]:
p— Qnel

n= v (2)
where F stands for the Faraday constant (96485 C/mol) and 2
stands for the number of electrons transported during the HER.
The net voltammetry charge (Q,) of the catalyst is computed
through subtracting the charges generated by bare GC electrode
(Quaree) from the charges produced by the investigated catalyst
(QccZn2). The CV data taken at a potential scan rate of 100
mV s were used to estimate such Q values (Fig. 4).

The considerable increase in the value of n induced by
increasing the loading density of Zn2 implies increased catalytic
activity. The GC-Zn2 (0.5 mg cm™) electrocatalyst has the
greatest n value (25.66 x 10 per mol) thus, confirming its
exceptional HER catalytic activity.

Long-term stability test: The top performing electro-
catalyst, GC-Zn2 (0.5 mg cm™), was further assessed for
stability and long—term durability using CV measurements.
Fig. 5 shows the catalyst’s first and 5000th cycles. Obviously,
the catalyst is particularly stable, as indicated by the humble
current loss after completing the 5000th cycle. Tafel slope after
the last cycle recorded a value of (156 mV dec™), which is close
to that estimated after the first cycle (152 mV dec™, Table-1).
This finding suggests that catalyst potential cycling has little
effect on the HER pathway.

Asian J. Chem.
0-
104
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€
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g
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= 304 1" cycle
5000" cycle
-40 -
-50 r T v T r r v T v r r 1
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Fig. 5. Long-term stability test recorded for the best performing
electrocatalyst, namely GC-Zn2 (0.5 mg cm™) in 0.1 M KOH
solution at room temperature for the HER. LSV measurements were
conducted at a scan rate of 50 mV s™'

Conclusion

A new polypyazoles based zinc(Il) complex (Zn2) modified
glassy carbon (GC) surface was examined as electrocatalysts
for the effectual generation of H, in 0.1 M KOH. Using the
LSV technique, several loading densities (0.1, 0.3 and 0.5 mg
cm?) of GC-Zn2, the electrocatalytic activity of the GC—Zn2
catalyst for the HER was high and it increased as the loading
density of the catalyst was increased. The GC-Zn2 electro-
catalyst displayed significant HER catalytic activity with a low
onset potential of =33 mV vs. RHE and a high exchange current
density of 0.59 mA cm™ and a loading density of 0.5 mg cm™.
Ata 135 mV overpotential, it also produced a current density
of 10 mA cm™. These electrochemical kinetic parameters were
similar to those reported in the literature for the most active
molecular electrocatalysts for H, production from aqueous
alkaline electrolytes. The best electrocatalyst’s long term dura-
bility was assessed using cyclic voltammetry technique, which
was continuously repeated for 5,000 cycles and the results
demonstrated its auspicious electrocatalytic stability.
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