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ABSTRACT: In the past few decades, the concern over the excessive use of fossil
fuels and consequent environmental damage has triggered the search for cleaner
and renewable energy resources. This has led to the consideration of hydrogen as
our future fuel. It can be produced from various sources, and if used as fuel, it
generates only water as a byproduct. Electrocatalytic reduction of protons (2H+ +
2e− → H2) is one of the available methods for producing hydrogen gas at large
scales. Currently, the most efficient electrocatalysts are Pt-based complexes. In
order to make the entire process more cost-effective, it has become necessary to
find electrocatalysts that are derived from earth-abundant metals such as Ni, Zn, Fe, etc. Herein, we have demonstrated the
electrocatalytic hydrogen evolution reaction (HER) catalyzed by pyridyl aroyl hydrazone ligand (HL)-based metal complexes (M =
Fe, Co, Ni, Cu, and Zn). Rate calculations using controlled potential electrolysis revealed the optimal overall catalytic performance
of NiL2 among the investigated complexes. For NiL2, a maximum turnover frequency of 7040 s−1 with a 0.42 V overpotential was
obtained when triethylamine hydrochloride was used as a proton source. Both experimental and density functional theory (DFT)
calculations suggested a ligand-centered metal-assisted catalysis pathway for NiL2 in the presence of triethylammonium chloride.

1. INTRODUCTION
The constant rise in energy demands, depleting fossil fuel
reserves, and alarming environmental changes has kindled the
need for carbon neutral energy systems.1,2 In this context,
hydrogen can be considered the most reliable resource.3,4

However, most methods of hydrogen production are not
carbon neutral.4−6 The electrocatalytic hydrogen production
might provide a benign method for mass production of H2. As
the effectiveness of the electrocatalytic method depends on the
efficiency of the applied catalyst, extensive efforts have been
made to find the most suitable catalytic systems. To date,
platinum-based electrocatalysts have been widely applied, but
the increased cost along with low availability limits their usage
to a great extent.7−15 A likely solution to this could be the
development of earth-abundant metal-based catalysts or metal-
free catalysts.16−27

Usually, metal-based catalysts follow a metal-centered
pathway; however, in some cases, the alternative ligand-
centered pathway is also possible.24,28−32 Recent studies by
Grapperhaus and co-workers have suggested that harmony
between the metal and ligand redox properties greatly
influences the catalytic performance of metal com-
plexes.24,30,33,34 Herein, we report a ligand-centered reactivity
in a Ni complex in the presence of a weaker acid,
triethylammonium chloride (TEA).
We prepared pyridyl aroyl hydrazone-based metal complexes

ML2 (M = Fe, Co, Ni, Cu, and Zn; Scheme 1) and tested their
ability toward electrocatalytic HER activity. In our inves-

tigation of these complexes, we revealed the optimal overall
catalytic performance by NiL2. From the mechanistic analysis
of NiL2, we observed that ligand protonation was favored over
metal hydride formation. Similar experimental results were
obtained for Fe, Co, Cu, and Zn complexes as well.
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Scheme 1. Molecular Structure of Ligand (HL) and Metal
Complexes (ML2)
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2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. The synthesis of

the ligand (HL) and complexes 1−5 (ML2) was performed by
following procedures reported elsewhere.35,36 The ligand and
complexes were characterized by various analytical methods,
including 1H NMR, ESI-MS, FT-IR, UV−vis, elemental
analysis (C, H, and N), and powder X-ray diffraction
(PXRD) analyses (Figures S1−S10). The exact synthesis and
purification details are provided in the Supporting Information
(see pages 1−7). The microcrystalline samples for all of the
complexes were obtained by the slow evaporation method. To
ensure the structure of formed complexes, wherever possible,
the PXRD patterns of freshly synthesized complexes were
compared with the simulated PXRD patterns generated using
the single-crystal X-ray analysis data from the literature (Figure
S10). An absolute match in PXRD patterns was observed for
CuL2 and NiL2. Simulated PXRD patterns of CuL2 were used
to find a match with the experimental powder patterns for FeL2
and ZnL2 complexes.
2.2. Electrochemical Properties. Electrochemical proper-

ties of metal complexes were analyzed in 0.1 M TBAF/DMF
(tetrabutylammonium tetrafluoroborate in dimethylforma-
mide) solution at 100 mV/s. The cyclic voltammogram
(CV) of FeL2 and CoL2 displayed two reversible redox events,
whereas CuL2 and NiL2 displayed one reversible and one
irreversible reduction event. For ZnL2, two quasi-reversible
redox events at −1.83 and −2.1 V versus Fc/Fc+ were observed
(Figure S11). CVs for all of the complexes were found to
match well with earlier reports.36 The half-wave potentials are
listed in Table 1. The reversible redox events in the case of

FeL2 can be both metal- and ligand-centered redox processes.
36

However, the reversible redox events in NiL2, CoL2, and CuL2
are attributed to metal-based M2+/+ redox processes, and the
quasi-reversible process is attributed to ligand-based reduc-
tions. To understand if the redox events were diffusion-
controlled, CV measurements were performed at variable scan
rates. A linear relationship between peak currents and the
square root of the scan rate was observed, which suggested the
nature of redox events to be diffusion-controlled (Figure
S12).37 Diffusion coefficient values were determined for ML2
complexes using the Randles−Ševc ̌iḱ equation (see the
Supporting Information for more details).
2.3. Hydrogen Evolution Reaction (HER). The electro-

catalytic hydrogen evolution reaction by employing the
prepared complexes (1−5) as catalysts was evaluated in
DMF using triethylammonium chloride (HNEt3Cl, pKa = 9.2

in DMF, henceforth referred to as TEA) as the proton source
(Figure 1). Our choice of TEA as a proton source is based on
the fact that it does not undergo homoconjugation in the
operating media.37 As a control study, triethylammonium
tetrafluoroborate (TEABF4) was also used as a proton source.
No noticeable changes in catalytic behavior were observed in
the presence of TEABF4, which indicated no anion
interference in the catalysis (Figure S20a,c). The successive
addition of TEA to ML2 (0.6 mM) in 0.1 M TBAF/DMF
generated two catalytic waves. For all of the complexes, the
addition of TEA first initiated a single catalytic wave that gets
saturated with further addition of acid (except for ZnL2, Figure
S13). This is followed by the subsequent generation of the
second catalytic wave (Figures S18−S21). Notably, distinct
characteristics were displayed by the complexes for the initial
catalytic wave (Figures S13−S17). In the case of ZnL2, CoL2
(Figure S14), and NiL2 (Figure S15), a precatalytic wave was
observed, and for CuL2, the catalytic wave was formed at a
more negative potential than the CuII/I standard reduction
potential (Figure S16). Also, a consistent anodic shift in
reduction potential from −0.94 to −0.65 V was observed for
CuL2. For copper complexes, similar findings have been earlier
reported by Grapperhaus and co-workers.30 The initial
catalytic wave for FeL2 was developed on top of the FeII/I
redox couple (Figure S17).
The onset potential for the catalytic wave shifted anodically

from MII/I reduction potential with a shift value of 150 mV for
NiL2, 100 mV for FeL2 and CoL2, and 250 mV for ZnL2 with
1.0 equiv of TEA. This anodic shift in potential is suspected to
be due to the formation of protonated species. To confirm this,
ultraviolet−visible (UV−vis) absorption spectra in the
presence and absence of TEA were recorded in DMF. FeL2
displayed two characteristic bands at 358 and 666 nm in the
absence of TEA (Figure S9). In the presence of 1−5 equiv of
TEA, the band at 358 nm diminished drastically and the band
at 666 nm disappeared along with a concomitant appearance of
a new band at 298 nm. For CoL2, a characteristic band was
observed at 367 nm in the absence of TEA. With the addition
of 1−20 equiv of TEA, the band at 367 nm diminished without
complete quenching. The concomitant appearance of a new
band at 298 nm was observed in CoL2 also. A similar
observation was observed in the case of CuL2, with addition of
1−15 equiv of TEA, the characteristic band at 384 nm
diminished with the concurrent appearance of a new band at
300 nm. ZnL2 displayed an absorption band at 380 nm, which
was quenched completely with 1−5 equiv addition of TEA. In
this case, a new band was observed at 300 nm. Unlike other
complexes, the absorption spectrum of NiL2 does not show any
change upon the addition of TEA (see Figure 1).
For complexes FeL2, CoL2, CuL2, and ZnL2, a considerable

shift in half-wave potential and a noticeable change in
absorption spectra in the presence of TEA suggest that
protonation takes place prior to an electron transfer. The fact
that TEA was unable to protonate NiL2 in its neutral state
suggests an electron transfer step to initiate the catalytic cycle
for NiL2. Thus, the precatalytic wave observed in the case of
NiL2 could be a proton-coupled electron transfer (PCET) step,
suggesting an EC process (E corresponds to electrochemical
reduction and C denotes a protonation step), where the initial
step is a one-electron reduction of NiII/I.38 UV−vis. absorption
experiments were repeated for NiL2 with a stronger acid, such
as trifluoroacetic acid (TFA, pKa ∼4.2 in DMF). In the
presence of 1−5 equiv of TFA, the band at 390 nm quenched

Table 1. Reference-Calibrated Half-Wave Potentials for the
Reversible Redox Event (E1/2), Cathodic Peak Potential
(Epc), and Half-Wave Potential of the First Catalytic Wave
(Ecat)

a

complex E1/2 (V) vs Fc+/Fc Epc (V) vs Fc+/Fc Ecat (V) vs Fc+/Fc

FeL2 −1.59, −2.19 −1.5
CoL2 −1.41 −2.04 −1.31
NiL2 −1.77 −2.17 −1.54
CuL2 −0.94 −2.18 −1.60
ZnL2 −1.83, −2.10 −1.66

aCatalyst concentration: 0.6 mM in 0.1 M TBAF/DMF, substrate
concentration: 3.6 mM TEA, WE: glassy carbon electrode (diameter:
2 mm), RE: Ag/AgNO3, CE: Pt coil (scan rate:100 mV/s), and
internal standard: Fc+/Fc couple.
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completely with the concurrent appearance of a new band at
300 nm (Figure S22b). This strongly suggests the formation of
protonated NiL2. This observation is in good agreement with
the electrochemical studies of NiL2 in the presence of TFA
(Figure S22a). The onset potential of the catalytic wave was
∼400 mV anodic to the NiII/I redox couple with 3 mM TFA
addition.

For the calculation of rate constants for the rate-determining
step, controlled potential electrolysis (CPC) experiments (3 h)
were performed. Among the complexes, NiL2 showed the
maximum catalytic rate of 7.04 × 103 M−1 s−1 from the CPC
experiment (Table S4). Therefore, further experimental and
theoretical analyses were performed for NiL2. Electrocatalytic
studies of NiL2 were extended to different proton sources for
understanding the effect of pKa in deciding the rate and

Figure 1. Cyclic voltammograms for electrocatalytic HER of the complexes (a) FeL2, (b) CoL2, (c) NiL2, and (d) CuL2 in a 0.1 M TBAF/DMF
solution using TEA as a proton source.

Figure 2. (a) Tafel plot of ML2 in the presence of TEA with previously reported H2 evolving catalysts: [Fe(TPP)Cl], [Co-(dmgH)2(py)], and
[Ni(P2PhNPh)2]2+.

25−27,37 Reprinted (adapted in part) with permission from refs 25,27, and 37. Copyright 1996, 2005, and 2020 American
Chemical Society. Reprinted (adapted in part) with permission from ref 26. Copyright 2011, The American Association for the Advancement of
Science (AAAS). (b) Comparison of overpotential (represented by the red column) and TOF (represented by the blue star) for NiL2 in the
presence of TFA (pKa = 4.2), TEA (pKa = 9.2), and HDBU+ (pKa = 14.9) in DMF (rate was calculated from CPC with 0.1 M acid concentration
and normalized to 1.0 M acid concentration).
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mechanism for HER. As suspected, NiL2 displayed distinct
electrochemical behavior in different acids, implying varying
catalytic routes for different pKa conditions (Figures S20, S22,
and S23). Rate constants were derived for each condition using
CPC experiments, and they were compared with previous
results (Figure S31). Though we expected an inverse relation
between the turnover frequency (TOF) and acid strength, this
was not followed when TFA was used as a proton source
(Table S5). We presume that TFA has an adverse effect on the
stability of the complex.39 Lowest overpotential and TOF
values were shown by HDBU+ (1,8-diazabicyclo[5.4.0]undec-
7-ene). Thus, TEA was found to be the better proton source
for NiL2 among the three (Figure 2b). Even though NiL2
showed stability in the presence of TEA during the
voltammetric experiments, this was not the case observed
during electrolysis experiments. Thus, electrolysis experiments
were limited to 3 h, and the rate constant calculations were
performed for this time (Figure S32).
For calculating faradaic efficiency (FE) and turnover number

(TON), separate time-dependent electrolysis experiments with
NiL2 (0.6 mM) in DMF with 45 mM TEA were conducted. An
FE value of 93% with a TON of 29 was obtained.24 Figure 2a
shows the “catalytic Tafel plot” for ML2 in comparison with
those of previously reported catalysts. To construct this plot,
we used the rate constants extracted from the electrolysis
experiments. Among the ML2 complexes, maximum catalytic
rates were shown by NiL2 with an overpotential requirement of
420 mV. Noticeably, the catalytic rates for NiL2 were
comparable with those of some of the best state-of-the-art
catalysts (Figure 2a).25−27 In terms of overpotential, NiL2
turns out to be a better catalyst than the earlier reported
complexes such as [Ni(P2PhNPh)2]2+ and Fe(TPP) system.

26,27

Complex NiL2 fails to match with the catalytic rates shown by
the existing state-of-the-art Ni, Co, and Fe electrocatalysts.
However, when compared with the recently reported Ni
complexes (Table S8), NiL2 is found to be either better or
equivalent in overall electrocatalytic activity. In addition, it
could be seen that CoL2 exhibited overpotential values
comparable with the well-known cobaloxime25 electrocatalyst.
The stability of NiL2 as an HER electrocatalyst was

examined by performing CPC experiments for 24 h using a
mercury pool working electrode (Figure S29). Throughout the
electrolysis, the TOF remained consistent, with no signs of
catalyst decomposition. The identity of the gaseous product as
H2 was confirmed from the GC-TCD (gas chromatography
using a thermal conductivity detector) analysis of the gas
collected from the headspace of the electrolysis cell (Figure
S30). A control experiment was performed under the same
conditions in the absence of NiL2, producing a significantly less
amount of hydrogen. Bulk electrolysis using a mercury pool
electrode ruled out the possibility of any electrodeposited Ni
nanoparticle that can act as an HER catalyst, as they would
amalgamate within the mercury pool electrode.40 Additionally,
UV−vis absorption spectra recorded before and after
electrolysis experiments at potentials near the first catalytic
wave showed no signs of catalyst decomposition.
2.4. Control Experiments�Rinse Test. A series of

control experiments were performed to identify the nature of
the active catalyst. First, a set of chronoamperometric (CA)
experiments were conducted at potentials varying from −1.5 to
−2.2 V (Figure S26).41 From the CA experiments conducted
at −1.5 to −1.8 V, a current decay was observed after the initial
current spike, which is suspected to be due to substrate

depletion. But at higher negative potentials, beyond −1.9 V,
the current decay was slower, which could be due to the
formation of an electroactive film at higher negative potentials.
This was further confirmed from rinse test experiments
performed for electrodes procured from CV experiments
until −1.9 V (potential where the first catalytic wave ends).
First, a freshly polished glassy carbon (GC) electrode was used
to perform CV for a single scan in a solution containing a
catalyst and a proton source. The electrode was rinsed with an
electrolyte solution, and CV scans were performed in a
solution containing only the substrate. The experiment is then
repeated for 10 scans and 50 scans.42 We could not observe
any catalytic response, indicating the absence of film formation
until −1.9 V (Figure S27). Additionally, bulk electrolysis
experiments performed using a mercury pool working
electrode at −1.7 V showed similar catalytic rates to those
calculated using a GC plate electrode (Figure S29). The above-
mentioned observations clearly indicate that NiL2 in solution is
responsible for the initial catalytic wave observed.
Later, a rinse test was performed for single scans until −2.3

V, which suggested the formation of an active film, and the
catalytic current observed for the film was almost double that
of NiL2 in solution, confirming the activity of the film (Figure
S28).24 As film formation was evident at higher negative
potentials, we refrained from any analysis for rate calculation
and mechanistic investigation beyond the potential for the first
catalytic event.43

2.5. Mechanistic Analysis. Theoretical calculations have
been proven to be quite useful in finding the observed/
proposed catalytic mechanisms and in determining the
thermodynamic and kinetic parameters involved in a catalytic
cycle. In order to gain insights into possible mechanistic steps,
DFT calculations were performed. The geometry optimization
of possible intermediates and frequency calculations were done
employing B3LYP (hybrid GGA) and BP86 (GGA) func-
tionals with 6-31G and 6-311G basis sets using ORCA.44 The
structure of the starting catalyst [NiL2]0 was optimized using
both levels of theory in the gas and solution phases using the
CPCM solvation model for DMF. The bond length from the
optimized geometry was compared to the corresponding
crystal structure.
The average deviation from experimental bond lengths

obtained for BP86 is 0.91%, and for B3LYP, it is 1.1% (Table
S6). The better fit BP86/6-311G method was used for further
calculations in gas and solvent phases.45

The spin state for the neutral Ni(II) complex is a d8 system
with a triplet ground state (S = 1). Reduction of [NiL2]0 by
one electron yields a doublet electronic state (S = 1/2), best
described as the reduced Ni(I) complex with a total charge of
−1. From the spin density plots of [NiL2]0 and [NiL2]−1, it was
evident that upon reduction, the electron density over the
metal center increases along with partial delocalization across
the ligand, suggesting a metal-centered reduction (Figure 4).
This assignment of the first reduction as metal-centered is
consistent with the experimental results. A theoretical standard
reduction potential value for the first reduction event of NiL2
was obtained using the Born−Haber cycle. The reduction
potentials are reported versus the ferrocene/ferrocenium
couple to match the experimental results. The first reduction
event of [NiL2]0 assigned as NiII/I reduction was computed to
be −1.701 V (with respect to the computed Fc/Fc+ couple,
5.001 V). This value is in good agreement with the
experimental value of 1.772 V for the NiII/I reduction. A
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summary of the calculation is provided in the Supporting
Information (Section 4.9).46

The favorability of protonation prior to the reduction was
checked by optimizing the structures of [NiL2H]1 followed by
frequency calculations. From the calculations, it was evident
that the protonation of [NiL2]0 prior to the reduction step is
less favored. Despite that, the lowest energetic pathway for the
formation of [NiL2H]0 is not the EC pathway (E corresponds
to electron transfer, and C corresponds to a chemical step).
Rather, a much more stable [NiL2H]0 intermediate was formed
through a CE pathway (see Figure 5). These computed results
can be clearly correlated to the UV−vis acid titration
experiments of [NiL2]0. In the presence of weaker acids such
as HDBU+ and TEA, no characteristic change in UV−vis
spectra was observed upon their addition. This indicated their
inability to protonate [NiL2]0 prior to its reduction. Rather, a
stronger acid such as TFA could initiate the energetically
favorable protonation step prior to reduction and form a
[NiL2H]0 intermediate following a CE pathway. To under-
stand the electronic changes associated with [NiL2]0 upon
reduction in the presence and absence of a proton source,
UV−vis spectroelectrochemical (UV−vis SEC) experiments
were performed. Figure 3a shows the changes in UV−vis
absorption spectra upon reduction of [NiL2]0 in the absence of
a proton source. Reduction at −0.9 V suppressed the
characteristic band at 390 nm with a concomitant appearance
of a new band at 276 nm (blue trace). This observation
signified the charge transfer from the metal to the ligand
network upon reduction, as observed from spin density plots in
Figure 4. UV−vis SEC experiments in the presence of TEA
and TFA showed totally different absorption spectra for

[NiL2]0. Prior to electrolysis, absorption spectra in the
presence of TEA showed no characteristic change (Figure
3c, green trace), but this was not the case in the presence of
TFA. The characteristic band at 390 nm diminished with a
concomitant appearance of a new band at 301 nm (Figure 3c,
violet trace). Upon electrolysis, this band further shifted to 275
nm, suggesting a metal-to-ligand charge transfer. From this, it
is confirmed that TFA protonates [NiL2]0 prior to its
reduction, and the band originating at 301 nm corresponds
to the band of the protonated derivative [NiL2H]1. Upon
electrolysis, the protonated derivative is reduced, and the band
at 301 nm shifts to 275 nm, implying a metal-to-ligand charge
transfer. This was further supported by the spin density plots of
different [NiL2H]0 intermediates (Figure S34). For all those
intermediates, electron density was majorly delocalized over
the ligand framework. In the presence of TEA, electrolysis of
[NiL2]0 resulted in the formation of a new band at 271 nm,
keeping the characteristic band at 390 nm intact. The above-
mentioned observations suggest that the reduction of [NiL2]0
results in delocalization of electron density across the ligand in
both cases, namely, the presence and absence of the proton
source. These inferences can be clearly visualized from the spin
density plots of all these intermediates, suggesting a good
agreement between experimental and computed results.
The first protonation of [NiL2]−1 was examined by

considering various probable sites (Figure S33), including
Ni, N2 (coordinated pyridine), N4 (imino), N6 (amidic), N8
(uncoordinated pyridine), and O2 (amidic). Each of these
states was evaluated in the doublet ground states (S = 1/2).
Frequency calculations favor the first protonation on the non-
coordinating pyridinyl ring nitrogen N8. All other protonation

Figure 3. Spectral changes upon electrochemical reduction of NiL2 (a) at an applied potential of −0.9 V, (b) at an applied potential of −1.1 V in
the presence of 3.0 mM TEA, and (c) at an applied potential of −0.9 V in the presence of 3.0 mM TFA (red trace�NiL2, blue trace�NiL2 after
reduction, green trace�NiL2 + TEA, and violet trace�NiL2 + TFA).

Figure 4. Electron spin density plot for [NiL2]0 (left, isovalue 0.003) and [NiL2]−1 (right, isovalue 0.003).
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sites were disfavored by at least 6.55 kcal/mol. Noteworthily,
the calculated pKa for this site in [NiL2]−1 was 12.25, and this
was the only site that had pKa higher than TEA (see the
Supporting Information, page 27).46

Further, we proceeded with the calculation for the reduction
of protonated [NiL2]− reaction intermediate, [Ni(HL2)] in
two different spin states S = 0 or 1 with q = 0. For [Ni(HL2)]−,
the triplet spin state was lower than the singlet by 360 kcal/
mol. The second protonation on [Ni(HL2)]− was more
favorable at the N6 nitrogen atom (Figure S35). The
unavailability of labile sites on the metal in ML2 complexes
prohibits protonation on the metal. Thus, the frequently seen
metal hydride intermediates in electrocatalytic HER are not
suitable in this case. Rather, NiL2 follows a ligand-centered
metal-assisted pathway for catalysis. The huge intramolecular
distance between the protonated sites and the unfavorability of
intramolecular proton transfer from N8 to other heteroatoms
(N4, N2, and O2) or the metal center suggested the need for a
third protonation to initiate hydrogen generation. Among the
probable protonation sites N2, N4, O2, and Ni, the energetically
favorable site for the third protonation was found to be N4
(Figure S36). We also explored the possibility of intra-
molecular proton transfer from N8 to N4. However, this step
was thermodynamically unfavorable, which suggests that NiL2
follows an ECECC pathway for catalysis in the presence of
TEA. Noteworthily, catalysis fails to regenerate NiL2, rather a
protonated [Ni(HL2)]+ intermediate is generated after the
release of hydrogen.
2.6. Discussion. Pyridyl aroyl hydrazone ligands and their

3d transition metal complexes are relatively new to the field of
electrochemical proton reduction reactions. These complexes
display interesting redox behavior due to the redox non-
innocence nature of the ligand. The CV of ML2 complexes
displayed metal-based MIII/II (Fe, Co), MII/I (Fe, Co, Ni, Cu)
redox events and a ligand-based reduction event. The ligand-
based reduction is likely the electron addition to the
coordinating N atom in the C�N bond, resulting in the
possible formation of a ligand radical anion. The proximity of
both reduction sites hints at the metal−ligand cooperativity in
these complexes. Also, these complexes contain many sites in
the ligand that can be protonated, making it a viable candidate
for ligand-centered proton reduction reactions. From computa-
tional analysis for the Ni complex, the involvement of the
ligand in catalysis was evident. All of these inferences suggest
the active participation of the pyridyl aroyl hydrazone ligand in
HER in its complexes. From the detailed experimental and
computational analysis of the Ni complex, the role of the Ni
center in catalysis was understood. It served as an auxiliary
redox site, facilitating two-electron chemistry at the ligand.
Such proton reduction pathways centered on ligands were less
common among Ni-based complexes. We believe that for these
complexes, the pathway for HER majorly depends on the pKa
of the proton source. In the present case, a weaker acid such as
TEA is unable to generate a metal hydride intermediate, which
is common in metal-centered HER. In stronger acids (where
these complexes are stable), the HER pathway could be
directed through a metal-centered pathway. The current article
provides the applicability of pyridyl aroyl hydrazone ligands
and their 3d transition metal complexes in electrocatalytic
reduction reactions (see Figure 5).

3. CONCLUSIONS
Typically, HER catalysts operate through a metal-centered
route involving a metal hydride intermediate. However, the
recent decade witnessed the emergence of the best-fit HER
catalyst, which follows an alternative ligand-centered pathway.
In this work, we report the electrocatalytic activity of a series of
pyridyl aroyl hydrazone (HL)-based metal complexes (ML2, M
= Fe, Co, Ni, Cu, and Zn) toward HER. The redox-active
nature of the ligand and the availability of probable
protonation sites in the ligand facilitated a ligand-centered
reactivity in these complexes. We carried out a detailed
mechanistic study of NiL2 through experimental and computa-
tional analysis. Interestingly, all bond-making and -breaking
reactions were centered on the ligand. We hypothesize that the
lack of a vacant site in the metal complex prohibits the
formation of a metal hydride intermediate, thereby driving the
reaction mechanism to be mainly ligand-centered. A similar
ligand-centered reactivity is expected in FeL2, CoL2, and CuL2,
which is yet to be confirmed.

4. EXPERIMENTAL SECTION
All starting materials and solvents were used as received unless
otherwise indicated. Reagents 2-pyridine carboxaldehyde,
isoniazid, iron(II) perchlorate, cobalt(II) perchlorate, cupric
chloride dihydrate, nickel chloride, and zinc chloride were
purchased from Sigma and TCI. Common solvents such as
dichloromethane (DCM), methanol (MeOH), acetonitrile
(EtCN), ethanol (EtOH), chloroform (CH2Cl2), tetrahydro-
furan (THF), n-hexane, diethyl ether, and isopropanol utilized
for synthesis were purchased from SRL Chemicals. HPLC-
grade solvents purchased from Sigma-Aldrich were used for
electrochemical studies and gas chromatography (GC)
analysis.
Electrochemical studies were carried out under a nitrogen

atmosphere using an AUTOLAB potentiostat PGSTAT204.
Cyclic voltammetry analysis was done in a standard three-
electrode cell employing a glassy carbon electrode (GCE) as
the working electrode (WE), Ag/AgNO3 as the reference
electrode (RE), and a spiral platinum wire as the counter
electrode (CE). All electrochemical studies were conducted
under a nitrogen atmosphere at room temperature, and CVs
are referenced against the ferrocenium/ferrocene (Fc+/Fc)

Figure 5. Energy profile diagram for the formation of [NiL2H]−1

through EC (red) and CE (blue) pathways (protonation at N8). TS
corresponds to the transition state.
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couple (internal standard). Prior to each scan, glassy carbon
electrodes are polished using an alumina suspension to remove
any adhered substance. Reference and counter electrodes were
rinsed with acetone and dimethylformamide (DMF) and dried
prior to each study. Bulk electrolysis (controlled potential
coulometry, CPC) experiments were conducted in a 75 mL
four-neck electrolysis cell using glassy carbon plate, platinum
foil, and Ag/AgNO3 electrodes as working, counter, and
reference electrodes, respectively.
For the detection of gases generated in the electrolysis cell,

the evolved gases were subjected to GC analysis by using a
thermal conductivity detector. Using a Hamilton gastight
syringe, 100 μL of gas was injected into a PORA PLOT-Q
column. The column was heated to 50 °C using N2 as a carrier
gas. A calibration curve was generated for the quantification of
the H2 produced. All GC analyses were carried out using an
Agilent 8600 GC system equipped with a 5977B GC/MSD
single quadrupole GC/MS instrument.
For the calculation of overpotential for hydrogen evolution,

theoretical half-wave potential (E1/2T ) has been calculated
separately for each proton source employed using eq 1.47
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In principle, overpotential is the additional potential required
beyond the thermodynamic requirement to drive a reaction at
a specific rate. Thus, it can be estimated as the difference
between the theoretical half-wave potential and the exper-
imental half-wave potential (ECat/2).

E ET
1/2 cat/2= (2)

Turnover number (TON) and faradaic efficiency (FE) are
calculated by conducting separate CPC experiments in the
presence and absence of a catalyst. CPC experiments were
performed at a constant applied potential, which is equivalent
to the experimental half-wave potential for each catalytic
process. TON can be calculated as the ratio of experimental
moles of H2 quantified to catalyst concentration, and faradaic
efficiency (FE) can be calculated from the experimental moles
of H2 and the theoretical moles of hydrogen produced, which
is calculated based on the total charge passed. FE = (exp moles
of H2/theoretical mole of H2) × 100% (see the Supporting
Information for more details).
For the determination of turnover frequency (TOF), a

method discussed by Artero and co-workers has been used. As
the CVs reported in the current study deviate from ideal S-
shape behavior, TOF cannot be calculated using the icat/ip
ratio.38 The alternative method of wave analysis (FOWA) was
not applicable in our case. Thus, CPC experiments were
conducted for 3 h in the presence of 100 mM of the proton
source for complexes in 0.1 M TBAF/DMF under stirring
conditions. Electrode current (iel) obtained from the current
versus time plot from CPC is used in eq 3 to calculate TOF.
Turnover frequency maximum (TOFmax) values were then
formulated from TOF at 1.0 M acid condition.37

i f E E

F A D C
TOF

(1 ex( ))

( )
el
2

ap cat/2
2 2

cat cat
2=

+ [ ]

(3)

Chronoamperometry techniques were used to confirm the
electrocatalyst transformation to a heterogenized catalytic
species. In such experiments, an applied electrode potential is

stepped from a voltage where no characteristic redox event of
NiL2 is present to potentials on the catalytic wave, and
concurrent current responses are measured as a function of
time.
UV−visible absorption spectra were recorded on an Agilent

Cary 60 spectrophotometer, and FT-IR spectra were measured
with an Agilent Cary 630 FT-IR equipped with an ATR
spectrometer. 1H NMR was recorded on a Bruker 400 MHz
spectrometer, and powder X-ray diffraction data were collected
using a Panalytical Empyrean Series 3 diffractometer. Mass
spectrometry was done using a UHD Accurate-Mass Q-TOF
LC/MS Maker-Agilent Technologies. Elemental analysis was
done using a varioEL cube V4.0.11 Elementar Analysensyteme
GmbH.
4.1. Computational Details. Density functional theory

(DFT) was employed to carry out initial benchmark
calculations using the BP86 functional using the 6-311G
basis set for all of the atoms. Frequency calculations were
performed in the gas phase as well as in the solution phase
employing the conductor-like continuum polarizable (CPCM)
model in DMF. The reduction potentials for the redox events
were computed using the same level of theory and compared
with the experimental data. All geometry optimization and
frequency calculations were performed using ORCA-4.2.1
software, and applications such as ChemCraft and Avogadro
were used for visualization and representation purposes.44
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