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Abstract

The design and modification of metal-organic complexes for hydrogen (H,) gas
production by water splitting have been intensively investigated over the recent
decades. In most reported mechanistic pathways, metal hydride species are consid-
ered as crucial intermediates for H, formation where the metal present at the active
site plays an imperative role in the transfer of electron and proton. In the last few
decades, much consideration has been done on the development of non-precious
metal-organic catalysts that use solar energy to split water into hydrogen (H,) and
oxygen (O,) as alternative fossil fuels. This review discussed the design, fabrication,
and evaluation of the catalysts for electrocatalytic and photocatalytic hydrogen
production. Mechanistic approach is addressed here in order to understand the
fundamental design principle and structural properties relationship of
electrocatalysts and photocatalysts. Finally, we discuss some challenges and
opportunities of research in the near future in this promising area.

Keywords: redox-active-ligand, first-row transition metals, hydrogen evolution,
catalytic cycle, electrocatalyst, photocatalyst

1. Introduction

Climate change and increasing energy demand have emphasized research on
sustainable energy source [1, 2]. Day-by-day increase of human population and
global requirements has compelled researchers to develop new renewable sustain-
able energy sources in replacement of hydrocarbon deposits [3]. Renewable sources
such as solar power, wind, and water, storage of these energies for on-demand
utilization, and transportation are the major challenges for researchers. To develop
a clean and eco-friendly environment, splitting of water into hydrogen and oxygen
is a tremendous way to produce sustainable energy. Hydrogen gas emerged as a
green energy fuel due to its high-energy density and zero carbon dioxide (CO,)
emission [4-6]. In this regard, electrocatalytic and photocatalytic H, generation
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from water has been considered as one of the most striking approaches [7-9]. In
recent years, a substantial number of artificial photosynthesis have been developed,
exploited solar power as electron and proton source to make a clean renewable fuel
[10-14]. Light-induced splitting of water is a suitable process because the produc-
tion of hydrogen is used as green fuel in future and even used for the synthesis of
other chemicals [15-18].

Literature reports suggested more than 500 billion cubic meters (44.5 million
tons) of hydrogen gas is produce yearly worldwide [19, 20]. In the current scenario,
steam methane refining, coal gasification, and water electrolysis are the major way
for hydrogen production. Nowadays 95% hydrogen gas is produced from steam
methane reforming and coal gasification, however only 4% hydrogen from water
electrolysis. Steam methane is a high-energy-intensive process maintained at
high temperature with the formation of carbon dioxide and carbon monoxide:

(i) CH4 + H,O = CO + 3H, (ii) CO + H,0 = CO, + H,. Hence, it is not an eco-friendly
method for hydrogen production. Water electrolysis is the most sustainable and
clean approach for hydrogen production because its source is abundant. Since the
most suitable way of light-driven energy conversion is water electrolysis, artificial
photosynthesis (PS II) has been considered as primary goal to produce electron and
proton [21, 22]. Water splitting is a redox reaction in which aqueous protons are
reduced into H, at cathode and water is oxidized to O, at anode [23]. Both H, (HER)
and O, (OER) reactions are rigorously coupled, which may lead to the formation of
explosive H,/O, mixtures due to gas crossover [24-26]. By far, only a few stable
metal complexes as catalysts are achieved that can decompose water into H, and O,
[27-31]. Water-splitting reactions are split into two half-reactions: water oxidation
to O, evolution and water reduction to H, production:

H,0 - 2H, + 0, E°=1.23V (1)
2H,0 — 4H" +4e~ + 0, E°=1.23Vus. NHE (2)
4H" +4e~ —2H, E° =0V us. NHE (3)

The limitation of OER is that it takes place after the successive accumulation of
four oxidized electrons and protons in Kok cycle (catalytic cycle of the water
oxidation in PS II) that require much higher overpotential input than that of HER
[32]. Thermodynamic potential is different for H*/H, (0 V vs. NHE) and OH/O,
(1.23 V vs. NHE), and the overall solar energy conversion efficiency is only ~15% in
OER [33]. The hydrogen evolution reaction (HER, 2H" + 2e” = H,) is the cathodic
reaction with the two-electron transfer in one catalytic intermediate and offers the
potential to hydrogen production. However, hydrogen production technology
requires proficient electrocatalysts and photocatalysts which support two key
electrode reactions (OER and HER) at lower overpotentials.

Moreover discussion on the mechanism of HER, H* adsorption on the hydrogen
evolution catalyst surface is the first step, known as Volmer step, followed by
Heyrovsky or Tafel steps shown in Figure 1. A suitable HER catalyst always binds
H" very fast and releases the product. Hence, electrochemical hydrogen evolution
reaction (HER) facilitates for H, production on large-scale.

Afterwards, H, evolution may occur via two different reaction mechanisms
depending on the action of catalyst [34]. Hydronium cation (H;0") is the proton
source in acidic solution, and in alkaline condition H,O is the proton source. In
Volmer-Tafel mechanism, two protons absorbed on the catalytic surface can com-
bine to form H-H bond to yield H,. In Heyrovsky reaction route, a second electron
and another proton from the solution are transferred to the catalyst surface which
reacts with the absorbed H atom and generate H,. This is an electrochemical
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Figure 1.
The inside mechanism of H, evolution of electrocatalyst in acidic solution.

desorption pathway. Precious metal like Pt-based electrocatalysts is highly reactive
for HER and is usually pursuing Volmer-Tafel mechanism. Lately few literatures
[35-37] have been reported on Ni-based electrocatalysts which follows
Volmer-Heyrovsky path.

1.1 Fundamental aspects of photocatalytic and electrocatalytic hydrogen
production process

Electrocatalytic water splitting is driven by passing the electric current through
the water; conversion of electrical energy to chemical energy takes place at elec-
trode through charge transfer process. During this process, water reacts at the
anode form O, and hydrogen (proton) produce at the cathode as we mentioned
earlier. Suitable electrocatalysts can maximally reduce the overpotential which is
highly desirable for driving a specific electrochemical reaction. However, the pro-
cess of surface catalytic reactions in electrocatalysis is very similar to photocatalysis
[38]. Photocatalytic is a simple water-splitting reaction in which H, and O, are
produced from water by utilizing the energy of sunlight. Figure 2(a) shows the
process of photocatalysis in which a metal catalyst contains chromophores that
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Figure 2.
(a) Photocatalyst system for water splitting. (b) Molecular ovbital diagram for d° metal complex
chromophores.
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immersed solar energy and triggered the electron transfer reaction. The most
important criteria for the solar-driven water-splitting reaction are electronic band
gap matching of the photosensitive material to the redox potential of water [39].
Metal complexes act as chromophore associated with mainly three types of electron
transfer: metal center (MC), ligand center (LC), and metal-ligand center transition
(MLCT). The MLCT state of the metal complex plays a crucial role in photocatalytic
reactions. In octahedral complexes with conjugated ligand system, the highest
occupied molecular orbital (HOMO) corresponds to the metal-localized t,,-orbitals,
and the lowest unoccupied molecular orbital (LUMO) is associated with anti-
bonding n*-orbital localized on the ligands. On the absorption of UV-visible light,
an electron is promoted from one of the metal-centered t,, orbitals to a ligand-
centered n* orbital, resulting in the MLCT state shown in Figure 2(b). As a result,
the redox properties of the metal complexes are dramatically changed. The excited
metal complexes behave as better oxidants and better reductants than their elec-
tronic ground state and can hold more thermodynamic driving force for the charge
transfer reactions. Based on the photo-induced redox potential changes and the
long-lived lifetime of the excited state, many metal complexes have been inten-
sively investigated as chromophores for this photocatalytic H, production purpose
[40]. Zou and coworkers have described various photocatalytic systems for H,
production, which exposed that most of the photocatalytic systems suffer photode-
composition and instability [40]. Hence, for long-term use, it is imperative to build
up highly proficient H, generation systems with long lifetimes and high durability.
Many reviews have been published on solar H, evolution systems based on
photocatalysts [41-44].

1.2 Mechanistic pathway

So far, extensive theoretical study has been revealed, the possible mechanistic
process of proton reduction to hydrogen evolution through transition metal molec-
ular catalyst. A generalized mechanistic scheme depicting the homolytic and het-
erolytic path is shown in Figure 3. The homolytic mechanism involves bimetallic
route, where a metal hydride species ([M""~H]) react with another metal hydride to
release one H, via reductive elimination. Instead, heterolytic is a monometallic

H, H*

Heterolytic

H H
- -+ -
M™]—& m-l'-"-'-”]L» |1\11‘"+]_e,, M1
Homolytic
H, T
M

Figure 3.
Proposed homolytic and heterolytic mechanisms for H, evolution via the formation of a metal hydride (M-H)
intermediate.
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pathway, where the metal hydride [M"*-H] is further reduce and protonated for H,
evolution [45]. Both pathways function simultaneously, two protons and two elec-
trons are delivered to the metal center, and in few cases, the pH, catalytic concen-
tration, and proton source decide the dominant route [46]. During the past decade,
a number of review articles emphases on the structural property relationship and
mechanistic study [45, 47-49]. Among all research on catalyzed H, evolution, the
mechanistic investigation on proton reduction catalysis is essential because it can
give us a significant idea to design better molecular catalysts in the future [49].

1.3 Metal and redox-active ligands for HER

Here we start by describing the fundamental concept of metal and organic ligand
system which gives a strong influence on the performance of H, evolution. Transi-
tion metal cations with partial filled d-electronic configurations are considered as
catalyst. The characteristic feature of this type of catalyst is that the metal ions can
exist in higher oxidation state [44]. There are several literatures reported with
partially filled d-orbital which show high stability toward water-splitting reactions
[50-53]. However, the most catalytic system requires very high temperature and
precious metal at the active site; therefore, it will be a challenge for researchers to
develop a photocatalytic and electrocatalytic system at low temperature with low-
cost metal [54-57]. Indeed, first-row transition metal complexes (Co, Ni, Cu, Zn)
have been exploited in the last few decades for this purpose. Beyond the reactivity
of metal, the redox activity of organic ligands has also received continuous atten-
tion. The redox-active ligand works as electron sink in the complexes and maintains
the metal in its original oxidation state. Redox-active ligands convey a novel reac-
tivity to the complex by loss or gain of electrons [58]. In addition, the redox-active
property of the ligand can also be influenced by the modification of the substituents
by ¢ and = donating ability, & accepting ability, and conjugation [59]. A highly
conjugated system such as bpy, porphyries, and ortho-phenylenediamine (opda)
having anti-bonding n*-orbital localized on the ligands is considered for hydrogen
production due to its multielectron or multiproton pooling ability which is respon-
sible for dramatically changing the potential of redox properties [60, 61]. Substitu-
ents attached to redox-active ligands, electron density, and charge on the metal ions
also effect the standard electrode potential.

So far, considerable advancement has been done in the field of electrocatalytic
and photocatalytic water-splitting reaction for hydrogen production, and several
advance review papers have been reported by scientists [40, 51, 62-64]. However,
very limited comprehensive tutorial has published on only first-row transition
metal-based catalysts. This chapter describes electrocatalytic as well photocatalytic
properties of inorganic catalysts and their structural and mechanistic features. Here
we put an effort elucidate the direction of fundamental mechanistic aspects during
electrocatalytic and photocatalytic hydrogen (H,) production reaction (HER).

2. Photochemical hydrogen production from a series of 3D transition
metal complexes bearing o-phenylenediamine ligand

Masaki Yoshida et al. [65] developed a series of 3D-transition metal complexes
with o- phenylenediamine (opda) ligands for hydrogen production due to the fol-
lowing properties: (a) aromatic amine undergoes homolytic N-H bond cleavage by
photoexcitation [66] which is applicable for hydrogen production under mild con-
dition, and (b) opda complexes have extensively been obsessed as reversible
multielectron or multiproton pooling ability because of its multistep redox
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processes between o-phenylenediamine(opda), semibenzoquinodiamine (s-bqdi),
and o-benzoquinodiimine (bqdi) which is useful for reversible hydrogen produc-
tion. [M(opda)s], M = Mn?**, Fe**, Co**, Ni**, and Zn** complexes (1-5) shown in
Table 1 have photochemical hydrogen production ability.

a. Photochemistry of aromatic amine (opda)

@/ hy ©/ o
—_—
Aromatic amine N-H bond homolysis

b. Redox properties of opda complex

H
H, H; N
N -}{r % —»ler W
—_—
" o o - T Ny=
N - N +e H
H, +e H
opda complex s-bqdi complex bqdi complex
o-phenyldiamine semi benzoquinodiiminebenzoquinodiimine

In the past M. Yoshida and coworkers proposed [Fe-opda] for photochemical
HER mechanism at photoirradiation of A = 298 nm; nn* excitation occurred in
complex with N-H bond homolysis process, followed by H, elimination [67]. After
this process, the opda ligands in the complex were partially oxidized to bqdi or s-
bqdi ligands. This mechanism is based on the deep-rooted photochemical N-H bond
activation of aromatic amines. Theoretical study and ultrafast spectroscopic studies
of amino benzene support that the photochemical N-H fission occurs by the photo-
excitation to higher-lying nn* level which leads to the formation of the nc™ state
[68]. Photochemical mechanism for HER of all complexes is shown in Figure 4.

All opda-based metal complexes display photochemical HER activities with the
formation of almost one equivalent of H, gas. However, the HER was not observed
at all in the dark in all complexes, which suggests that the HER was obsessed by
photochemical reaction. Moreover, they observed remarkable decrease in hydrogen
evolution reaction, while the ligand is replaced with aromatic amines. This experi-
ment suggested that the photo-induced HER activities of the complexes in this case
are weakly dependent on the central metal ion and strongly dependent on the
redox-active ligand. Further to check the metal ion dependency, examine the cata-
lytic hydrogen production in the presence of hydroquinone (HQ; 10 equiv) as a
sacrificial electron-proton donor. The photochemical H, production from [M-opda]
(7.98 x 102 mmol) with HQ (7.98 x 10! mmol) in THF (4 mL) under an N,
atmosphere at 20°C for 190 h turns over the number for all the complexes given in
Table 2. Difference in TON may be caused by the stability of each complexes.

2.1 Cobalt diimine-dioxime complexes for HER
V. Artero and coworker synthesized cobalt diimine-dioxime complexes as

molecular catalysts for H; evolution [69, 70]. This synthesized ligand (N?,
Nz,propanediylbis—butan—2—imine—3—oxime) has emerged many years ago through
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Schiff base condensation of butanedione-monoximeon diamine compounds but not
widely used for HER. Cobalt diimine-dioxime catalysts are active for H, evolution
in aqueous solution, both after immobilization on electrode materials and in light-
driven homogeneous conditions. The electrocatalytic activity of complexes (6) and
(7) for hydrogen evolution was supported gas chromatography and by cyclic
voltammetry study illustrated in Figure 5 with the appearance of an irreversible
wave. In the case of the BF,-associated complex (7), the electrcatalytic wave which
developed toward negative potentials corresponds to the Co''/Co' couple in contrast
to the H-bridged complex (6), electrocatalytic H, evolution occurs at potentials
positively shifted with regard to the Co"/Co' couple.
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Table 1.
Structure of redox-active ligands, electrocatalysts, and photocatalysts.
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Figure 4.

Plausible mechanism for photochemical HER with [M-opda] complexes.
2.2 Electrocatalytic cycle for H, evolution

In the electrocatalytic cycle, V. Artero and coworker observed that in acetoni-
trile medium, halide ligands are banished with reduced oxidation state from Co!!
Co'. Upon reduction, the coordination in number decreases from six in Co" state to
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Catalysts Redox-active organic Catalytic potential ~ Solvent TON(H, mol Ref.
ligands (Ep) cat 1)
[1]? o-Phenylenediamine _ THF 5.5 [65]
[2] o-Phenylenediamine _ THF 2.9 [67]
[3] o-Phenylenediamine _ THF 0.99 [65]
(4] o-Phenylenediamine _ THF 0.51 [65]
[5] o-Phenylenediamine —_ THF 0.73 [65]
[6]° Diimine-dioxime —0.68 V vs. Fc*/© H,0/CH;CN 300 [70]
[7] Diimine-dioxime —0.96 V vs. Fc*'® H,0/CH;CN 50 [70]
[8] Bis(thiosemicarbazone) —1.7 V vs. Fc/Fc* CH;CN 37 [74]
[9] Bis(thiosemicarbazone) = —1.7 V vs. Fc/Fc* CH5;CN 73 [75]
[10]° Diamine-tripyridine —-0.90 Vvs. Fc”®  acidic-H,0 1.4x 10* [70]
[11]¢ TMPA —1.81 V vs. SCE CH,;CN/H,0 6180 [76]
[12] CI-TMPA —1.72 V vs. SCE CH,CN/H,0 10,014 [76]
[13] Bis(benzenedithiolate) —2.25V vs. SCE CH;CN 0 [77]
[14] o-Aminobenzenethiolate —1.64 V vs. SCE CH;CN 6190 [77]
[15] o-Aminobenzene —2.03 Vvs. SCE CH5;CN 900 [771
[16] 2-Mercaptophenolate —1.62 V vs. SCE CH;CN 5600 [77]

a = photochemical H, production from [M-opda 1-5] (7.98 x 1072 mmol) with HQ (7.98 x 10~ mmol) in (4 mL)
under an N, atmosphere at 20°C for 190 h in the presence of 4 AMS (irradiation with 300 W Xe lamp, 250-385 nm,).
b = in light-driven condition of TEA and a cyclometalated ividium-based photosensitizer; CV was done in glassy
carbon electrode (100 mVs?) in the presence of p-cyanoanilinium tetrafluoroborate. ¢ = the controlled potential
electrolysis of complex 11 was measured at pH 2.5 under N, atmosphere at a scan rate of 50 mVs ™ 'in phosphate
buffer, over 2 hours using a glassy carbon electrode. d = conditions, 0.1 M n-Bu4NPFg, scan rate 100 mV/s, in
Ar-saturated CH3;CN/H,0.

Table 2.
Electrochemical data and catalytic efficiency of metal complexes for water-splitting hydrogen evolution reaction.
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Figure 5.

Cyclic voltammograms of (6) Br, and (7) Br, (1 mM, black traces) recorded in CH;CN at a glassy carbon
electrode at a speed of 100 mV-s~* (the figure is reproduced from Ref. [69], with permission from the
publisher).

five in Co' state; this characteristic was supported by DFT calculations [71]. In the
catalytic cycle (Figure 6), the first step is the transfer of electron and proton by
proton-coupled electron transfer (PCET) process. PCET is a chemical reaction that
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involves the transfer of electron and proton in which the oxidation number changes
by Co" to Co'. In the second steps, further electron and proton transfer takes place
by PCET process, and the oxidation number changes from Co' to Co". In the last
step, H; is produced in dihydrogen bond through an intramolecular mechanism.
The authors also confirmed cobalt diimine-dioxime catalysts 6 and 7 active for H,
evolution under light-driven conditions in the presence of photosensitizers,
associated with Ru, Ir, or Re derivatives. The photocatalytic activity of 6-Br, was
observed in mixed H,O/CH;CN solvent in the presence of TEA and cyclometalated
iridium-based photosensitizer [72]. Turnover numbers (TON) determined after
continuous 4 h UV-visible light irradiation 6-Br, showed 300 (H, mol cat 1),
whereas 7-Br, complex shows only 50 (H, mol cat ') as shown in Table 2.

Similarly, cobalt bis(iminopyridine) complex 8 was prepared for electrocatalytic
water-splitting reaction [73]. The ligand-centered redox activity was observed dur-
ing the cyclic voltammetry, suggesting the considerable role of redox-active ligand
which is completely involved to stabilize the cobalt metal in higher oxidation state.
The two reduction potentials were observed for the Co''/Co" (quasi reversible) and
Co"/Co' (reversible) couples at —0.34 V and —0.86 V (vs. Ag/AgC), respectively.
The improved water reduction was attributed to the assimilation of a redox-active-
ligand to cobalt which facile reduction of [Co-H]™ species.

2.3 Zn" and Cu" complexes for HER

Grapperhaus et al. [74] recently reported two homogeneous electrocatalysts for
H, production. They derived bis(thiosemicarbazones) ligand from 1,2-diones, con-
sidered as a kind of multitalented redox non-innocent system. Tetra-coordinated
NS, is able to bind with low-valent transition metals centered and formed to stable
neutral complexes (9, 10) (Table 1). Zn" complex 9 containing a redox-active

Ph FPh
H, f; T
I H—0
-

e \m
Ph Ph PCET

Ph Ph CoL \
i Ph Ph
?—f:g TH o PCET N—o._
xN_O,' grotan coupled b !'):fi H*

N}"——'llk etron transf er) NJ N—O
i Ph ;—IKH! Inative conpound

Coll(H )L CdLH
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N—O e, H”
H"‘x L]
S
- > 5
N—0
N
Figure 6.

Possible pathway for catalytic hydrogen evolution, involving PCET processes.
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moiety diacetyl-bis (N-4 methyl-3-thiosemicarbazide) exhibits the homogeneous
catalysis of electro-driven H, evolution through proton reduction with a maximum
of TOF 1170 s~ " in CH30H and 11,700 s~ ' in CH5CN at an overpotential of 0.756 V
and 1.074 V, CH;COOH used as proton source. Bulk electrolysis showed that the
TON of H, evolution of Zn" is 37 in over 2.5 h experiments. To make this more
comparative, Grapperhaus and coworker synthesized another Cu" complex with
similar ligand diacetyl-bis(N-4-methyl-3-thiosemicarbazide) and examined H,
evolution reaction. Cu" complex 10 exhibits a maximum TOF of 10,000 s " in
CH3CN and 5100 s~ in DMF at an overpotential of 0.80 and 0.76 V, respectively.
Controlled potential electrolysis confirmed Cu" complex act as an excellent
electrocatalyst to produce H, with a minimum faradic efficiency of 81% and TON as
high as 73 during experiment over 23 h. They examined HER mechanism of com-
plex 10 through DFT computational studies. In the proposed mechanism, initially
the protonation occurs at the hydrazino nitrogen ligand. This was followed by an
electrochemical step as a formation of reduced Cu! species [Cu'(HL)]. The second
protonolysis occurs at the opposite hydrazine nitrogen of the ligand to yield
[Cu'(H,L)]*. Further one-electron reduction of [Cu'(H,L)]* leads to the formation
of the H, evolution illustrated in Figure 7. Hence, here it is worth to mention that
the identity of metal ions at the active site affects the HER mechanism.

Professor Wang and group proposed [75] a significant homogeneous mononu-
clear copper electrocatalyst for H, production attributed to diamine-tripyridine
ligand; complex 11 attains trigonal bipyramidal geometry. According to the author,
this ionic copper complex [Cu (bztpen)]2+ with a five coordinating nitrogen atom
shows a Jahn-Teller effect. Electrochemical and spectroscopic studies supported
that the H, generation reaction takes place by two successive proton-coupled
reduction processes. On the experimental observations of DPV, CV, UV-vis, and
"H-NMR spectroscopic study, the authors proposed two possible pathways: path
(A), protonation takes place at the Cu' centered in the first step (Egs. (4) and (5)),
and path(B), protonation occurs at one of the nitrogen atoms of the ligand
(Egs. (6), (7), and (8)). H, generation reaction in path B takes place by two
successive proton-coupled reduction processes. Protonation occurs at the ligand
centered in the first reduction step, followed by the Cu' centered in the second step.
This provides [(bztpenH)Cu" (H)]**copper hydride species, which release H, and
regenerate Cu'' catalyst.

HiC, CHy HsC CHj HaC. CH,
’ /> <\ >—<

N ‘N“N @\ N, _aN— 7\
Ccw J\ /G{)\ ~chy_H™ o @\ N,  aN—y
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[Cu "(L)l
[Cull(HLy"] ” iCulgaLy
\ H+
HiC, HaC CH, HsC CH,q
>_< D />_<\ g
I,‘ \\N“-N Reauangmem@\ /, \\N-—N 0 @\ N N \\N‘*'N
H3C\N/I\S‘ \ )\ / 3 H3C ~ /I\ ' \ )\ /CH3 HBC\ J\ ( \ )\ /CH3
H

I T +
H, evolving intermediate [Cu'(H;L)] [Cu(H,L)]

Figure 7.
Plausible mechanism for proton reduction in complex [CuL].
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Path A:
[(bztpen)Cu(II)]zJr +e +HT0%Y [(bztpen)Cu(III)H]2+ (4)
[(bztpen)Cu(IINH]*" + e~ + HY —23 08y [(bztpen)Cu(I1]*" + H, (5

Path B:
[(bztpen)Cu(IN) 2 + e + H 22 [(bztpenH)Cu(I)]** (6)
(bztpenH)Cu(D)]*" + e~ + HY —>®Y [(bztpenH)Cu(I)H]>" 7)
[(bztpenH)Cu(I)H]*" ——[(bztpen) Cu(II)]* + H, (8)

According to the author’s studies on the mechanism of this process, the con-
trolled potential electrolysis of complex 11 was measured at pH 2.5 in phosphate
buffer at —0.90 V, over 2 h in a glassy carbon electrode. TON 1.4 x 10* mol H,
(mol cat ") cm™? was calculated on a faradic efficiency of approximately 96%, which
corresponds to a TOF of 2.0 molH, (mol cat Vs lem %of [(bztpen) Cu] (BF,),.

Moreover, Wang et al. [76] fabricated and examined two Cu complexes with
TMPA = tris(2-pyridyl) methylamine and CI-TMPA 1-(6-chloropyridin-2-yl)methyl-
N,N-bis(pyridin-2-ylmethyl)methaneamine for photocatalytic H, evolution behavior.
They observed both in Cu(II) complexes [Cu(TMPA)CI]ClI (12) and [Cu(Cl-TMPA)
CL](13) that (13) is far efficient for photocatalytic H, production than (12), due to the
presence of more labile Cl ligand with longer Cu-Cl bond length and a dangling CI-
substituted pyridyl unit in the second coordination sphere, which both contribute to a
higher photocatalytic activity of complex (13). TMPA acts as a tetradentate ligand and
coordinate with Cu(II) in a distorted trigonal manner; CI-TMPA acts as a tridentate
ligand coordinate to Cu(II) with two chloride ions in a distorted square pyramidal
manner, leaving one Cl-substituted pyridyl group in the second coordination sphere
structure which is given in Table 1. ESI-Ms data favor the formation of Cu-hydride
intermediate for hydrogen evolution. The authors investigated the photocatalytic H,
production activities in the presence of a multicomponent [Ir(ppy),(dtbpy)]Cl
(ppy = 2-phenylpyridine, dtbpy = 4,4’-di-tert-butyl-2,2'-bipyridine) and triethylamine
(TEA) photosystems as sacrificial reductant (SR) under optimal condition upon 6 h of
irradiation of UV-visible light, the turnover number (TON) of which is calculated as
6108 for complex (12) and 10,014 for complex (13).

Based on the control potential electrolysis experimental data, the authors pro-
posed photocatalytic hydrogen evolution mechanism. In the first step, excited PS
system takes out one electron from TEA and donates to Cu" center of complex (13).
The protonated Cl-substituted pyridyl unit accepts that electron and kicks out the
Cu-Cl center for the dissociation of ClI ligand which is substituted at the apical
position which is more labile (longest bond length Cu-Cl). After that, the Cu
species accept one e~ and one H* from the reduced Cl-substituted pyridinium
moiety; Cu'-H center is formed as a key intermediate which lead to H, evolution.
This executive mechanism provides us guidelines to design more efficient Cu-based
catalysts for WRCs in the near future (Figure 8).

2.4 Ni electrocatalysts for HER

Professor Richard Eisenberg and coworker [77] synthesized a sequence of nickel
bis(chelate) complexes; all complexes attained square planar geometry and exam-
ined photocatalytic as well as electrocatalytic behavior for hydrogen evolution.
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Figure 8.
Photocatalytic H, evolution mechanism for complex [Cu(CIl-TMPA)CIL,] 12.

Fluorescein (Fl) as the photosensitizer along with triethanolamine (TEOA) as the
sacrificial electron donor was used in water under basic medium (pH = 9.8). Bis
(chelate) complexes (14-17) contain bdt(bisdithiolate) and their derivatives having
S, O, or N as donors for coordination to the Ni center. The photochemical study
reveals that only complexes 15 and 17 exhibited similar activity of hydrogen pro-
duction in terms of TON (6000 mol of H, per mole of catalyst in 100 h). In
contrast, the TON for the sample complex 16 was much lower (~900). Complex 14
was observed to be inactive for hydrogen generation. To understand the better
significant result, the authors pursued electrochemical experiments under a fixed
potential to examine the catalytic activity of complexes. In the absence of acid, both
monoanionic complexes 14 and 17 exhibit only one reversible redox couple at —0.56
and —0.45 V, respectively, which is attributed to the [NiL,] "/ [NiLz]z_ligand-based
reductions. The neutral complexes 15 and 16 exhibit two reversible reduction waves
at —0.11and —0.94 V and at —0.89 and —1.53 V, respectively. However, on
increasing the concentration of acetic acid to these solutions, more negative cata-
lytic waves were observed in cyclic voltammetry study. Complex 14 shows much
more negative reduction potential (—2.25) which suggested this system is inactive
for H, generation (as we discussed earlier). As is the case for complex 14, complex
16 exhibits a catalytic wave potential at —2.03 V which showed poor activity for H,
generation as a consequence of not favorable electron transfer step from F1™ to the
catalyst. Moreover, complexes 15 and 17 show activity for light-driven H, genera-
tion; these two complexes display electrocatalytic wave potential at significantly
less negative at —1.64 and —1.62 V, respectively.

3. Concluding remarks and future scope

Here we present a recent development of molecular catalysts toward clean and
renewable fuels using earth-abundant metals. We have highlighted a series of Co-,
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Ni-, Cu-, Zn-based complexes for HER. We have recapitulated the fundamental
principles of hydrogen and oxygen evolution reactions with molecular complexes.
The designing and fabrication of the molecular complexes with redox-active ligands
have been discussed in details; HER activity of the complexes strongly dependent
on redox-active ligands as well the central metal ions are discussed in detail. A
mechanistic approach and transfer of electron and proton during the homogeneous
electrocatalyst and photocatalysts cycle are given in point. Although reasonable
progress has been made in the development of metal complexes based
electrocatalysts and chromospheres for photocatalytic hydrogen production, still
several issues exist which need further improvement: (i) some photocatalytic sys-
tems suffer from low activities and short life times which is manifested in the
instability of catalytic systems and so concern on the systems with modest water
splitting activity and poor stability of the complexes. (ii) most of the complexes are
not soluble in water leading to the use of organic solvent or mixture of organic-
water solvent. From the future prospective, it is required to develop redox-active
ligands with substituted functional group to increase the solubility of complexes in
water. More experimental, spectroscopic, magnetic, and theoretical investigations is
still needed to be carried out in order to understand the ligand- and metal-centered
electron transfer processes. (iii) In addition, the overpotential requirements for
most of the organic ligands are still very high, a chelating ligands giving much lower
thermodynamic potentials and much smaller oxidation potential that should be
utilized in future. (iv) In the regard of future growth in this field, with the need to
design molecular complexes that can be immobilized on the surface of the elec-
trode, for this purpose addition of suitable functional group in the ligand is neces-
sity. These complexes can also be supported by the development of surface of the
solid photocatalyst, like TiO,, BiVOy, etc. to demonstrate efficient photoelectro-
chemical cell.
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