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Abstract: Hydrogen production from sunlight and water represents
one promising solution to resolve the environmental problems caused
by the consumption of fossil fuels and to meet the increasing global
energy demands. Catalysts based on transition metal complexes
have been extensively studied for electro- and photolytic production
of hydrogen. Among the reported catalysts, molecular cobalt
complexes have received special attention for hydrogen production
over the past few years. In this review, the recent progresses for
electro- and photolytic production of hydrogen in aqueous solutions
catalyzed by Co complexes with pentadentate ligands, with an
emphasis of those developed in our lab, are discussed. Mechanistic
investigations as well as future directions for hydrogen production by
Co complexes are also discussed.

1. Introduction

A continuous energy support, currently based mainly on fossil
fuels, is critical to maintain our rising living standards and societal
development for the future. The environmental issues resulting
from fossil fuel burning have driven scientists to search for
alternative clean and renewable forms of energy to meet the
future global energy demands. Compared to other forms of
energy, solar energy is the cleanest and one of the most abundant
energy sources. The energy from sunlight reaching the Earth in
one hour is estimated to be sufficient to support all human
activities for one year.!"l Although the use solar cells to convert
sunlight into electricity has been achieved in practical
applications,? the splitting of water into hydrogen and oxygen
under solar irradiation provides an alternative way to store solar
energy as chemical fuel, a process similar to that in the natural
photosynthesis.!

The splitting of water consists of two half reactions: the oxidation
of water to oxygen, and the reduction of protons to hydrogen. In
nature, there exists three types of hydrogenases that catalyze
hydrogen evolution reaction (HER): [FeFe]-, [NiFe]- and [Fe]-

hydrogenases (Figure 1).1 [FeFe]-hydrogenases, which are in
general more active in hydrogen production than the other two
types of hydrogenases, catalyze the reduction of protons to
hydrogen reversibly at high rates (9000 s™') with nearly no
overpotentials.®®  Such unsurpassed activity of [FeFe]-
hydrogenases relies on the uniqueness of the active site cofactor,
known as the H-cluster, consisting of a cuboidal [FesS4] cluster
attached to three cysteine residues connected via a fourth
cysteine residue to the diiron moiety. The diiron cluster is where
the catalysis occurs and includes two irons [iron in proximal (Fe;)
or distal (Feq) position relative to the cluster] connected by a
bridging azanediyldimethanethiolate group (adt), and the irons
are coordinated by carbonyl and cyanide ligands. CO and CN°
ligands are strong Tt-acceptor ligands; and, therefore, can
stabilize the low oxidation states of Fe center by metal-to-ligand
back bonding.®! It has also been demonstrated that CN” ligands
play a role in adjusting the redox potential of the H-cluster by
raising the electron density on the iron centers.[”! The stabilized
Feq with open coordination site is responsible for the high activity
of the enzyme.[®?! Furthermore, the amine in the bridging adt
group can easily mediate proton transfer without changing the
active site geometry.® There are three redox states of H-cluster
participating in the catalytic proton reduction cycle: the active
“oxidized” state Hox with [Fe'Fe''] connected to [Fe4S4]?*, the active
“reduced” state Heq with [Fe'Fe'] connected to [Fe;S4]** and the
active “super-reduced” state Hseq with [Fe'Fe'] connected to
[FesS4]* ! Similar transitions could be observed in different [FeFe]
hydrogenases with different potentials.'® In the [FeFe]
hydrogenase from Desulfovibrio desulfuricans (DdH) bacteria, the
transition from Hox to Hreq happens at a midpoint potential around
—-400 mV and the following irreversible reduction from Hreg t0 Hsred
occurs at =540 mV at pH 8.I'1 Apfel and coworkers reported a
possible catalytic mechanism for hydrogen production catalyzed
by [FeFe] hydrogenase.l®l H,.q was formed from Hox through a
proton coupled electron transfer (PCET) to the [FesS4]* cluster.
The subsequent PCET process leads to instant proton reduction
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and the formation of a highly reactive apical hydride, Hnyq, which
can react with a proton to generate H, heterolytically. Upon H
release, the resulting HoxH state loses a “regulatory” proton to
form Hox for the next catalytic cycle. An alternative pathway
involving the participation of Hseq is and also possible in the
catalytic cycle for H, evolution. !

Inspired by natural hydrogenases, synthetic metal complexes,
especially those based on earth abundant elements, have been
developed to mimic the HER activity and to understand the
mechanism of HER by hydrogenases. 2 Catalysts based on
metal-organic frameworks (MOFs)!"®l and nanomaterials!'¥ have
also been reported for hydrogen evolution. The advantages of
molecular metal complexes in exploring the structure-function
relationships and elucidating mechanistic details in HER have
been demonstrated.l'?d Although Co is not found in the natural
hydrogenases and it is less abundant on Earth than Fe or Ni,[*
molecular Co complexes have emerged over the past few years
for electro- and photocatalytic HER, especially in aqueous
solutions.[2 15-16]
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Figure 1. Active sites of the classic hydrogenase enzymes.
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2. Metrics for Evaluation of HER Catalysts

Ideally, an HER catalyst suitable for future practical applications
should be easy to make, highly stable, active with low
overpotentials in solutions under wide range of pHs and
temperatures, and no hazard to the environment. The
electrocatalytic properties and activities of HER catalysts can be
evaluated based on parameters such as the overpotential (n),
Faradaic efficiency (FE), turnover number (TON), turnover
frequency (TOF), and stability. Cyclic voltammetry (CV),
squarewave voltammetry (SWV), linear sweep voltammetry (LSV)
and bulk electrolysis (BE) are common techniques used to
characterize the electrochemical properties of HER catalysts,
including the redox potentials, overpotential, and Faradaic
efficiency for HER.[']

For a typical light driven HER, three components are generally
required: a photosensitizer such as [Ru(bpy)s]?* (PS1),
[Ir(ppy)2bpyl+ (PS2) or [Re(py)(bpy)(CO)]" (PS3) for light
absorption and electron transfer, a catalyst for water reduction,
and a sacrificial reagent such as ascorbic acid (AA), triethylamine
(TEA), or triethanolamine (TEOA) serving as the electron donor.
Mixed solvents such as CH3CN/H.O have also been used in
photocatalytic HER due to the poor solubility of catalysts in
water.l'®l Higher activity and stability for proton reduction using
quantum  dots,'  nanowire®? or organic dyes as
photosensitizers?'l have also been reported.

3. Hydrogen Production Catalyzed by
Molecular Cobalt Complexes with
Pentadentate Ligands from Other Groups

Due to their stability and solubility in aqueous solutions, molecular
Co complexes with pentadentate ligands, with one site open for
substrate binding and activation, have been developed over the
past decade for electro- and photolytic hydrogen evolution. A
series of Co complexes with pentadentate ligands reported by
different research groups are presented in Figure 2. Their redox
potentials, electrolytic activities, and photolytic properties for
hydrogen production are summarized in Tables 1, 2, and 3,
respectively. The related discussions are introduced in the
following sections.
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Figure 2. Reported Co complexes with pentadentate ligands from other groups.

3.1. Co Complexes with Pentapyridine Ligands and
Pyridine-Pyrazine Ligands

In 2011, Chang, Long and coworkers reported a Co polypyridyl
complex 1a for electrolytic hydrogen production in aqueous
solution.?? Complex 1a displays a Co"' peak at =1.00 V (vs SHE)
and another peak at =1.21 V (vs SHE) after the formation of Co'
species in pH 7 phosphate buffer. Bulk electrolysis at —1.30 V (vs
SHE) for 60 h in a pH 7 phosphate buffer generated H, with a
TON of 55,000 and 100% FE. The introduction of electron
withdrawing group —CF3 (1b) led to a 0.16 V anodic shift to —0.84
V for the Co" redox potential and a 0.22 V decrease in
overpotential for HER (1a: 0.62 V, 1b: 0.40 V), while the
introduction of -NMe; (1¢) resulted in a 0.12 V cathodic shift to
-1.12 V for the Co" redox potential. Among 1a-1c, 1b
demonstrates the highest photocatalytic water reduction activity
with a TON of 300 in the presence of PS1 and AA in 1.0 M
phosphate buffer at pH 6. The improved HER activity under both
electrolytic and photolytic conditions by 1b demonstrates the
electronic tuning of ligand scaffold as an effective approach to
adjust the water reduction activity.?%
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Complexes 2a and 2b were reported in 2013 by Chang,
Castellano, Long and coworkers to investigate the effects of
redox-active bpy ligands on the electrolytic and photolytic proton
reduction.?3 In comparison to 1a, both 2a and 2b showed more
positive redox potentials for the Co' event, suggesting the
stabilization of low valent Co' species. Similar to that of 1a and 1b,
the introduced —CF3 (2b) caused a 0.061 V positive shift for the
Co'"" event with lower current density than that of 2a. Compared
to 2a, the decreased electrolytic HER activity of 2b probably
results from the reduced 1 backbonding between Co' and m*
orbitals.”®! At pH 4 in the presence of PS1 and AA, TONs for
photolytic H, evolution with 2a and 2b for 13 h were 1630 and
1390, respectively. The quantum yield values were determined as
3.6% and 2.7% for 2a and 2b, respectively.
Compared to pyridine, pyrazine has lower-energy 1* orbitals
which may enhance the formation of the metal-to-ligand
backbonding and an easily reduced metal center for proton
reduction. A series of Co complexes (3a—3d) with redox-active
pyrazines were investigated for electrolytic hydrogen production
in 2015 by Chang and coworkers.?l In comparison to the Co'!
potential of 1a, anodic shifts of 0.25, 0.17, 0.29, and 0.57 V were
observed for 3a-3d, respectively. Electrolytic hydrogen
production from chloroacetic acid in acetonitrile solution showed
that 3b is the most active one by a factor of ~2 among 3a—3c and
the FEs of 3a—-3c were over 90%. Bulk electrolysis at —1.2 V vs
SHE in neutral phosphate buffer demonstrated that 3¢ is the most
active catalyst with 350 coulombs passed for 12h while 300
coulombs accounted for 3b under same conditions. Photolytic
water reduction at pH 5.5 in the presence of PS1 and AA
demonstrated that 3b is the most active one with over 2-fold
enhancement than 3a and 3c, with TONs of 190 for 3a, 450 for
3b, and 170 for 3¢, even though 3c is faster than 3a and 3b in the
beginning. Furthermore, the quantum yields for photolytic HER
were determined as 0.26 + 0.08% for 3a, 0.49 + 0.02% for 3b, and
0.10 £ 0.06% for 3c. In summary, 3b is the best catalyst among
3a-3c due to its higher activity and stability while the overall lower
stability and anation accounts for the lower activity of 3¢ for
photocatalytic hydrogen production.
The research efforts from Chang and coworkers have
demonstrated that the electro- and photochemical HER activity of
Co complexes can be tuned through ligand modifications by
changing electronic property, denticity and/or incorporating redox-
active mOtif.[129’ 12h, 20, 22-23, 25]
To compare the HER activities of two different pentadentate
ligand scaffolds, complexes 2c and 4a were reported by Alberto
and coworkers in 2013. The Co"' redox potentials were observed
-1.1 V and -0.67 V (vs SHE) for 2c and 4a, respectively,
consistent with those reported by Chang.?® 261 Photocatalytic
hydrogen production with PS3 and AA in ascorbic buffer at pH 4.1
generated Hz with TONs of 1180 for 4a and 1380 for 2c. The
activity difference between 2c and 4a was suggested to originate
from their different geometrical properties: the distorted
octahedral structure of 2c resulted in less stable complex and
increased activity, while 4a with a stable and nearly an ideal
octahedral geometry showed less activity.
In 2014, Natali, Lengo, Scandola and coworkers reported another
Co complex 4b, and the CV of 4b showed a catalytic proton
reduction wave upon addition of trifluoroacetic acid (TFA).?"l The
observed catalytic wave was observed before the Co'' peak
(=1.71 V vs Fc*/Fc), indicating the formation of Co' is necessary
for proton reduction catalyzed by the proposed Co'"-H
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intermediate. Photoinduced hydrogen production in the presence
of 50 uM 4b, PS1 and AA at pH 4 was examined with a TON of
187.27 Like most other reported Co catalysts, the hydrogen
production activity of 4b is mainly limited by the partial
decomposition of photosensitizer and catalyst.

By replacing equatorial pyridine with imidazole, Siewert and co-
workers recently presented Co complex 5 and the electrolytic
hydrogen production activity catalyzed by 5 in neutral or acidic
solvent mixtures.?® An onset potential of =1.28 V vs. NHE with
50% FE and a catalytic rate constant of 70 s™" at —=1.42 V were
determined for complex 5 in phosphate buffered MeCN/H,O (1:1).

3.2. Co Complexes with Aminopyridine Ligands

To investigate the effects of monodentate ligands on the overall
HER activities of Co complexes, Wang and Blackman groups
reported complexes 6a-6d and 6e—6k in 2014 and 2016,
respectively, and both groups showed that the coordination of
different monodentate ligands led to different redox potentials for
the Co""" and Co'' peaks. Photocatalytic H, production activity in
aqueous solutions at pH 4 by 6a—6d with PS1 and AA were highly
affected by the coordination of monodentate ligands according to
Wang's results.?® The most active one was 6a with a TON of 15
(calculated based on 0.165 mL H; generated by 50 uM 5a in 10
mL buffer), while 6b was least active with a TON of 3 (calculated
based on 0.0305 mL H, generated by 50 yM 6b in 10 mL buffer)
under same conditions. However, results from Crowley, Collomb,
Blackman, and coworkers on Co complexes 6e—-6k demonstrated
that there is little difference, with all complexes displaying TONs
in the range of 60-70, for photolytic H, production in the presence
of PS1 and AA.BY

In 2013, Wang, Gloaguen, Sun and coworkers reported new Co
complexes 7a-7d containing a tripyridine—diamine type
pentadentate ligand for electrolytic proton reduction in neutral
solution.B The Co" redox potential and the ligand-based couple
for 7b in pH 7 phosphate buffer were calculated to be -1.20 V,
-1.40 V vs SHE, respectively. The overpotential for 7b was
determined as 0.65 V and bulk electrolysis by 7b at -1.25 V (vs
SHE) for 60 h afforded hydrogen production with a TON of
160,000 and a Faradaic efficiency of 100%, demonstrating 7b
serves as an efficient and stable eletrocatalyst for proton
reduction in neutral water.

Verani and co-workers reported in 2015 another two complexes 8
and 9 with different types of tripyridine—diamine ligands for
electrolytic  proton reduction.®? The catalytic current
enhancements were observed for both complexes at potentials
near the Co" peak (8: -1.99 V; 9: -1.92 V vs Fc*/Fc) upon
addition of acetic acid, suggesting the electrolytic H, production.
Under the same conditions, complex 8 displays a higher rate of
proton reduction (7.39 s™') and higher TON (7000) compared to
those of 9 (4.29 s, 6000) by bulk electrolysis for 18 h in pH 7
phosphate buffer.

Complex 10, reported by Verani and coworkers in 2015, catalyzed
proton reduction with an overpotential of 0.65 V, achieving TONs
of 950 over 3 h, and 5680 over 18h, at a current efficiency of 95%
by bulk electrolysis at -1.5 V (vs SHE) in pH 7 phosphate
buffer.[*3 However, the UV-vis and scanning electron microscopy
(SEM) confirmed the generation of Co nanoparticles, which could
catalyze hydrogen production.

Two Co complexes 11 and 12 with phenolate-based [N2Os]-type
ligands were synthesized by Verani and coworkers in 2019, and
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there exist significant difference of HER activities due to the
distinct positions of the —NO, groups between 11 and 12.B4
Complex 11 with nitro-substituted phenolates showed irreversible
redox peaks and negligible HER activity while complex 12 with
functionalized phenylene moieties displayed reversible processes
and HER activity at the very low overpotential of 0.02 V for HOAc.
Based on these results, they concluded that the electronic nature
and the structural position of a substituent would definitely affect
the metal complexes’ redox properties and catalytic activities.
Complexes 13 and 14 were reported by Chen and co-workers in
2015 and 2017, respectively, for electrolytic proton reduction in
acetonitrile and photocatalytic proton reduction in CH3CN/H0.2!
The redox potentials of Co" in CH3CN for 13 and 14 are -1.43 V
and -1.60 (vs Fc*/Fc), respectively. Addition of acetic acid to the
catalysis solution triggered a current increase and a continued
peak growth with more acid addition, indicating electrolytic HER
by both 13 and 14. Complex 13 displayed HER activity in the
presence PS2 and TEA at pH 10 in CH3CN/H2O (1/3, v/v), with a
TON of 210 under visible-light irradiation (A >400 nm).3% |n
CH3CN/HO (1/1, viv) mixed solvents at pH 10, photocatalytic
proton reduction by complex 14 was achieved with a TON of 290
in the presence of PS2 and TEA.B%! The decomposition of PS2
accounted for the cessation of the H, evolution within the first 2-
hour photolysis for both complexes.

In 2014, Lloret-Fillol and co-workers reported another Co complex
15 with a macrocyclic pentadentate ligand for potential
applications in both water reduction and water oxidation.®!
Electrolytic water reduction by 15 occurs at an overpotential of
590 mV, and the rate (ke) and the TOF for HER were determined
as 95 M2 s and 3420 mol(Hz) mol(cat)’ h', respectively.
Complex 15 was also confirmed to be a stable catalyst due to the
higher i/, ratio (60 at 60 mM trifluoroacetic acid) in water than
that in CH3CN (48 at 60 mM trifluoroacetic acid). Photocatalytic
H. production by 15 was achieved with a TON of 690 using PS2
and TEA in CH3CN/H20 (3/7, v/v) mixed solvent, with 25% activity
in the presence of O,. Dynamic light scattering (DLS) and
nanoparticle tracking analysis indicated that nanoparticles did not
contribute to the hydrogen production activity, while the formation
of nanoparticles may contribute to the decomposition of catalyst
during photocatalytic hydrogen production.

A distroted pentagonal bipyramid Co complex 16 with a nearly
coplanar pentaaza-macrocyclic ligand was reported by Zhong, Lu,
and Sakai and coworkers for electrolytic HER in 2019.571 A quasi-
reversible couple at E1» = =0.80 V and an irreversible wave at
-1.10 V (vs NHE) were observed for complex 16 in a neutral
aqueous 0.10 M NaClO; solution. A catalytic rate of 2210 s was
obtained for HER by 16, and more importantly, complex 16 can
retain 90% of activity under O, or CO. DFT calculation suggested
that the high tolerance of 16 to CO resulted from the labile
character of the CO-bound species which could promote catalyst
stablility under CO during catalysis.

Thomas, Fortage, and Collomb and coworkers also studied the
electrolytic and photolytic hydrogen production in water by
complex 16.%81 Photocatalytic HER in acetate buffer at pH 4.5
afforded a TON of 1660 at 1 yM 16. The decoordination of an
amine group possibly occurs at its Co' form during catalytic HER.
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Table 1. Experimental redox potentials of complexes 1-16.
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Cat Electrolyte Co'" Co' Co'° or Ligand-based Ref
1a 2 M phosphate buffer, pH 7 _ -1.00 V vs SHE -1.21V vs SHE 22
1b CH3CN (0.1 M nBusNPFe) 0.34 V vs Fc*/Fc -1.28 V vs Fc*/Fc -2.21V vs Fc*/Fc 20
1b 2 M phosphate buffer, pH 7 _ -0.84 V vs SHE _ 20
1c 2 M phosphate buffer, pH 7 _ -1.12V vs SHE _ 20
2a CH3CN (0.1 M nBusNPFg) 0.235V vs Fc'/Fc -1.2V vs Fc'/Fc -1.786 and -1.94 V vs Fc*/Fc 23]
2b CH3CN (0.1 M nBusNPFe) 0.31 Ve vs Fc*/Fc -1.14 V¢ vs Fc*/Fc -1.706 and -1.86 V¢ vs Fc*/Fc 23]
2c 0.1 M NaBF4 _ -0.67 V° vs SHE _ 26]
3a CH3CN (0.1 M nBusNPFg) 0.32V vs Fc'/Fc -1.22 V vs Fc'/Fc -1.40 V vs Fc*/Fc [24a]
3a 1 M phosphate buffer, pH 7 0.34 V vs SHE -0.68 Ve vs SHE -0.76 Ve vs SHE [24a]
3b CH3CN (0.1 M nBusNPFe) 0.27 V vs Fc*/Fc -1.30 V vs Fc*/Fc -1.42 and -2.04 V vs Fc*/Fc [24a]
3b 1 M phosphate buffer, pH 7 0.35V vs SHE _ _ [24a]
3c CH3CN (0.1 M nBusNPFg) 0.35V vs Fc'/Fc -1.18 V vs Fc'/Fc -1.25and -1.95V vs Fc*/Fc [24a]
3c 1 M phosphate buffer, pH 7 0.42 V vs SHE _ _ [24a]
3d CH3CN (0.1 M nBusNPFe) 0.55 V vs Fc*/Fc -0.90 V vs Fc*/Fc -1.76 V vs Fc*/Fc [24b]
4a 0.1 M NaBF4 _ -1.1 VP vs SHE _ 26]
4b CH3CN (0.1 M LiClO4) 0.09 V¢ vs Fc*/Fc -1.71 Ve vs Fc*/Fc _ 27
5 CH3CN (0.1 M KNO3) -0.30 V¢ vs Fc*/Fc -0.62 Ve vs Fc*/Fc -1.92 V¢ vs Fc*/Fc 28]
6a CH3CN (0.1 M nBusNPFe) -0.26 V° vs Fc*/Fc -1.86 V¢ vs Fc*/Fc _ 29
6b CH3CN (0.1 M nBusNPFe) —0.45 V¢ vs Fc*/Fc -1.65 V¢ vs Fc*/Fc _ 29
6¢c CH3CN (0.1 M nBusNPFg) -0.43 V¢ vs Fc'/Fc -1.63 V¢ vs Fc*/Fc _ 29
6d CH3CN (0.1 M nBusNPFe) —-0.30 V¢ vs Fc*/Fc -1.84 V¢ vs Fc*/Fc _ 29
6e CH3CN (0.1 M nBusNCIO4) -0.28 V¢ vs Fc*/Fc -1.79 V4 vs Fc*/Fc _ 130]
6f CH3CN (0.1 M nBusNclO4) -0.19 V9 vs Fc*/Fc -1.72 V4 vs Fc*/Fc _ 130]
6g CH3CN (0.1 M nBusNclOs) ~0.86 V° vs Fc'/Fc — — [20]
6h CH3CN (0.1 M nBusNclO4) -0.43 V9 vs Fc*/Fc -1.80 V¢ vs Fc*/Fc _ 130]
6i CH3CN (0.1 M nBusNclO4) -0.29 V4 vs Fc*/Fc -1.70 V¢ vs Fc*/Fc _ 130]
6j CH3CN (0.1 M nBusNclO4) —0.13 V¢ vs Fc*/Fc -1.59 V¢ vs Fc*/Fc _ 130]
6k CH3CN (0.1 M nBusNclO4) —0.14 V9 vs Fc*/Fc -1.58 V4 vs Fc*/Fc _ 130]
7a THF (0.1 M nBusNPF) -0.01V vs Fc*/Fc -1.69 V vs Fc'/Fc -2.25V vs Fc*/Fc 131
7b THF (0.1 M nBuaNPFs) ~ —1.78 V vs Fc'IFc — 1]
7b 1 M phosphate buffer, pH 7 _ -1.22V vs SHE -1.40 V vs SHE 131
7c THF (0.1 M nBuaNPFs) ~ —1.66 V vs Fc'IFc — 1]
7d THF (0.1 M nBuaNPFs) ~ -1.80 V vs Fc'/Fc — 1]
8 CH3CN (0.1 M nBusNPFg) -0.69 V vs Fc'/Fc -1.99 V vs Fc'/Fc -2.41V vs Fc*/Fc 122
9 CH3CN (0.1 M nBusNPFg) -0.02 V vs Fc*/Fc -1.92 V vs Fc'/Fc -2.39 V vs Fc*/Fc 122
10 CH3CN (0.1 M nBusNPFe) -0.75V vs Fc*/Fc -1.68 V vs Fc*/Fc -1.86 V vs Fc*/Fc 133
1 CHsCN (0.1 M nBusNPFs) -0.57 V° vs Fc'/Fc — — 34
12 CHsCN (0.1 M nBusNPFs) ~0.44V vs Fc'IFc — — 24
13 CH3CN (0.1 M nBusNPFe) -0.02 V vs Fc*/Fc -1.43 V vs Fc*/Fc -2.22 V vs Fc*/Fc [35a]
14 CH3CN (0.1 M nBusNPFe) _ -1.60 V vs Fct+/Fc -1.96 V vs Fct+/Fc [350]
15 CH3CN (0.1 M nBusNPFe) 0.32 V¢ vs Fc*/Fc -1.50 V¢ vs Fc*/Fc -1.89 V¢ vs Fc*/Fc 136]
15 H20 (0.1 M KNO3) ~ —1.05 V° vs SHE — (36]
16 CH3CN (0.1 M nBusNCIO4) -1.32 V¢ vs SHE -1.87 V¢ vs SHE 28]

3E(Fc*/Fc) = 0.64 V vs SHE. PFrom differential pulse polarography, converted from E(Ag/AgCl) = 0.20 V vs SHE. °Converted from E(SCE) = 0.24 V vs SHE.
dConverted from E(Ag/AgNOs (0.01 M in CH3CN)) = 0.54 V vs SHE. ®Epc
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Table 2. Bulk electrolysis of cobalt complexes 1-16 for electrolytic H2 production.

Potential [Current  density TOF
2
Cat  Electrolyte n (mv) FE (mA/om?)] " ToN (mol H2  po¢
[Potential (V vs (mol cat

(Proton source) SHE)] h)-1)

-1.10 V vs Fc*/Fc _
1a CH3CN (0.1 M nBusNPFe) 500 100% _ _ -

(HOAC)

-1.30 V vs SHE 1.5/(-1.00 V)
1a 2 M phosphate buffer, pH 7 660 100% ﬁS,OOO (60 >920

(H20) ) (22)

-0.96 VV vs SHE
1b 2 M phosphate buffer, pH 7 420 95% - _ _ (20]

(H20)
1b 0.1 M phosphate buffer, pH7 _ _ 0.16/(-0.89 V) _ _ 1201
2a CH3CN (0.1 M nBusNPFe) 530 _ 90% _ _ _ 23]
2b CH3CN (0.1 M nBusNPFe) _ _ 90% _ _ _ 23]

-1.40 V vs Fc*/Fc
3a CH3CN (0.1 M nBusNPFe) _ >90% _ _

(CICH2COOH) [24a]
3a 1 M phosphate buffer, pH 7 ~500 ;Lg or =12 V.vs _qq09 11/(-12V) 3 3 (242]

-1.40 V vs Fc*/Fc _
3b CH3CN (0.1 M nBusNPFe) _ >90% _ _

(CICH2COOH) [24a]
3b 1 M phosphate buffer, pH 7 3 ;Lg or -1.2 V.vs _qpp9 1.0/(-12V) B _ (242l

-1.40 V vs Fc*/Fc _
3c CH3CN (0.1 M nBusNPFe) _ >90% _ _

(CICH2COOH) [24a]
3¢ 1 M phosphate buffer, pH7 :‘SLE or -1.2 V. vs _qppy 0.91/(-1.2V) B _ (oacy
3d 1 M phosphate buffer, pH 7 560 -1.3V vs SHE _ 3.58/(-1.4V) _ 0.14s™" [24b]
5 phosphate Buffered g4 -1.42 V vs SHE 50% - _ 7057 281

MeCN/H0 (1:1)
7b 1 M phosphate buffer, pH 7 650 -1.25V vs SHE ~100% _ 160,000 (60 2,700 31
h)

-2.14V vs Fc*/Fc _ 15.44
8 CH3CN (0.1 M nBusNPFe) 740 90% _

(HOAC) (3h) 2

-1.5V vs SHE B 7000
8 1 M phosphate buffer, pH 7 550 95% _

(H20) (18 h) 2

-2.14V vs Fc*/Fc _ 14.35
9 CH3CN (0.1 M nBusNPFe) 690 75% -

(HOACc) (3h) 2

-1.5V vs SHE B 6000
9 1 M phosphate buffer, pH 7 700 95% _

(H20) (18 h) 2

-2.14V vs Fc*/Fc _ 14.7
10 CH3CN (0.1 M nBusNPFe) 240 75% _

(HOACc) (3h) 33

-1.5V vs SHE _ 5680
10 1 M phosphate buffer, pH 7 650 95% _

(H20) (17 h) B33

-2.11 V vs Fc'/Fc
12 CH3CN (0.1 M nBusNPF, 20 50% - 24 (3h

5CN ( nBusNPFe) (HOAC) o (3h) - (341
14 CH3CN (0.1 M nBusNPFe) 480 B B B B B (352]
15 CH3CN (0.1 M nBusNPFe) 590 _ _ _ _ 3,420 €]
16 0.1 M Phosphate buffer, pH 7 680 -1.1V vs SHE 9 + 33/(-11V) 390 (1h) -

4%

N: overpotential; Potential: applied potential (V vs SHE); FE: Faradaic efficiency
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Table 3. Photocatalytic Hz production by complexes 1-16.

WILEY-VCH

Cat Solvent (Catl PH Light TE:rie Amo:znt o (mo;rl(-:l)zN(mol (mol l-lrzo(:wol cat Ref
cat)") h"
1a 1 M phosphate buffer 50 mM 7 > 455 nm 8 0.42 mL _ _ 22]
1a 1 M phosphate buffer 20 mM 6 520 nm 13 _ 290 22 122
1b 1 M phosphate buffer 50 mM 7 > 455 nm 8 0.50 mL _ _ 201
1b 1 M phosphate buffer 20 mM 6 520 nm 13 _ 300 23 1201
1c 1 M phosphate buffer 50 mM 7 > 455 nm 8 0.25 mL _ _ 201
2a H20 20 mM 4 520 nm 13 _ 1630 125 23]
2b H20 20 mM 4.5 520 nm 13 _ 1390 106 23]
2c H20 5mM 4.1 LED 385 nm 15 69 mmol 1380 920 26]
2c H.0 0.1mM 4.1 LED 385 nm ~ ~ 10,800 ~ 6]
2c H20 1mM 5 LED 470 nm 11 290 mmol 33,300 5900 139
2c H20 100 mM 5 LED 470 nm 35 970 mmol 1,080 70 139
3a H20 20 mM 55 452 nm 8 40 mmol 190 _ [242]
3b H20 20 mM 5.5 452 nm 8 90 mmol 450 _ [242]
3c H20 20 mM 55 452 nm 8 40 mmol 170 _ [242]
4a H20 5mM 4.1 LED 385 nm 40 59 mmol 1180 _ 26]
4b 1 M acetate buffer 50 mM 4 > 400 nm 1 45 mmol 187 486 27]
6a H20 50 mM 4 400-700 nm 3 0.165 mL _ _ 291
6b H20 50 mM 4 400-700 nm 3 0.0305 mL _ _ 291
6¢c H20 50 mM 4 400-700 nm 3 0.114 mL _ _ 291
6d H20 50 mM 4 400-700 nm 3 0.123 mL _ _ 291
6e H20 100 mM 4 400-700 nm 4 0.725 mL 59 _ (501
6f H20 100 mM 4 400-700 nm 4 0.769 mL 63 _ (501
6h H20 100 mM 4 400-700 nm 4 0.853 mL 70 _ (501
6i H20 100 mM 4 400-700 nm 4 0.834 mL 68 _ (501
6j H20 100 mM 4 400-700 nm 4 0.717 mL 59 _ (301
6k H20 100 mM 4 400-700 nm 4 0.753 mL 61 _ (501
13 CH3CN/H20 (1:3) 100 mM 10 > 400 nm 4 105 mmol 210 _ (352
14 CH3CN/H20 (1:1) 0.1 mM 10 > 400 nm 4 145 pmol 290 _ (35]
15 CH3CN/H20 (3:7) 50 mM 11.9 LED 447 nm 1.5 3.2mL 690 _ (361
16 1.1 M acetate buffer 1 uM 45 400-700 nm 22 _ 1660 5400 28]

4. Hydrogen Production by Molecular Cobalt
Complexes with Pentadentate Ligands from
Zhao’s Lab

Inspired by the good solubility and stability of Co complexes with
polypyridine ligands in aqueous solutions, a series of Co
complexes active for electro- and photocatalytic hydrogen
production have been synthesized and studied in Zhao’s lab in
collaboration with Webster, Schmehl, and Fujita for detailed
computational and experimental mechanistic studies of HER
since 2012 (Figure 3).k% Figure 4 shows the X-ray crystal
structures of 17, 19, 20, and 22. The redox properties,
electrocatalytic, and photocatalytic activities for HER were
summarized in Tables 4, 5, and 6, respectively.

4.1. Co Complexes with Aminopyridine Ligands

The Co complexes 17a and 17b with the aminopyridine ligand,
DPA-Bpy (DPA-Bpy = N,N-bis(2-pyridinylmethyl)-2,2 * -
bipyridine-6-methanamine), were reported by our group in 2012
for electro- and photolytic water reduction.“%a While the DPA-Bpy
ligand was initially designed for the oxidation of water by
[Ru(DPA-Bpy)(OH_2)]?*, the Co complexes of DPA-Bpy ligand, 17a
and 17b, were synthesized and tested for their activities on the
reduction of water to hydrogen.?? 41 In pH 7 phosphate buffer,
complex 17b displayed three redox couples at —0.15, —0.84, and
—-0.96 V (vs SHE), assignable to the Co"™, Co"", and Co"-H/Co'—
H couples, respectively (Table 4). An overpotential of 600 mV for
HER was determined for 17b in pH 7 phosphate buffer.
Electrolytic hydrogen production through bulk electrolysis at —1.4
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V (vs SHE) by 17b at pH 7 was achieved with a FE of 99% and a
TOF of 1400 L H, (mol cat)™" h™'. Under optimal conditions, light
driven proton reduction was achieved with a TON over 4400 and
a TOF of 4000 mol H, (mol cat)™" h™" in the presence of 0.5 uM
17b, 0.1 M AA, and 0.5 mM PS1 in 1 M acetate buffer at pH 4.
The decomposition of both catalyst and photosensitizer occurred
during the photocatalytic H, evolution, and the dissociation of Co
metal from ligand scaffold may account for the catalyst
deactivation.

n+
L —‘ n+ i —‘
_— = ] =
N7, N I N7, N |
§ ”“Co""“" S /Co\\“ /
— :
B R [N LI
= N I — N 4
4 — z ‘ c—
X ‘ A
17an=1,L=CI 18an=1,L=CI 19an=1,L=CI

17bn=3,L =0OH, 18bn=3,L=0H, 19bn=3,L=0H,

20an=1,L=CI
20b n=3,L=0H,

21an=1,L=CI
21bn=3,L=0H,

22an=1,L=CI
22bn=2,L=0H,

Figure 3. Co complexes with pentadentate ligands from Zhao'’s lab.

Figure 4. The X-ray structures of the cationic forms of 17, 19, 20, and 22.

To study the possible electronic effects of ligand scaffold on HER
activity and to further improve the proton reduction activity of 13b,
new complexes 18a and 18b were synthesized by replacing the
equatorial pyridyls with more basic isoquinoline groups.?!
Electro- and photocatalytic H, production by 18b indicated a
significant activity improvement with a lower overpotential, higher
TON and TOF in neutral conditions possibly resulting from the
more stable low-valent Co centers. In pH 7 phosphate buffer, the
Co'"" and Co'"-H/Co'"-H couples were observed at -0.73 V and —
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0.82 V (vs SHE), respectively, the shift to more positive potentials
of 18b than those of 17b could possibly result from the more
stable low-valent Co centers by the more conjugated isoquinoline
groups. Compared to 17b, the electrolytic HER by 18b at pH 7
occurs at an overpotential of 530 mV (600 mV for 17b) with TONs
of 890 at an applied potential of -1.4 V vs SHE (400 for 17b) and
300 at —1.2 V vs SHE (30 for 17b). Besides, 18b lasts for more
than 5 h in the bulk electrolysis while 17b is only active for 3 h at
an applied potential of —1.4 V vs SHE. Complex 18b exhibited the
best activity at pH 5 for photocatalytic proton reduction, with a
TON of 1690 at 5 yM 18b. In 1 M phosphate buffer at pH 7, 18b
displayed activity for photocatalytic H, production with a TON of
830 which is more than two times of that produced by 17b (390)
under the same conditions, demonstrating 18b is more active than
17b for photocatalytic water reduction in neutral aqueous
solutions. The decomposition of catalysts 17b and 18b was also
observed under the photolysis conditions.

Our studies of 17b and 18b motivated the design and syntheses
of complexes 19 and 20 by replacing the axial pyridyl in 17b with
isoquinoline group to further explore the electronic and steric
effects on HER.10° The experimental results indicated that there
is significant activity difference between 19 and 20 even though
there is a slight structural difference on the position of the
isoquinoline moiety. The X-ray crystal structures confirmed a
planar bpy unit in 19 and a nonplanar bpy unit in 20. In pH 7
phosphate buffer, complexes 19b displayed redox potentials at
-0.93 V and -1.04 V, while 20b showed redox events at -0.64 V
and -0.78 V (vs SHE), assignable to the Co'"' and Co'"'-H/Co"-H
couples, respectively. Although there exist much different
potentials between 19b and 20b, both complexes catalyze
electrolytic HER at similar overpotentials, suggesting that there is
no direct correlation between the redox potentials of Co centers
and the overpotentials for electrolytic HER. A higher Faradaic
efficiency of 98.2% for 19b was determined compared to that of
90.3% for 20b. Electrolytic HER occurs with TONs of 300 and 110
for 19b and 20b, respectively, after one-hour bulk electrolysis at
—1.4 V vs SHE in pH 7 phosphate buffer, demonstrating that 19b
is about 3 times as active as 20b under the same conditions. For
photolytic HER using PS1 as photosensitizer and AA as electron
donor, complex 19b showed the best activity at pH 4, while 20b
was the most active at pH 5. In pH 4 acetate buffer, 19b (TON:
6980) was about 32 times as active as complex 20b (TON: 220)
in photolytic HER. Furthermore, 19b (TON: 220) was 7 times
more active than 20b (TON: 30) in neutral conditions for
photocatalytic H, production. Therefore, the activities of both
electro- and photolytic HER confirmed that 19b with a planar bpy
unit is much more active than 20b with a distorted bpy unit.
Besides, light driven hydrogen production by complex 19b also
displayed better activity than 17b under the same conditions. Our
studies of complexes 17-20 suggest that a conjugated and planar
bpy unit and its isoqunoline analogue may play a key role in
controlling the redox and catalytic properties of cobalt complexes
for HER. The conjugated bpy unit, as an important structural
feature for HER, could possibly contribute to the stabilization of
the low valent Co' species through n-back bonding between Co
and the bpy unit.#%¢ 42 While 17-20 display vast different redox
and catalytic properties for HER, all complexes exhibit similar
stability (2-3 hours) under photolytic conditions since all Co
complexes contain the same ligand scaffold derived from DPA-
Bpy.
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4.2. Co Complexes with a Macrocyclic Ligand

In 2019, we reported the synthesis of Co complexes 21a and 21b
with a macrocyclic pentadentate ligand for proton reduction in
aqueous solutions.“* This macrocyclic ligand of 21 was
attempted as a cage to prevent the dissociation of Co ion under
catalysis conditions. However, complex 21b exhibited much lower
electro- and photocatalytic activities than 17b, 18b, and 19b. The
most negative redox potentials at —1.19 and —1.26 V vs SHE for
the Co" and Co"-H/Co'-H couples, respectively, of 17b in
comparison to complexes 17-20 were observed. Electrolytic
proton reduction at —1.4 V (vs. SHE) in pH 7 phosphate buffer by
21b only gave a TON of 140. Complex 21b also displayed much
lower activity for photocatalytic water reduction with a TON of 100
compared to 17b, 18b, 19b under neutral conditions. The best pH
for photolytic water reduction by 21b was found to be at pH 6
(TON: 200). In comparison to 17b, the decreased HER activity of
21b could possibly originate from the addition of one more amine
group, which may be responsible for the decreased activity of 21b
for HER.

4.3. Co Complexes with a Pentapyridine Ligand

Our studies of complexes 17-20 suggested that the dissociation
of the Co ion, possibly Co' species, from the ligand scaffold is
responsible for catalyst decomposition during H, production under
catalysis conditions.®% 4% The tertiary amine group(s) in DPA-
Bpy and the macrocyclic ligand of complex 21 could possibly
contribute to the dissociation of Co ion during catalysis. Co
catalysts based on only pyridine ligands generally display higher
stability, especially for photolytic HER, than those containing
more tertiary amine groups. We expected that the replacement of
the tertiary amine group in 17b with a softer pyridine group may
stabilize the low valent Co' species during catalysis. Recently, we
reported the synthesis, characterization, and activity studies of
new Co complexes 22a and 22b.“%! Complex 22b shows the Co'"!
and Co"-H/Co"—H redox events at —1.19 V and —1.26 V vs SHE,
respectively, in pH 7 phosphate buffer. Electrolytic HER by 22b
occurs at an overpotential of 586 mV. Bulk electrolysis at —-1.3 V
vs SHE for 20 h in neutral aqueous solutions demonstrated that
22b (TON: 266,300) is about 4 times more active than that of 13b
(TON: 54,200). Photocatalytic hydrogen production by complex
22b was achieved with a TON of 15,000 in neutral conditions.%l
Furthermore, complex 22b exhibited the best activity at pH 7 and
showed continuous H, production over 2 days, while complex 17b
only lasted for 3 hours with a TON of 450. Therefore, complex 22b
displayed 5 and 15 times as active as complex 17b for electro-
and photolytic H, production in neutral aqueous solution,
respectively. With respect to 17b, the substitution of amine with a
softer pyridyl group, in combination with a conjugated bpy unit,
does indeed improve the stability and activity of 22b for both
electro- and photolytic HER.
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Table 4. Experimental redox potentials (in V vs. SHE) of complexes 17b—-22b
in 1.0 M pH 7.0 phosphate buffer.

Cat (Co'Mya (Cop (Co"—H/Co'-H)> Ref
17b 0.15 -0.84 -0.96 [40a]
18b 0.14 -0.73 -0.82 [406]
19b 0.11 -0.93 -1.04 140c]
20b 0.12 -0.64 -0.78 140c]
21b 0.10 -1.19 -1.26 40d]
22b - -0.70 -1.14 [40e]

aGlassy carbon electrode. ®Mercury drop electrode.

Table 5. Bulk electrolysis of cobalt complexes 17b—22b for electrolytic Hz2
production in pH 7.0 phosphate buffer.

cat n Potential FE [cat] TON Ref
176 500 1.4 99 + 1 50 uM 400 (1 h) 140a]
-1.3 98 +2 1 uM 54200 (20 h)
18b 530 -1.4 99+ 1 50 uM 890 (1 h) 400]
19b 735 -1.4 98.2 50 yM 300 (1 h) [40c]
20b 735 -1.4 90.3 50 yM 110 (1 h) 140c]
21b 610 -1.4 96.7 50 uM 140 (1 h) 14od)
22b 586 -1.3  975%05 1pM 26630)0 (20
h

N: overpotential (mV); Potential: applied potential (V vs SHE); FE: Faradaic
efficiency.

Table 6. Photocatalytic Hz production by complexes 17b—22b in the presence
of 0.1 M AA and 0.5 mM PS1.

Cat Electrolyte [Cat] pH TON Ref
17b 1 M acetate buffer 0.5 uM 4 4400 (3h)  wod
1 M phosphate buffer 5uM 7 390 (3h)

18b 1 M phosphate buffer 5uM 7 830 (3h) [406]

19b 1 M acetate buffer 0.5 uM 4 6980 (3h)  10d

20b 1 M acetate buffer 0.5 uM 4 220 (3h) [40c]

21b 1 M phosphate buffer 5uM 7 100 (3h) 140d]

22b 1 M phosphate buffer 0.5 uM 7 15000 (2d)  [“oel
5. Mechanistic Studies for Hydrogen
Production by Co Complexes with

Pentadentate Ligands
5.1. Electrolytic Hydrogen Production

Both mononuclear and binuclear pathways have been proposed
to account for H, evolution catalyzed by molecular Co
complexes.*® Scheme 1 shows one pathway for the aqueous
hydrogen production catalyzed by cobalt complexes (Co"'-OH,
species) via a modified electron transfer (E)-proton transfer
(C)—electron transfer(E)-proton transfer (C) (mod-ECEC)
followed by the heterolytic coupling of protonated Co''-H species
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to generate the H, molecule.[129: 16¢. 441 |n the modified ECEC
pathway, Co'"-OH is first generated via the deprotonation of
Co'"'-OH,, and a 1e/1H* PCET process of Co"'-OH produces the
Co"-OH, species. The subsequent formation of Co' and
Co'"-H species has been suggested as critical
intermediates involved in Hy production. %]

My

CooHy——2—~ coll.om
A

. PCET
H20
Moo N/
2 ‘> co' Co'-OH,
+ g
H' H0 | Hs H,

) H', H,0
C‘OIH-H —e>C0"-H

Scheme 1. Pathways of aqueous hydrogen production catalyzed by cobalt
complex.

Formation of Co' Intermediate. By employing transient pulse
radiolysis, Fujita and coworkers examined the individual steps of
proton reduction and characterized the key intermediate (Co' and
Co'"'-H) species during the process of H, production by complex
17b.1*%1 The exposure of aqueous solution of the Co'"-OH form of
complex 17b to e, at pH 12.5 leads initially to the formation of
Co' species with a rate constant of 7 x 10° M-! s*'. The absorption
of Co' species at 650 nm suggests the electron density is mainly
localized on the Co center. DFT computations of 17b and its
derivatives suggested that a transient [Co'(k*-L)(OHa)]*
intermediate may also be involved in the formation of the penta-
coordinated Co' species.*0¢ 4% |t is worth noting that possible
conversion between the square pyramidal triplet 3Co' and the
trigonal bipyramidal singlet 'Co' species could exist in the
aqueous hydrogen production catalyzed by cobalt complex 17b.
Formation of Co-hydride Intermediate. The structures of three
Co'"'-H species of [CpX(®BUP)2(P"N)2)Co"-H](BF4) (X = H, CsFs and
CsF4N), obtained by the direct protonation of the related Co'
species, have been reported and characterized by single crystal
X-ray crystallography.®#8l The decay of the Co' species of 17b
occurs at a rate of (1.9 + 0.3) x 10* s™' accompanied with the
formation of the Co'"-H species which shows an absorption
maximum at 370 nm. The pK, of the Co"-H species was
calculated to be 214, consistent with the value of 13.9 predicted
from the DFT computations. By utilizing nanosecond time-
resolved infrared (TRIR) spectroscopy, a later study by Fujita’s
group allowed unambiguous assignment of the transient species
as Co'"'-H based on the isotopic shift of the v(Co-H) stretching
frequency (vi/vp = 1.4).147]

The decay of the Co' species of 17b is independent of proton
concentration from pH 3 to pH 12.5, suggesting that the
protonation of Co' is not a rate determining step, and a rate
determining reaction must occur before the formation of Co'"'-H.
The Co' species of 17b must undergo some structural change
prior to accepting the proton and this structural transformation
represents the rate determining step (RDS) in the overall
formation of Co"-H intermediate. This RDS may originate from
the slow removal of a solvent ligand in the intermediate and the
significant inner- and outer-sphere reorganization energies
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predicted from DFT computations.*%d A recent study by Luber,
Llobet, Gimbert-Surifiach and coworkers on the hydrogen
production catalyzed by cobalt tetraazamacrocycle complexes
[Co(RN3Py)Cl2]* (R = H, CH2OH. N3Py = 2,12-dimethyl-3,7,11-
triaza-1(2,6)-pyridinacyclododecaphane-2,11-diene)  suggests
that the formation of Co"'-H via the protonation of Co' species is
the rate-determining step in electrolytic hydrogen production.®®!
The formation of Co"'-H via the protonation of Co' species as the
rate-determining step was also presented in electrolytic hydrogen
production catalyzed by the CHs;CN-bound form of 1a in
CH3CN.B9 Furthermore, the Co"'-H intermediate of 17b is stable
atpH 12.5 for atleast 5 s, suggesting that H, production is unlikely
to occur via the reaction of two Co''-H species in a bimolecular
fashion. Therefore, from pulse radiolysis experiment, the kinetic
formations of Co' and Co"-H intermediates have been
characterized during electrolytic H, production by complex
17b.140d]

Hz Evolution. DFT computations of HER by complexes 17-22
have suggested that the protonation of one equatorial pyridine in
the Co"-H species leads to the formation of the dissociated
protonated pyridine Co'"-H (ligand-protonated Co" hydride)
species, and subsequent heterolytic coupling of the proton from
the dissociated pyridine with the hydride forms the H-H bond and
releases an H; molecule. Relatively high free energies of
activation indicate no H-H bond could be formed via the
unfavorable heterolytic coupling of Co''-H species (Scheme 1).
The H-H bond formation via the intramolecular proton-hydride
heterolytic coupling in ligand-protonated Co" hydride has been
suggested as the rate determining step in the electrocatalytic Ha
evolution by [Co(bapbpy)CI]* (bapbpy: 6,6'-bis(2-aminopyridyl)-
2,2"-bipyridine) with HBF4 used as the proton source, because the
effect of the concentration of catalyst on the catalytic midwave
potential and the effect of concentration of acid on catalytic
current were not observed.“4

5.2. Photolytic Hydrogen Production

The general photocatalytic hydrogen production pathways can be
divided into two quenching pathways (Scheme 2): oxidative
quenching where the generated excited photosensitizer (PS*)
from light absorption is oxidized by Co catalysts, and the reductive
quenching where PS* is reduced by electron donor.
Photocatalytic systems using PS1 as photosensitizer and AA as
electron donor generally occur via the reductive quenching
pathway. When AA is used as electron donor, the oxidized
product of AA, namely DHA (dehydroascorbic acid), can self-
inhibit AA-driven photocatalysis by back electron transfer
between [Ru(bpy)z(bpy)]* and DHA.B® The addition of tris-(2-
carboxyethyl)phosphine (TCEP) has been shown to improve
overall photolytic HER activity by reducing DHA back to AA.[3% 50
Mechanistic studies for photolytic hydrogen production by 17b
were carried out by the groups of Schmehl and Fujita to
characterize the key Co' and Co'"-H intermediates for hydrogen
production by flash photolysis spectroscopy.#®? Upon light
absorption, the excited state of PS1 was reductively quenched by
AA with a rate constant of 1.0 x 107 M~" s™" at pH 4, and the charge
separation yield to generate the reduced [Ru(bpy)s]* is 0.78. At
pH 4, the rate constants for the reduction of the Co" and Co'"
species by [Ru(bpy)s]* were determined to be 5 x 10° M~' s™' and
4.9 x 10° M™" s7', respectively, near the diffusion limit with an
approximate efficiency of over 90% for the reduction of cobalt.
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The overall quantum yield for H, production was measured to be
0.07 at pH 4, suggesting an efficiency of 46% for H, production
from the reaction of Co' species with water.[“0f]

CO"
o'

- Reductive
Quenching

Oxidative
Quenching

D
ps* \Q D+
Ps* hv PS
D%\ PS /ﬁo”
Scheme 2. Oxidative quenching (left) and reductive quenching (right)
pathyways for photolytic hydrogen production.

C
S

Photolysis study by Fujita and coworkers has also confirmed the
formation of the Co and Co"-H intermediates during
photocatalytic Hz production by complex 17b.14%1 The decay of the
photogenerated [Ru(bpy)s]* species was accompanied with the
formation of Co' species, which decayed to another species with
weak absorbance at ~370 nm attributed to the Co'-H
intermediate. The apparent lifetime of the Co' species was
determined as 30 ps (k = 3.3 x 10* s, consistent with that from
pulse radiolysis study.

The Co' intermediate of 17b produced during aqueous
photocatalytic HER was also characterized by X-ray transient
absorption spectroscopy (XTA) and optical transient by Wu and
coworkers in 2016.44 Structural analysis from the X-ray
absorption near-edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS), as well as DFT computations
revealed the Co' species as a penta-coordinated Co center with
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significant Co—-N bond contraction of 0.09 + 0.03 A with respect to
its Co" analogue. Such bond contraction from Co" to Co' species
suggested the stabilization of the Co' intermediate due to the
metal-to-ligand 1 backbonding.

Long, Chang, Castellano and coworkers reported the detection of
an active Co' species of 2a displaying a weak and broad
absorption band between 450-700 nm during photolytic HER.?%!
Using time-resolved Co K-edge X-ray absorption spectroscopy,
Smolentsev and coworkers reported the characterizations of the
Co' intermediate of catalyst 2¢ during photolytic HER.[5' Upon
reduction, the pyridine group in the hexa-coordinated high-spin
Co' form dissociates to yield the intermediate Co' species as a
tetracoordinated Co center with a square-planar geometry. The
resulting pyridinium from the protonaton of the dissociated
pyridine group was proposed as an active intramolecular proton
donor to facilitate the formation of Co-H intermediates and
subsequent H-H bond formation. !

5.3. Deactivation of Catalyst

Besides the dissociation of cobalt ion from the ligand scaffold, the
decay of Co' intermediate*?! and the formation of metallocycle
byproducts via ligand intramolecular metalationt0¢ 40 521 were
proposed as the possible reasons of the deactivation of cobalt
catalysis in hydrogen production. The various protonation of Co'
species of a cobalt polypyridyl complexes [Co(Py3Me-Bpy)l?*
(22b) is illustrated in Scheme 3. Instead of direct protonation of
the Co' metal ion to form the Co'"-H species, multiple other
protonation could also occur in the penta-coordinated Co' species.
The more favorable protonation on the axial pyridine N° to form a
metallocycle Co"' species byproduct (Co"-N°H, —8.0 kcal mol™,
Scheme 3) compared to the formation of the Co'"'-H species (-
4.5 kcal mol!, Scheme 3) may explain the observed decreased
activity of 22b in photocatalytic H, production at low pH solutions.

—4.5
W TS-Co-H-N'H
L AG#=23.5
Co-N'H
21.0
W TS-Co'-H-N3H
k. AGI=27.9
Co'-N3H
26.2
TS-Co-H-N*H-1
H* TS-Co'-H-N*H-2 AGY=20.9
- AGH=1.1
Col-N4H
alivcycl
metallocycle 2
W
S 2+
I N ~ |
CoM-N5H ;N -

£-8.0

~/h
metallocycle

Scheme 3. Protonation pathways of singlet Co' species. Energies are given in kcal/mol. Adapted with permission from reference.*°®! Copyright 2020 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.
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Scheme 4. DFT proposed pathways from the aqueous Hz generation by heterolytic coupling of protonated Co''-H. Energies are given in kcal/mol. Reprinted with
permission from reference.®% Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The analogous favorable formation of a metallocycle Co'"' species
byproduct upon the protonation of Co' species are also shown in
other cobalt polypyridyl complexes, and the relative energetic
differences between the favorable formation of the unreactive
metallocycle complex compared to active Co"-H intermediate
could address the catalytic activities of the cobalt polypyridyl
complexes. The relatively high Gibbs free energies of activation
for the transfer between the protonated equatorial pyridine and
Co'"'-H species could also decrease the activity. The various
pyridine ligand protonation and formation of metallocycle
byproducts finally lead to catalyst deactivation.

Another interesting finding that may also lead to catalyst
deactivation is the protonation of the Co"-H species (Scheme 4).
Once the Co''-H species was formed by the electron transfer to
Co"-H species, multiple protonation could also occur in the
octahedral Co'"-H species. The H-H bond formation could be
easily accomplished by the equatorial pyridine ligand-protonated
Co'-H species. The Gibbs free energies of activation for proton-
hydride heterolytic coupling in Co'-H-N'H, Co"-H-NH, and
Co''-H-N*H are 10.9, 13.0, and 11.8 kcal mol' (Scheme 4).

The deactivation of water reduction Co complex
[Co"(L")(pyr)2]PFs ( (LY?* = bis-amido pyridine ligand, pyr =
pyrrolidine) through valence tautomerism was investigated by
Verani and coworkers.®® They confirmed that there is a
tautomeric equilibrium between metal-reduced [Co'(L")]" and
ligand reduced [Co'(L")]” species. The metal-reduced [Co'(L")]”
could result in the formation Co"'-H for catalysis while ligand
reduced [Co'(L')]” would lead to ligand protonation and
deactivation of catalyst in the end.

6. Summary and Outlook
There is an urgent need to realize an efficient and low-cost

approach for H; production to meet our future energy
demands and to reduce current dependence on fossil fuels.

Considerable efforts have been devoted to the development
of novel cobalt catalysts for hydrogen production in
aqueous solutions. There have been tremendous
progresses in developing molecular metal catalysts for HER,
especially those based on first-row transition metals. While
one class of molecular metal catalysts may be superior to
others on certain properties for HER, catalysts that display
all the desired properties for future applications are still
missing.l'2d. 12i. 541 |n comparison to other types of metal
complexes, the described Co complexes in this Minireview
are generally more soluble and stable for HER in aqueous
solutions, and the catalyzed HERs occur in acidic or neutral
solutions. The structure-function studies discussed above
have provided important insights into the factors controlling
the properties of HER. Ligand scaffolds that enable a
distorted octahedra geometry, contain redox active, and
conjugated moieties have been shown to be favorable for
HER by their corresponding Co complexes. The
dissociation of one of the coordinating groups from Co
center has also been demonstrated during catalytic HER,
and such ligand dissociation may be important feature to
consider for future ligand design. Efforts to stabilize the low
valent Co' species under catalysis conditions have shown
to be an effective strategy to improve the activity and
stability of catalysts, resulting in higher TONs for HER.

Despite the encouraging progress in this field, there still
remain significant challenges in discovering cobalt
catalysts suitable for future hydrogen production. The
reported Co complexes catalyze HER with overpotentials in
the range of 420-735 mV, which has to be decreased to be
practical for future applications. The tuning of the hydride
donor ability of transition—metal hydride may help to develop Co
catalysts for HER with low overpotentials.®® Another major
issue is the robustness of Co catalysts under catalysis
conditions, strategies to prevent the dissociation of Co ions
during catalysis may be the key to improve catalyst stability.
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The introduction of outer coordination sphere as proton relay
may enhance the catalytic rates for hydrogen evolution, as has
been demonstrated in natural hydrogenases and a number of
synthetic catalysts.[5*> 5¢1 Furthermore, the oxidation of water
to oxygen has been studied in a wide range of pHs from
acidic to basic solutions. While the reported Co complexes
display higher HER activities at acidic or neutral pHs,
molecular Co catalysts that are more active at basic
solutions may also find applications in the overall water
splitting reaction by coupling to water oxidation catalysts
that are active at basic pHs.
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Recent research on electro- and photocatalytic hydrogen production by Co complexes with pentadentate ligands were summarized.
The structure-function relationships of the described Co catalysts were analyzed to provide insights into the details of hydrogen

evolution and to facilitate the discovery of new catalysts for future practical applications.
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