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Abstract: Hydrogen production from sunlight and water repre-
sents 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 photocatalytic production of hydrogen. Among the
\reported catalysts, molecular cobalt complexes have received

special attention for hydrogen production over the past years.
In this review, the recent progresses for electro- and photocata-
lytic 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 investi-
gations as well as future directions for hydrogen production by
Co complexes are also discussed. Y,

1. Introduction

A continuous energy support, currently based mainly on fossil
fuels, is critical to maintain our rising living standards and socie-
tal development for the future. The environmental issues result-
ing from the consumption of fossil fuel 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.["! Although the use of
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 oxid-
ation 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]-
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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 pro-
tons to hydrogen reversibly at high rates (9000 s~') with nearly
no overpotentials.™ Such unsurpassed activity of [FeFe]-hydro-
genases relies on the uniqueness of the active site cofactor,
known as the H-cluster, consisting of a cuboidal [Fe,S,] 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 [one in proximal
(Fep) and the other one in distal (Feq) position relative to the
cluster] connected by a bridging azapropanedithiolate (adt)
group, and the irons are coordinated by carbonyl and cyanide
ligands. CO and CN~ are strong m-acceptor ligands; and, there-
fore, they can stabilize the low oxidation states of Fe center by
metal-to-ligand backbonding.!! 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 cen-
ters.”! The stabilized Feq with an open coordination site is re-
sponsible 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 pro-
ton reduction cycle: the active “oxidized” state H,, with [Fe'Fe']
connected to [Fe,S,]?*, the active “reduced” state H,.q with
[Fe'Fe'] connected to [Fe,S41%", and the active “super-reduced”
state Heq With [Fe'Fe'] connected to [Fe,S,]*.[®! Similar transi-
tions could be observed in different [FeFe] hydrogenases with
different potentials.' In the [FeFe] hydrogenase from Desulfo-
vibrio desulfuricans (DdH) bacteria, the transition from Hg, to
H,eq happens at a midpoint potential around -400 mV and the
following irreversible reduction from H,.yq to Hgeq Occurs at
-540 mV at pH 8."" Apfel and co-workers reported a possible
catalytic mechanism for hydrogen production catalyzed by
[FeFe] hydrogenase.®! H,.y was formed from H,, through a
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proton coupled electron transfer (PCET) to the [Fe,S,]%* cluster.
The subsequent PCET process leads to instant proton reduction
and the formation of a highly reactive apical hydride, Hyq,
which can react with a proton to generate H, heterolytically.
Upon H, release, the resulting H,,H state loses a “regulatory”
proton to form Hg, for the next catalytic cycle. An alternative
pathway involving the participation of Hy.q is also possible in
the catalytic cycle for H, evolution./"!
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Figure 1. Active sites of the classic hydrogenase enzymes.

Inspired by natural hydrogenases, synthetic metal com-
plexes, especially those based on earth abundant elements,
have been developed to mimic the HER activity and to under-
stand the mechanisms of catalytic HER by hydrogenases.[?
Catalysts based on metal-organic frameworks (MOFs)!"3! and
nanomaterials!’? have also been reported for hydrogen evolu-
tion. The advantages of molecular metal complexes in exploring
the structure-function relationships and elucidating mechanis-

tic details of HER have been demonstrated.['29! 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 years for electro- and photocatalytic
HER, especially in aqueous solutions.!'215-16]

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 overpo-
tentials in solutions over a wide range of pHs and temperatures,
and no hazard to the environment. The electrocatalytic proper-
ties and activities of HER catalysts can be evaluated based on
parameters such as the overpotential (1), Faradaic efficiency
(FE), turnover number (TON), turnover frequency (TOF), and sta-
bility. Cyclic voltammetry (CV), square-wave voltammetry
(SWV), linear sweep voltammetry (LSV) and bulk electrolysis
(BE) are common techniques used to characterize the electro-
chemical properties of HER catalysts, including the redox poten-
tials, overpotential, and Faradaic efficiency for HER.'”!

For a typical light driven HER, three components are gener-
ally required: a photosensitizer such as [Ru(bpy)s]>* (PS1),
[Ir(ppy),bpyl* (PS2), or [Re(py)(bpy)(CO)sI* (PS3) for light ab-
sorption and electron transfer, a catalyst for water reduction,
and a sacrificial reagent such as ascorbic acid (AA), triethyl-
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amine (TEA), or triethanolamine (TEOA) serving as the electron
donor. Mixed solvents such as CH3;CN/H,0 have also been used
in photocatalytic HER due to the poor solubility of catalysts in
water."® Higher activity and stability for proton reduction using
quantum dots," nanowire!?%, or organic dyes as photosensitiz-
ers?' 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, molec-
ular Co complexes with pentadentate ligands, with one site
open for substrate binding and activation, have been devel-
oped over the past decade for electro- and photocatalytic
hydrogen evolution. A series of Co complexes with pentaden-
tate ligands reported by different research groups are pre-
sented in Figure 2. Their redox potentials, electrocatalytic activi-
ties, and photocatalytic properties for hydrogen production are
summarized in Table 1, Table 2, and Table 3, respectively. The
related discussions are introduced in the following sections.

3.1. Co Complexes with Pentapyridine and Pyridine-
Pyrazine Ligands

In 2011, Chang, Long, and co-workers reported a Co polypyridyl
complex 1a for electrocatalytic hydrogen production in aque-
ous 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 —CF; (1b) led to a 0.16 V anodic
shift to —0.84 V for the Co'"" redox potential and a 0.22 V de-
crease 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-1¢, 1b
demonstrates the highest photocatalytic water reduction activ-
ity with a TON of 300 in the presence of PST and AA in 1.0 m
phosphate buffer at pH 6. The improved HER activity under
both electrocatalytic and photocatalytic conditions by 1b dem-
onstrates the electronic tuning of ligand scaffold as an effective
approach to adjust the water reduction activity.[?%

Complexes 2a and 2b were reported in 2013 by Chang, Cas-
tellano, Long, and co-workers to investigate the effects of
redox-active bpy ligands on electrocatalytic and photocatalytic
proton reduction.”3 In comparison to 1a, both 2a and 2b
showed more positive redox potentials for the Co'' event, sug-
gesting the stabilization of low valent Co' species. Similar to
that of 1a and 1b, the introduced -CF; (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 electrocatalytic HER
activity of 2b probably results from the reduced m backbonding
between Co' and mt* orbitals.[?3! At pH 4 in the presence of PS1
and AA, TONs for photocatalytic 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, re-
spectively.
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Figure 2. Reported Co complexes with pentadentate ligands from other
groups.

Compared to pyridine, pyrazine has lower-energy st* orbitals
which may enhance the formation of the metal-to-ligand back-
bonding and an easily reduced metal center for proton reduc-
tion. A series of Co complexes (3a-3d) with redox-active pyrazi-
nes were investigated for electrocatalytic hydrogen production
in 2015 by Chang and co-workers.*¥ In comparison to the
Co"" potential of 1a in CH5CN, the anodic shifts of 0.25, 0.17,
0.29, and 0.57 V were observed for 3a-3d, respectively. Electro-
catalytic hydrogen production from chloroacetic acid in aceto-
nitrile solution showed that 3b is the most active one by a
factor of ca. 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 3c is the most active catalyst with
350 coulombs of electrons passed for 12 h while 300 coulombs
of electrons accounted for 3b under same conditions. Photocat-
alytic 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 3¢, with TONs of 190 for 3a, 450 for
3b, and 170 for 3¢, even though 3c is faster than 3a and 3b in
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Table 1. Experimental redox potentials of complexes 1-16.2

Cat. Electrolyte Co' Co' Co"° or Ligand-based Ref.
1a CH5CN (0.1 M nBu,NPFy) 0.24 V vs. Fct/Fc -1.47 V vs. Fc*/Fc -2.36 V vs. Fct/Fc 1221
1a 2 m phosphate buffer, pH 7 _ -1.00 V vs. SHE -1.21 V vs. SHE 1221
1b CH3CN (0.1 M nBu,NPFy) 0.34 V vs. Fct/Fc -1.28 V vs. Fc*/Fc -2.21 V vs. Fct/Fc 1201
1b 2 m phosphate buffer, pH 7 _ -0.84 V vs. SHE _ 1201
1c 2 m phosphate buffer, pH 7 _ -1.12 V vs. SHE _ 1201
2a CH3CN (0.1 M nBu,NPFy) 0.235 V vs. Fct/Fc -1.2 V vs. Fc*/Fc -1.786 and -1.94 V vs. Fc*/Fc 23]
2b CH3CN (0.1 M nBu,NPFy) 0.31 VIl vs, Fc*/Fc -1.14 V9 vs. Fc*/Fc -1.706 and -1.86 V!9 vs. Fc*/Fc 23]
2c 0.1 m NaBF, _ -0.67 V! vs. SHE _ 126]
3a CH3CN (0.1 M nBu,NPFy) 0.32 V vs. Fct/Fc -1.22 V vs. Fc*/Fc -1.40 V vs. Fct/Fc 12421
3a 1 m phosphate buffer, pH 7 0.34 V vs. SHE -0.68 Vel vs, SHE -0.76 V€l vs, SHE [242]
3b CH5CN (0.1 m nBu,NPFg) 0.27 V vs. Fct/Fc -1.30 V vs. Fc*/Fc -1.42 and -2.04 V vs. Fc*/Fc [24a]
3b 1 m phosphate buffer, pH 7 0.35 V vs. SHE _ _ [242]
3c CH5CN (0.1 m nBu,NPFg) 0.35 V vs. Fct/Fc -1.18 V vs. Fc*/Fc -1.25 and -1.95 V vs. Fc*/Fc [24a]
3¢ 1 m phosphate buffer, pH 7 0.42 V vs. SHE _ _ 12421
3d CH5CN (0.1 m nBu,NPFg) 0.55 V vs. Fct/Fc -0.90 V vs. Fc*/Fc -1.76 V vs. Fc*/Fc [24b]
4a 0.1 m NaBF, _ -1.1 VP vs. SHE _ [26]
4b CH;CN (0.1 m LiClOy) 0.09 VI vs, Fct/Fc -1.71 VI vs, Fct/Fc _ 1271
5 CH5CN (0.1 M KNO3) ~0.30 VI vs, Fct/Fc ~0.62 Vi vs, Fct/Fc  -1.92 Vi€l vs. Fc*/Fc (28]
6a CH;CN (0.1 m nBu,NPFg) -0.26 VI9 vs, Fct/Fc -1.86 VI9 vs, Fct/Fc _ [29]
6b CH5CN (0.1 m nBuyNPFg) -0.45 VI vs, Fc*/Fc -1.65 VI vs. Fc*/Fc _ (29
6¢ CH5CN (0.1 M nBuyNPFg) -0.43 VI vs, Fc*/Fc -1.63 VI vs. Fc*/Fc _ (29
6d CH5CN (0.1 M nBu,NPFg) ~0.30 V< vs, Fct/Fc _1.84 Vid vs, FctFe 129)
6e CH;CN (0.1 m nBu,NCIO,) -0.28 VIl vs, Fc*/Fc -1.79 Vil vs, Fc*/Fc _ 1301
6f CH5CN (0.1 M nBuyNclO,) -0.19 V@ vs, Fct/Fc -1.72 V4l vs, Fct/Fc _ (30)
69 CH;CN (0.1 m nBu,yNclO,) -0.86 V!¢l vs. Fc*/Fc _ _ 1301
6h CH5CN (0.1 M nBuyNclOy) -0.43 VIl vs, Fc*/Fc -1.80 V¥l vs, Fc*/Fc _ (30)
6i CH;CN (0.1 m nBu,yNclO,) -0.29 V19l vs, Fct/Fc -1.70 V19l vs, Fct/Fc _ 301
6j CH;CN (0.1 m nBu,yNclO,) -0.13 Vil ys, Fct/Fc -1.59 Vidl ys, Fct/Fc _ 30]
6k CH;CN (0.1 m nBu,yNclO,) -0.14 V19! ys, Fct/Fc -1.58 Vil ys, Fct/Fc _ 301
7a THF (0.1 M nBusNPFg) -0.01 V vs. Fc*/Fc -1.69 V vs. Fc*/Fc -2.25 V vs. Fct/Fc B1
7b THF (0.1 M nBusNPFg) _ -1.78 V vs. Fc*/Fc _ B1
7b 1 m phosphate buffer, pH 7 _ -1.22 V vs. SHE -1.40 V vs. SHE 31
7c THF (0.1 M nBusNPFg) _ -1.66 V vs. Fc*/Fc _ B1
7d THF (0.1 M nBusNPFg) _ -1.80 V vs. Fc*/Fc _ B1
8 CH5CN (0.1 M nBu,NPFy) -0.69 V vs. Fc*/Fc -1.99 V vs. Fc*/Fc -2.41 V vs. Fct/Fc 32)
9 CH5CN (0.1 M nBu,NPFy) -0.02 V vs. Fc*/Fc -1.92 V vs. Fc*/Fc -2.39 V vs. Fct/Fc 32)
10 CH5CN (0.1 M nBu,NPFy) -0.75 V vs. Fc*/Fc -1.68 V vs. Fc*/Fc -1.86 V vs. Fct/Fc B33)
11 CH5CN (0.1 M nBu4NPF) -0.57 V¥ vs. Fc*/Fc _ 4]
12 CH3CN (0.1 M nBu,NPF) -0.44 V vs. Fct/Fc _ _ 4]
13 CH5CN (0.1 M nBu,yNPFy) -0.02 V vs. Fc*/Fc -1.43 V vs. Fc*/Fc -2.22 V vs. Fct/Fc [35a]
14 CH5CN (0.1 M nBu,NPFg) _ ~1.60 V vs. Fc+/Fc -1.96 V vs. Fct+/Fc (35b)
15 CH3CN (0.1 m nBuyNPFg) 0.32 VI s, Fc*/Fc -1.50 VI vs. Fc*/Fc -1.89 VI vs. Fc*/Fc 36l
15 H,0 (0.1 m KNOs) _ -1.05 Vi< vs, SHE _ 36l
16 CH3CN (0.1 m nBuyNCIO,) -1.32 VIl vs. SHE -1.87 VIl vs. SHE 138

[a] E(Fc*/Fc) = 0.64 V vs. SHE. [b] From differential pulse polarography, converted from E(Ag/AgCl) = 0.20 V vs. SHE. [c] Converted from E(SCE) = 0.24 V vs.
SHE. [d] Converted from E(Ag/AgNOs (0.07 m in CH3CN)) = 0.54 V vs. SHE. [e] Ep

the beginning. Furthermore, the quantum yields for photocata-
lytic  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 the anation of Co
center accounts for the lower activity of 3c for photocatalytic
hydrogen production.

The research efforts from Chang and co-workers have dem-
onstrated that the electro- and photocatalytic 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 co-workers in 2013. The Co"' redox potentials were ob-
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served at -1.1 V and -0.67 V (vs. SHE) for 2c and 4a, respec-
tively, which are consistent with those reported by Chang.2329!
Photocatalytic hydrogen production with PS3 and AA in ascor-
bic buffer at pH 4.1 generated H, 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 proper-
ties: 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 co-workers reported
another Co complex 4b, and the CV of 4b showed a catalytic
proton reduction wave upon addition of trifluoroacetic acid
(TFA).27) The 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 interme-

© 2020 Wiley-VCH GmbH
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Table 2. Bulk electrolysis of cobalt complexes 1-16 for electrocatalytic H, production.!!

[Current density TOF
Cat. Electrolyte 1 [mV] Potential FE (mA/cm?)] TON (mol H, Ref.
(Proton source) / [Potential (mol cat h)-1)
(V vs SHE)]
la  CHiCN 500 -1.10 V vs Fc*/Fc 100 % _ _ _ 22
(0.1 M nBuyNPFg) (HOAC)
1a 2 m phosphate buffer, 660 -1.30 V vs SHE 100 % 1.5/(=1.00 V) 55,000 >920 1221
pH 7 (H,0) (60 h)
1b 2 m phosphate buffer, 420 -0.96 V vs SHE 95 % _ _ _ 1201
pH 7 (H20)
1b 0.1 m phosphate buffer, pH 7 _ _ _ 0.16/(-0.89 V) _ _ 1201
2a CH3CN (0.1 m nBuyNPFg) 530 _ 90 % _ _ _ 231
2b CH3CN (0.1 m nBuyNPFg) _ _ 90 % _ _ _ 231
3a CH3CN (0.1 m nBuyNPFy) _ -1.40 V vs Fc*/Fc >90 % _ _ _ 1242]
(CICH,COOH)
3a 1 m phosphate buffer, pH 7 ca. 500 -1.00r-12V ca. 100 % 1.1/(=1.2 V) _ _ 1242]
vs SHE
3b  CHsCN (0.1 M nBu,NPFy) B ~1.40 V vs Fct/Fc >90 % _ _ B (242]
(CICH,COOH)
3b 1 m phosphate buffer, pH 7 _ -1.0 or ca. 100 % 1.0/(-1.2 V) _ _ [24a]
-1.2 V vs SHE
3c CH3CN (0.1 m nBuyNPFy) _ -1.40 V vs Fc*/Fc >90 % _ _ _ 1242]
(CICH,COOH)
3c 1 m phosphate buffer, pH 7 _ -1.00r-12V ca. 100 % 0.91/(-1.2 V) _ _ 1242]
vs SHE
3d 1 m phosphate buffer, pH 7 560 -1.3 V vs SHE _ 3.58/(-1.4 V) _ 0.14 57! [24b]
5 phosphate Buffered 840 -1.42 V vs SHE 50 % _ _ 70 57! 128]
MeCN/H,0 (1:1)
7b 1 m phosphate buffer, pH 7 650 -1.25 V vs SHE ca. 100 % _ 160,000 2,700 31
(60 h)
8 CH5CN (0.1 m nBugNPFg) 740 -2.14 V vs Fc*/Fc 90 % _ 15.44 _ 132]
(HOAC) (3 h)
8 1 m phosphate buffer, pH 7 550 -1.5 V vs SHE 95 % _ 7,000 _ 132]
(H,0) (18 h)
9 CH3CN (0.1 m nBuyNPFyg) 690 -2.14 V vs Fc*/Fc 75 % _ 14.35 _ 132
(HOAC) (3 h)
9 1 m phosphate buffer, pH 7 700 -1.5 V vs SHE 95 % _ 6,000 _ 321
(H,0) (18 h)
10 CHsCN (0.1 M nBu,NPF) 240 -2.14 V vs Fct/Fc 75% _ 14.7 _ 331
(HOAC) (3 h)
10 1 m phosphate buffer, pH 7 650 -1.5 V vs SHE 95 % _ 5,680 _ 133]
(H,0) (17 h)
12 CH3CN (0.1 M nBuyNPFg) 20 -2.11 Vvs 50 % _ 24 (3 h) _ 1341
Fc*/Fc (HOAC)
14 CH5CN (0.1 m nBu,NPFg) 480 _ _ _ _ _ (35l
15 CHsCN (0.1 M nBu,NPF) 590 _ _ _ _ 3,420 361
16 0.1 m Phosphate buffer, pH 7 680 -1.1 V vs SHE 99 +4% 3.3/(-1.1V) 390 (1 h) 1371

[a] n: overpotential; Potential: applied potential (V vs. SHE); FE: Faradaic efficiency.

diate. Photoinduced hydrogen production in the presence of
50 um 4b, PS1, and AA at pH 4 was examined with a TON
of 187.271 Like most other reported Co catalysts, the hydrogen
production activity of 4b is mainly limited by the partial decom-
position of photosensitizer and catalyst.

By replacing equatorial pyridine with imidazole, Siewert and
co-workers recently presented the electrocatalytic hydrogen
production activity catalyzed by complex 5 in neutral or acidic
solvent mixtures.?8! 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,0
(1:1).
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3.2. Co Complexes with Aminopyridine Ligands

To investigate the effects of monodentate ligands on the overall
HER activities of Co complexes, the Wang and Blackman groups
reported complexes 6a-6d and 6e-6k in 2014 and 2016, re-
spectively, 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 ac-
tivity in aqueous solutions at pH 4 by 6a-6d with PS1 and AA
were highly affected by the coordination of monodentate li-
gands according to Wang's results.?® The most active one was
6a with a TON of 15 (calculated based on 0.165 mL H, gener-
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Table 3. Photocatalytic H, production by complexes 1-16.

Cat. Solvent [Cat] pH Light Irr. Amount of TON TOF Ref.
Time H, (mol H, (mol H,
[h] (mol cat)™) (mol cat h)™)
1a 1 m phosphate buffer 50 mm 7 > 455 nm 8 0.42 mL _ _ 1201
1a 1 m phosphate buffer 20 mm 6 520 nm 13 _ 290 22 1201
1b 1 m phosphate buffer 50 mm 7 > 455 nm 8 0.50 mL _ _ 1201
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 _ _ 1201
2a H,0 20 mm 4 520 nm 13 1,630 125 (231
2b H,0 20 mm 45 520 nm 13 1,390 106 (231
2c H,O 5mm 4.1 LED 385 nm 15 69 mmol 1,380 920 1261
2c H,0 0.1 mm 41 LED 385 nm B B 10,800 B 26)
2c H,O T mm 5 LED 470 nm 11 290 mmol 33,300 5,900 139]
2c H,0 100 mm 5 LED 470 nm 35 970 mmol 1,080 70 139]
3a H,0 20 mm 5.5 452 nm 8 40 mmol 190 _ [242]
3b H,0 20 mm 5.5 452 nm 8 90 mmol 450 _ [242]
3c H,0 20 mm 5.5 452 nm 8 40 mmol 170 _ [242]
4a H,0 5 mm 4.1 LED 385 nm 40 59 mmol 1,180 _ 1261
4b 1 m acetate buffer 50 mm 4 > 400 nm 1 45 mmol 187 486 (271
6a H,0 50 mm 4 400-700 nm 3 0.165 mL _ _ 129]
6b H,0 50 mm 4 400-700 nm 3 00305 mL  _ B 29)
6¢ H,0 50 mm 4 400-700 nm 3 0.114 mL B B (29]
6d H,0 50 mm 4 400-700 nm 3 0.123 mL _ _ (29]
6e H,0 100 mm 4 400-700 nm 4 0.725 mL 59 _ 1301
6f H,0 100 mm 4 400-700 nm 4 0.769 mL 63 _ 1301
6h H,0 100 mm 4 400-700 nm 4 0.853 mL 70 _ 1301
6i H,0 100 mm 4 400-700 nm 4 0.834 mL 68 _ 30
6j H,0 100 mm 4 400-700 nm 4 0717 mlL 59 _ 301
6k H,0 100 mm 4 400-700 nm 4 0.753 mL 61 _ 1301
13 CH5CN/H,0 (1:3) 100 mm 10 > 400 nm 4 105 mmol 210 _ (352]
14 CH5CN/H20 (1:1) 0.1 mm 10 > 400 nm 4 145 pmol 290 _ (35b]
15 CH3CN/H,0 (3:7) 50 mm 11.9 LED 447 nm 1.5 3.2mL 690 _ 136]
16 1.1 M acetate buffer 1 um 45 400-700 nm 22 _ 1,660 5,400 138]

ated by 50 um 6a in 10 mL buffer), while 6b was least active
with a TON of 3 (calculated based on 0.0305 mL H, generated
by 50 um 6b in 10 mL buffer) under the same conditions. How-
ever, results from Crowley, Collomb, Blackman, and co-workers
on Co complexes 6e-6k demonstrated that there is little differ-
ence, with all complexes displaying TONs in the range of 60-
70, for photocatalytic H, production in the presence of PS1 and
AA.1BO

In 2013, Wang, Gloaguen, Sun, and co-workers reported new
Co complexes 7a-7d containing a tripyridine-diamine type
pentadentate ligand for electrocatalytic proton reduction in
neutral solution.®" The Co'"' redox potential and the ligand-
based couple for 7b in pH 7 phosphate buffer were calculated
to be -1.20 and -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 %, demonstrat-
ing 7b serves as an efficient and stable electrocatalyst for pro-
ton reduction in neutral water.

Verani and co-workers reported in 2015 another two com-
plexes 8 and 9 with different types of tripyridine-diamine li-
gands for electrocatalytic proton reduction.?? The catalytic cur-
rent enhancements were observed for both complexes at po-
tentials near the Co"' peak (8: -1.99 V; 9: -1.92 V vs. Fc*/Fc)
upon addition of acetic acid, suggesting the electrocatalytic H,
production. Under the same conditions, complex 8 displays a
higher rate of proton reduction (7.39 s7') and higher TON
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(7,000) compared to those of 9 (4.29 s™', 6,000) by bulk
electrolysis for 18 h in pH 7 phosphate buffer.

Complex 10, reported by Verani and co-workers in 2015, cat-
alyzed proton reduction with an overpotential of 0.65 V, achiev-
ing TONs of 950 over 3 h, and 5,680 over 18 h, at a current
efficiency of 95 % by bulk electrolysis at —1.5 V (vs. SHE) in
pH 7 phosphate buffer.33] 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 [N,0s]-
type ligands were synthesized by Verani and co-workers in
2019, and there exists a significant difference of HER activities
between 11 and 12 due to the distinct positions of the -NO,
groups.®¥ Complex 11 with nitro-substituted phenolates
showed irreversible redox peaks and negligible HER activity,
while complex 12 with functionalized phenylene moieties dis-
played 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-work-
ers in 2015 and 2017, respectively, for electrocatalytic proton
reduction in acetonitrile and photocatalytic proton reduction in
CH3CN/H,0.3%! The redox potentials of Co'"' in CH5CN for 13
and 14 are -1.43 and -1.60 V (vs. Fc*/Fc), respectively. Addition
of acetic acid to the catalysis solution triggered a current in-
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crease and a continued peak growth with more acid addition, T
indicating electrocatalytic HER by both 13 and 14. Complex 13 ] 7"* \,/\?

displayed HER activity in the presence PS2 and TEA at pH 10 / | \ / |

in CH3CN/H,0 (1:3, v/v), with a TON of 210 under visible-light ’/
irradiation (A > 400 nm).[3> |n CH;CN/H,0 (1:1, v/v) mixed sol-

vent at pH 10, photocatalytic proton reduction by complex 14 i7an=1,L=Cr 18an=1,L=cr 19an=1,L=Cr
was achieved with a TON of 290 in the presence of PS2 and 17bn=3,L=0H, 18bn=3 L =0H, 18bn=3,L=0H,
TEA.35b The decomposition of PS2 accounted for the cessation

of H, evolution within the first 2 hours of photolysis for both @(
complexes. ’

T
~ A

In 2014, Lloret-Fillol and co-workers reported another Co
complex 15 with a macrocyclic pentadentate ligand for poten-
tial applications in both water reduction and water oxidation.>¢! 2an=1,L=0r Han=1L=cr 2an=1L=cr
Electrocatalytic water reduction by 15 occurs at an overpoten- 20bn=3,L=0H, 21bn=3,L=0H, 22bn=2,L=0H;,
tial of 590 mV, and the rate (k.) and the TOF for HER were
determined as 95 m™2 57" and 3,420 mol(H,) mol(cat)™" h7’, re-
spectively. Complex 15 was also confirmed to be a stable cata-
lyst due to the higher ic/i; ratio (60 at 60 mm trifluoroacetic
acid) in water than that in CH;CN (48 at 60 mm trifluoroacetic
acid). Photocatalytic H, production by 15 was achieved with a
TON of 690 using PS2 and TEA in CH3CN/H,0 (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 produc-
tion activity, while the formation of nanoparticles may
contribute to the decomposition of catalyst during photocata-
lytic hydrogen production.

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

A distorted pentagonal bipyramid Co complex 16 with a
nearly coplanar pentaaza-macrocyclic ligand was reported by
Zhong, Lu, Sakai, and co-workers for electrocatalytic HER in
2019.B71 A quasi-reversible couple at E;, = -0.80 V assigned
for [Co"(L)(H,0),1**/[Co™(L™)(H,0)]* and an irreversible wave at ) o
~1.10 V (vs. NHE) for [CO"(L")(HZO)]+/ [Co%(L)] were observed for Table 4. Experimental redox potentials (in V vs. SHE) of complexes 17b-22b

. . in 1.0 m pH 7.0 phosphate buffer.
complex 16 in a neutral aqueous 0.10 m NaClO, solution. A

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

catalytic rate of 2210 s was obtained for HER by 16, and more ~ Cat. (CoMh=l— (Co) (Co'-H/Co™-H)™ Ref.
importantly, complex 16 can retain 90 % of its activity under 17b 0.15 -0.84 -0.96 a0a]
0, or CO. DFT computations suggested that the high tolerance ::: gq‘: ‘g-gg ‘?-gi SZ:
of 1§ to CQ resulted from the labile charac.t.er of the CO-bou.nd 20b 012 064 078 .
species which could promote catalyst stability under CO during  5qp 0.10 Z1.19 _126 (40d]
catalysis. 22b - -0.70 -1.14 [40e]

Thomas, Fortage, Collomb, and co-workers also studied the  [a] Glassy carbon electrode. [b] Mercury drop electrode.
electrocatalytic and photocatalytic hydrogen production in water
by complex 16.38) Photocatalytic HER in acetate buffer at pH 4.5  Table 5. Bulk electrolysis of cobalt complexes 17b-22b for electrocatalytic H
afforded a TON of 1660 at 1 um 16. The decoordination of an  production in pH 7.0 phosphate buffer.

amine group possibly occurs at its Co' form during catalytic HER. TON(mol H Ref.
Cat.  n@  Potential  FE[%] [cat] (mol ca t),1)2

4. Hydrogen !’roductlon by Molgcular Cobalt .~ .~ ., 9921 sopm 400 (1 h) 20a]
Complexes with Pentadentate Ligands from 13 08+ 2 1 um 54200 (20 h)

Zhao's Lab 18b 530 -14 99+ 1 50 um 890 (1 h) f40b)

— [40c]

Inspired by the good solubility and stability of Co complexes ;zt ;;2 _::: zg; zg m ?(1)8 51 h; (a0c]

with polypyridine ligands in aqueous solutions, a series of Co  21p 610 -14 96.7 50 pm 140 (1 h) 40d]

complexes active for electro- and photocatalytic hydrogen pro- 22b 58 -13 975+05 1pm 266,300 (20 h)  140]

duction have been synthesized and studied in Zhao's lab in [a] n: overpotential (mV); Potential: applied potential (V vs. SHE); FE: Faradaic
collaboration with Webster, Schmehl, and Fujita for detailed efficiency.

computational and mechanistic studies of HER since 2012 (Fig-

ure 3).1%% Figure 4 shows the X-ray crystal structures of 17, 19,  catalytic activities for HER were summarized in Table 4, Table 5,
20, and 22. The redox properties, electrocatalytic, and photo- and Table 6, respectively.
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Table 6. Photocatalytic H, 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 4,400 (3 h)  [oal
1 m phosphate buffer 5 um 7 390 (3 h)
18b 1 m phosphate buffer 5 um 7 830 (3 h) t40b]
19b 1 m acetate buffer 0.5 um 4 6,980 (3 h)  1od
20b 1 m acetate buffer 0.5 pm 4 220 3 h) 140
21b 1 m phosphate buffer 5 um 7 100 (3 h) t40d]
22b 1 M phosphate buffer 0.5 um 7 15,000 (2 d) [40e]

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 elec-
tro- and photocatalytic water reduction.*°@ While the DPA-Bpy
ligand was initially designed for the oxidation of water by
[Ru(DPA-Bpy)(OH,)1?*, the Co complexes of DPA-Bpy ligand, 17a
and 17b, were synthesized and tested for their activities on the
reduction of water to hydrogen.?2#4" 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. Elec-
trocatalytic hydrogen production through bulk electrolysis at
-1.4 V (vs. SHE) by 17b at pH 7 was achieved with a FE of 99 %
and a TOF of 1,400 L H, (mol cat)™" h™' (cm? Hg)~". Under opti-
mal conditions, light driven proton reduction was achieved with
a TON over 4,400 and a TOF of 4,000 mol H, (mol cat)™ h™" in
the presence of 0.5 um 17b, 0.1 m AA, and 0.5 mm PS1in 1 m
acetate buffer at pH 4. The decomposition of both catalyst and
photosensitizer occurred during the photocatalytic H, evolu-
tion, and the dissociation of Co metal from ligand scaffold may
account for the catalyst deactivation.

To study the possible electronic effects of ligand scaffold on
HER activity and to further improve the proton reduction activ-
ity of 17b, 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 over-
potential, and higher TON and TOF in neutral conditions possi-
bly resulting from the more stable low-valent Co center. In pH
7 phosphate buffer, the Co'" and Co"'-H/Co"-H couples were
observed at -0.73 V and -0.82 V (vs. SHE), respectively. The shift
to more positive potentials of 18b than those of 17b could
possibly result from the more stabilized low-valent Co center
by the more conjugated isoquinoline groups. Compared to 17b,
the electrocatalytic HER by 18b at pH 7 occurs at an overpoten-
tial 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 experiment 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 1,690 at 5 um 18b. In 1 m phosphate buffer at
pH 7, 18b displayed activity for photocatalytic H, production
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with a TON of 830 which is more than two times of that pro-
duced 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 condi-
tions.

Our studies of 17b and 18b motivated the design and syn-
theses 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.[°! The experimental results indicated
that there is significant activity difference between 19 and 20
even though there is a slight structural difference on the posi-
tion of the isoquinoline moiety. The X-ray crystal structures con-
firmed 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 com-
plexes catalyze electrocatalytic HER at similar overpotentials,
suggesting that there is no direct correlation between the
redox potentials of Co centers and the overpotentials for elec-
trocatalytic HER. A higher Faradaic efficiency of 98.2 % for 19b
was determined compared to that of 90.3 % for 20b. Electrocat-
alytic 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 photocat-
alytic HER using PS1 as photosensitizer and AA as electron do-
nor, 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:
6,980) was about 32 times as active as complex 20b (TON: 220)
in photocatalytic HER. Furthermore, 19b (TON: 220) was 7 times
more active than 20b (TON: 30) in neutral conditions for photo-
catalytic H, production. Therefore, the activities of both electro-
and photocatalytic HER confirmed that 19b with a planar bpy
unit is much more active than 20b with a distorted bpy unit.
Besides, photocatalytic hydrogen production by complex 19b
also displayed better activity than 17b under the same condi-
tions. Our studies of complexes 17-20 suggest that a conju-
gated and planar bpy unit and its isoquinoline 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 -
back bonding between Co and the bpy unit.*°<#2 While 17-20
display vastly different redox and catalytic properties for HER,
all complexes exhibit similar stability (2-3 hours) under photo-
catalytic conditions since all Co complexes contain an analo-
gous ligand scaffold derived from DPA-Bpy.

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 reduc-
tion in aqueous solutions.”*°d The macrocyclic ligand of 21 was
attempted as a cage to prevent the dissociation of Co ion under
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catalysis conditions. However, complex 21b exhibited much
lower electro- and photocatalytic activities than 17b, 18b, and
19b. In comparison to complexes 17-20, 21b displays the most
negative redox potentials at -1.19 and -1.26 V vs. SHE for the
Co and Co"-H/Co'-H couples, respectively. Electrocatalytic
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, and 19b under neutral con-
ditions. The best pH for photocatalytic 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 dissocia-
tion of the Co ion, possibly Co' species, from the ligand scaffold
is responsible for catalyst decomposition during H, production
under catalysis conditions.[*024%! The tertiary amine group(s) in
DPA-Bpy and the macrocyclic ligand of complex 21 could possi-
bly contribute to the dissociation of the Co ion during catalysis.
Co catalysts based on only pyridine ligands generally display
higher stability, especially for photocatalytic 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. Electrocatalytic 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). Pho-
tocatalytic hydrogen production by complex 22b was achieved
with a TON of 15,000 in neutral conditions.°¢! 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
was 5 and 15 times as active as complex 17b for electro- and
photocatalytic H, production in neutral aqueous solution, re-
spectively. 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 photocatalytic HER.

5. Mechanistic Studies for Hydrogen
Production by Co Complexes with
Pentadentate Ligands

5.1. Electrocatalytic Hydrogen Production

Both mononuclear and binuclear pathways have been pro-
posed to account for H, evolution catalyzed by molecular Co
complexes.">* Scheme 1 shows one pathway for the aqueous
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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 to gener-
ate the H, molecule.['2916<44] |n the modified ECEC pathway,
Co"-OH s first generated via the deprotonation of Co"-OH,,
and a Te”/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 H, pro-
duction.k]

H+
COIII'OH2_L’ CO”"OH
A

PCET
Hzo e

Hy < \_/
? ) Co Co'-~OH,

H*, H;O -~
Clme e

- H*, H0

€

Co'l.lH ————Co'-H

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

Formation of Co' Intermediate

By employing transient pulse radiolysis, Fujita and co-workers
examined the individual steps of proton reduction and charac-
terized the key intermediate (Co' and Co"'-H) species involved
in H, production by complex 17b.14%9 The formation of Co' spe-
cies of 17b occurs at a rate constant of 7 x 10° m~' s™! upon
the exposure of its Co"-OH form to e,,~ at pH 12.5.4%9 The
absorption of Co' species at 650 nm suggests the electron den-
sity is mainly localized on the Co center. DFT computations of
17b and its derivatives suggested that a transient
[Co'(k*-L)(OH,)]* intermediate may also be involved in the for-
mation of the penta-coordinated Co' species.*<4%9! |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 [Cp*(tBuP),(P"N),)-
Co"-H](BF,) (X = H, C¢Fs and CsF,4N), obtained by the direct
protonation of the related Co' species, have been reported and
characterized by single-crystal X-ray crystallography.*®! The
decay of the Co' species of 17b occurs at a rate of
(1.9+£0.3) x 10* s77 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
>14, 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 un-
ambiguous assignment of the transient species as Co'"'-H based
on the isotopic shift of the v(Co-H) stretching frequency
(Vu/vp = 1.4).147
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The decay of the Co' species of 17b is independent of proton
concentration from pH 3 to pH 12.5, suggesting that the proto-
nation of Co' is not a rate-determining step, and a rate deter-
mining 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 rep-
resents the rate-determining step (RDS) in the overall formation
of the 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 pre-
dicted from DFT computations.*°9 A recent study by Luber,
Llobet, Gimbert-Surifiach, and co-workers on the hydrogen pro-
duction catalyzed by cobalt tetraazamacrocycle complexes
[Co(’N5Py)Cl,]* (R = H, CH,OH. N3Py = 2,12-dimethyl-3,7,11-tri-
aza-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 electrocatalytic hydrogen produc-
tion.[48]

The formation of Co"'-H via the protonation of Co' species as
the rate-determining step was also presented in electrocatalytic
hydrogen production catalyzed by the CH3;CN-bound form of
1a in CH;CN.”?! Furthermore, the Co"-H intermediate of 17b
is stable at pH 12.5 for at least 5 s, suggesting that H, produc-
tion is unlikely to occur via the reaction of two Co"-H species
in a bimolecular fashion. Therefore, from pulse radiolysis experi-
ment, the kinetic formations of Co' and Co'"-H intermediates
have been characterized for electrocatalytic H, production by
complex 17b.[409]

H, 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 dissoci-
ated pyridine with the hydride forms the H-H bond and re-
leases an H, molecule. Relatively high free energies of activa-
tion indicate no H-H bond could be formed via the unfavorable
heterolytic coupling with the Co"'-H species (Scheme 1).

The H-H bond formation via the intramolecular proton-
hydride heterolytic coupling in a ligand-protonated Co'" hydride
has been suggested as the rate-determining step in the electro-
catalytic H, evolution by [Co(bapbpy)Cll* (bapbpy: 6,6-bis(2-
aminopyridyl)-2,2’-bipyridine) with HBF, 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.#

5.2. Photocatalytic Hydrogen Production

During photocatalytic hydrogen production, the excited photo-
sensitizer (PS*) can be quenched by two pathways (Scheme 2):
oxidative quenching where the generated PS* from light ab-
sorption is oxidized by Co catalysts, and the reductive quench-
ing where PS* is reduced by electron donor. Photocatalytic sys-
tems using PS1 as photosensitizer and AA as electron donor
generally occur via the reductive quenching pathway. When AA
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Scheme 2. Oxidative quenching (left) and reductive quenching (right) path-
ways for photocatalytic hydrogen production.

is used as electron donor, the oxidized product of AA, namely
DHA (dehydroascorbic acid), can self-inhibit AA-driven photoca-
talysis by back electron transfer between [Ru(bpy),(bpy)]* and
DHA.B% The addition of tris-(2-carboxyethyl)phosphine (TCEP)
has been shown to improve overall photocatalytic HER activity
by reducing DHA back to AA.3959

Mechanistic studies for photocatalytic 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.“f! Upon light ab-
sorption, the excited state of PS1 was reductively quenched by
AA with a rate constant of 1.0 x 107 m~'s7" 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
5x10°Mm7" s7'and 4.9 x 10° m~' 577, respectively, near the diffu-
sion limit with an approximate efficiency of over 90 % for the
reduction of cobalt. The overall quantum yield for H, produc-
tion 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,140f]

A photolysis study by Fujita and co-workers has also con-
firmed the formation of the Co' and Co"-H intermediates dur-
ing photocatalytic H, production by complex 17b.[*%9! The de-
cay of the photogenerated [Ru(bpy)s]* species was accompa-
nied with the formation of Co' species, which decayed to an-
other species with a weak absorbance at ca. 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* s71), consistent
with that from the pulse radiolysis study.

The Co' intermediate of 17b produced during aqueous pho-
tocatalytic HER was also characterized by X-ray transient ab-
sorption spectroscopy (XTA) and optical transient by Wu and
co-workers in 2016.14?! Structural analysis from the X-ray absorp-
tion near-edge structure (XANES), and extended X-ray absorp-
tion fine structure (EXAFS), as well as DFT computations re-
vealed the Co' species as a penta-coordinated Co center with
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 mt backbonding.

Long, Chang, Castellano, and co-workers reported the detec-
tion of an active Co' species of 2a which displays a weak and
broad absorption band between 450-700 nm during photocat-
alytic HER.[?>P! Using time-resolved Co K-edge X-ray absorption
spectroscopy, Smolentsev and co-workers reported the charac-
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terizations of the Co' intermediate of catalyst 2¢ during photo-
catalytic HER®" 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
protonation of the dissociated pyridine group was proposed as
an active intramolecular proton donor to facilitate the forma-
tion of Co-H intermediates and subsequent H-H bond forma-
tion.l5"

5.3. Deactivation of Catalyst

Besides the dissociation of the cobalt ion from the ligand scaf-
fold, the decay of Co' intermediate!*? and the formation of
metallocycle by-products via ligand intramolecular metala-
tionl#0<40&52] yere proposed as the possible reasons for the de-
activation of cobalt catalysts during hydrogen production. The
various protonation pathways for the Co' species of 22b are
illustrated in Scheme 3. Instead of direct protonation of the Co'
metal ion to form the Co"-H species, multiple other protona-
tions could also occur in the penta-coordinated Co' species. The
more favorable protonation on the axial pyridine N> to form a
metallocycle Co" by-product (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 de-

creased activity of 22b in photocatalytic H, production in low
pH solutions.

The analogous favorable formation of a metallocycle Co"

species by-product upon the protonation of the Co' species are
also shown in other cobalt polypyridyl complexes, and the rela-
tive 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 met-
allocycle by-products finally lead to catalyst deactivation.

Another interesting finding that may also explain catalyst de-
activation is the protonation of the Co"-H species (Scheme 4).
Once the Co'"-H species was formed by the electron transfer to
the Co"-H species, multiple protonations could also occur in
the octahedral Co"-H species. The H-H bond formation could
be easily accomplished by the equatorial pyridine ligand-proto-
nated Co'-H species. The Gibbs free energies of activation for
proton-hydride heterolytic coupling in Co-H-N'H, Co"-H-N2H,
and Co'"-H-N*H are 10.9, 13.0, and 11.8 kcal mol™', respectively
(Scheme 4).

The deactivation of the water reduction Co complex
[Co"™(L")(pyr)-]PFs (L')?~ = bis-amido pyridine ligand, pyr = pyrr-

H#
4.5
. TS-Co'-H-N'H
H
(L AGF=23.5
Co'-N'H
21.0
H* TS-Co'-H-N*H
K_ AGt=279
Co'-N°H
26.2
TS-Co'-H-N*H-1
H* TS-Co'-H-N*H-2 AGE=20.9

AGY=1.1

Co"'_-N“H

—6.5
metallocycle

Scheme 3. Protonation pathways of singlet Co' species. Energies are given in kcal/mol. Adapted from ref.10¢]
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H* TS-Co'-H,-N'H H, N
L AGY=10.9 )
Co“H-N'H Co' +H, Co'-H-N2H
3.0 —24.6
H* TS-Co''-H,-N2H H,
(L AGF=13.0 )
Co'-H-N2H co' + H,
11.2 —24.6
H* TS-Co"-H,-N°H H, H
= 24
. _ AGt=216 ) \(/D\j
Co-H-N?H Co' + H, "’Co’”““Na;
13.0 246 [PSE;I}J\“)
NS _
H* TS-Co'-H,-N*H H, =
Co'-H-N*H k AGF=11.8 ) Co'-H-N*H
Co"-H-N*H Co' + H,
1.0 —24.6

Scheme 4. DFT proposed pathways from the aqueous H, generation by heterolytic coupling of protonated Co'-H. Energies are given in kcal/mol. Reprinted

from ref.[40¢]

olidine) through valence tautomerism was investigated by
Verani and co-workers.>3! They confirmed that there is a tauto-
meric 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. There has
been tremendous progress in developing molecular metal cata-
lysts for HER, especially those based on first-row transition met-
als. While one class of molecular metal catalysts may be supe-
rior to others on certain properties for HER, catalysts that dis-
play all the desired properties for future applications are still
missing.['2412154] Considerable efforts have been devoted to the
development of novel cobalt catalysts for hydrogen production
in aqueous solutions. In 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,
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and the catalyzed HERs occur in acidic or neutral solutions. The
structure-function studies discussed above have provided im-
portant insights into the factors controlling the properties of
HER. Ligand scaffolds that enable a distorted octahedra geome-
try, contain redox active, and conjugated moieties have been
shown to be favorable for HER by their corresponding Co com-
plexes. 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 con-
sider for future ligand design. Efforts to stabilize low valent Co'
species under catalysis conditions have shown to be an effec-
tive strategy to improve the activity and stability of catalysts,
resulting in higher TONs for HER.

Despite the encouraging progress in this field, there still re-
main significant challenges in discovering cobalt catalysts suit-
able for future hydrogen production. The reported Co com-
plexes 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 transi-
tion-metal hydride may help to develop Co catalysts for HER
with low overpotentials.®>! Another major issue is the robust-
ness of Co catalysts under catalytic conditions, strategies to pre-
vent the dissociation of Co ions during catalysis may be the key
to improve catalyst stability. The introduction of outer coordina-
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tion sphere as the proton relay may enhance the catalytic rates
for hydrogen evolution, as has been demonstrated in natural
hydrogenases and a number of synthetic catalysts.38>40561 Fyr-
thermore, 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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