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Abstract: Photocatalytic hydrogen production is an appealing way to store solar energy as chemical fuel. The
most studied molecular catalysts for H2 production are based on earth-abundant metals such as Ni, Co and Fe.
Efforts have been recently focused on the design of Co complexes with distorted octahedral geometries induced
by tetra- or pentapyridyl ligands. We synthesized a new Co(ii) complex based on a hexapyridyl ligand that leads
to the formation of an unusual heptacoordinate structure. In this paper, we review the characterization of the new
catalyst and the optimization of the conditions for hydrogen evolution. The high activity reached after two hours
of irradiation under visible light (475 nm) suggests that heptacoordinate cobalt complexes, not used so far in the
field of light-driven hydrogen evolution, represent a promising alternative platform for the development of highly
active and stable photocatalysts.
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1. Introduction

The growing global pollution and the
ever-increasing consumption of fossil fu-
els require the development of energetic
systems based on renewable and sustain-
able sources. The light-driven reduction of
water to produce hydrogen is a promising
method to store and convert solar energy
into chemical fuel. The production of H

2
through water and light is part of an overall
process called water splitting.[1] The split-
ting of water involves two half-reactions:
the oxidation of water to O

2
and the reduc-

tions of protons to H
2
. Generally, due to the

complexity of this process, the two half re-
actions are studied separately.[2] In partic-
ular, three main components are required
to produce H

2
photocatalytically: a photo-

sensitizer for light absorption and charge
transfer, a sacrificial electron donor for the
regeneration of the photosensitizer and a
catalyst for proton reduction. Among the
most studied photosensitizers, a predomi-
nant role is occupied by Ru-based com-
plexes such as [Ru(bpy)

3
]2+ (bpy = 2,2'-bi-

pyridine) and its derivatives; concerning
sacrificial species, electron donors such
as ascorbic acid or trimethylamine have
been used extensively.[3] The design of
catalysts represents a great and open chal-
lenge to achieve high activity and stabil-
ity. Complexes based on cobalt and nickel
have been the most studied catalysts be-
cause of their abundance and low price.[4]
Numerous groups including Zhao,Webster
and co-workers and Alberto and co-work-

ers have focused their attention on the syn-
thesis of polypyridine cobalt complexes,
which showed higher stability and activity
with respect to the cobaloxime complexes
used so far.[5]A very important aspect, evi-
denced especially byAlberto and co-work-
ers, is the relationship between geometry
and catalytic activity. In fact, they pointed
out that strongly distorted octahedral struc-
tures, induced by tetradentate or pentaden-
tate polypyridine ligands, showed the best
efficiency.[4a,5e] In our work, we designed
a new hexadentate polypyridyl ligand to
expand the study of the geometry–activ-
ity relationship. We obtained an unusual
heptacoordinate Co(ii) (less than 1% of the
known structures)[6] and we investigated its
characteristics and photocatalytic activity.
The complex showed high catalytic activ-
ity for the production of H

2
reaching a turn-

over number (TON) of 16300 mol H
2
(mol

cat.)–1 within 2 h under irradiation at 475
nm and in fully aqueous medium.[7]

2. Synthesis and Characterization

Scheme 1 shows the synthesis of the
ligand obtained from N-Bis-(6-(2,2’-
bipyridyl)methyl)amine[8] and 2-(bromo-
methyl)pyridine and the synthesis of 2 and
3, i.e. the complexes with Cl– and PF

6
– as

counterion, respectively. Complex 2 is
soluble in water and was used for photo-
catalytic reactions whilst complex 3 was
prepared for electrochemical studies in
CH

3
CN.
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3. Photocatalysis

H
2
evolution measurements were per-

formed using a 25 mL water jacketed
flask containing a buffer solution (6 mL
of 1 M acetate buffer, pH = 3–5.6) with
ascorbic acid (0.1M) as sacrificial electron
donor, [Ru(bpy)

3
]Cl

2
(0.5 mM) as photo-

sensitizer and catalyst 2 (0.1–10 µM).
Periodically headspace sampling (50 µL)
was performed using a Hamilton sample
lock syringe followed by injection into a
GC Clarus 580 (Perkin Elmer). The photo-
catalytic experiments were executed at
various catalyst concentrations, pH and
temperature to feature the best conditions
for hydrogen production. It was observed
that TON increases decreasing the concen-
tration of the catalysts (Fig. 3).

The highest TON of 16300 (±1600)
mol H

2
(mol cat.)–1 is measured using a

catalyst concentration of 0.1 µM with a
turnover frequency (TOF) of 5000 (±280)
mol H

2
(mol cat.)–1 h–1. Quantum yields of

ca. 3% and 11% for 0.1 µM and 10 µM of
catalyst were calculated using Ru(bpy)

3
Cl

2
and 9,10-diphenylanthracene (DPA) as ac-
tinometer according to the operative pro-
cedure reported in ref. [12]. The formation
of nanoparticles was excluded on the basis
of dynamic light scattering measurements
and mercury poisoning test. The dynamic
light scattering showed no noticeable for-
mation of nanoparticles larger than 2 nm
and catalysis in the presence of 1mLHg(0)
did not show any change of activity, as ex-
pected for a homogeneous process.[13]

Moreover, we observed that systems
with the same concentrations of photo-

(Fig. 2). The overpotential requirement,
calculated comparing the thermodynamic
potential for the reduction of protons from
acetic acid in acetonitrile (E

ref
) and the

catalytic potential from the electrochemi-
cal experiment (E

cat/2
), is ca. 420 mV for

the first possible catalytic wave and ca. 730
mV for the second one.[10,11]

The crystal structures of compounds
2 and 3 show a heptacoordinate geometry
which can be described as faced capped
octahedrons with six positions occupied by
the hexadentate ligand and one of the axial
positions occupied by labile ligands as Cl–

or MeOH (Fig. 1). DFT studies (B3LYP/6-
311G*) for the electronic structures of 2
and 3 point to a high-spin electronic con-
figuration with high spin state (4Co(ii)) sig-
nificantly lower in energy (ca. 0.7 eV) than
the low spin state (2Co(ii)). In both cases
for the high-spin complexes, we obtained
a spin density of 2.8 electrons localized
on the cobalt atom. These data were con-
firmed experimentally by the Evans meth-
od obtaining a magnetic moment µ

calcd
=

5.3 BMwhich, according to literature, cor-
responds to a high-spin Co(ii) system with
three unpaired electrons.[9] The agreement
between computational results in the solid
state and experimental data in solution
suggest that no major structural changes
take place upon complex dissolution.

The electrochemical experiments car-
ried out in CH

3
CN for complex 3 exhibit

two reversible reduction events at –1.1 V
and at –1.61V (all potentials vs.Ag/AgCl).
We assigned the first signal to the Co(ii)/
Co(i) reduction and the second signal
to a ligand-centered process (Fig. 2).[10]
Contrarily to all known Co polypyridine
complexes, the oxidation wave for Co(iii)/
Co(ii) was not observed in the range of
the solvent electrochemical window.[5e]
Moreover, a first proof of the catalytic
activity of the complex was evidenced by
the evolutions of a catalytic wave upon ad-
dition of various amounts of acetic acid

Scheme 1. Synthesis
of the ligand 1 and
complexes 2 and 3.
Reproduced from ref.
[7] with permission
from John Wiley and
Sons.

Fig. 1. Crystal struc-
tures of 2 and 3 (top)
and labelling scheme
of first coordination
sphere (bottom).
Color code: Co (tur-
quoise), N (blue), O
(red), C (black), Cl
(green) and H (grey);
counterions of 2 (Cl–),
of 3 [2(PF6)

–], metha-
nol molecules and
otherH atoms have
been omitted for clar-
ity. Reproduced from
ref. [7] with permis-
sion from John Wiley
and Sons.
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H
2
reaching a TON of 16300 mol H

2
(mol

cat.)–1 within 2 h of irradiation with vis-
ible light (475 nm). Moreover, the oxida-
tion potential of the couple Co(iii)/Co(ii)
higher than +2 V could enable the use of
this complex in conjugated water splitting
systems. This study suggests that hepta-
coordinate cobalt complexes represent a
promising architecture, opening up new
approaches for designing stable and active
catalysts.
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ascorbic acid mainly affect the end of the
catalysis.

Furthermore, HPLC studies of the re-
action mixture before and after photoca-
talysis indicated that the catalyst remains
stable during the H

2
evolution. Blank ex-

periments performed in the absence of
[Ru(bpy)

3
]2+, ascorbic acid or catalyst did

not show any significant formation of H
2
,

thus confirming the photocatalytic nature
of the process.

The catalytic efficiency was observed
to be pH- and temperature-dependent. The
highest TON was reached at pH = 4 and a
decrease of TON was observed upon tem-
perature increase in the range of 5–30 °C
with a concomitant increase of the TOF.[14]
This outcome is probably due to the detri-
mental effect of the temperature on the cat-
alyst. Therefore, the operating temperature
of 20 °C represents the best compromise
between system stability and hydrogen
evolution rate.

4. Conclusions

In conclusion, in our recent work we
presented the first example of heptacoor-
dinate cobalt catalyst for hydrogen pro-
duction and we investigated the best con-
ditions to improve its activity. We demon-
strated that, under visible light irradiation
in fully aqueous medium, this complex
can efficiently catalyze the production of

sensitizer (20 mM) and catalyst (20 mM)
show a very low activity, indicating the ne-
cessity for the photocatalytic reaction of an
excess of photosensitizer (ca. 5000 equiv-
alents) with respect to the catalyst. Three
independent experiments were performed
to investigate the reasons of the end of hy-
drogen evolution observed after ca. 2 hours
of irradiation.Addition of an equal starting
amount of fresh [Ru(bpy)

3
]2+ (0.5 mM) at

the end of the catalysis re-established 19%
of the H

2
production upon irradiation (Fig.

4a). Conversely, a second cycle of irradia-
tion after the addition of fresh ascorbic acid
(0.1 M) generated only 10% of the initially
formed H

2
and the following injection of

fresh catalyst (0.5 µM) to this solution did
not show any increase of produced H

2
(Fig.

4b). Finally, the concomitant addition of
[Ru(bpy)

3
]2+ (0.5 mM) and ascorbic acid

(0.1M) gave 40% of hydrogen (Fig. 4c).
These data indicate that [Ru(bpy)

3
]2+ and

Fig. 2. Cyclic voltammograms of 4 mM solu-
tions of 3 in CH3CN, 0.1 M TBAPF6 at 0.1 V s–1

with 0 (red), 1.3 (blue), 4 (green), 8 (purple) mM
of acetic acid. Inset: catalytic enhancement
icat/i0 (current in the catalytic wave over the cur-
rent of the monoelectronic wave observed in
the absence of acid) as a function of acid con-
centration. Glassy carbon working electrode,
Ag/AgCl (3.5 M KCl) reference electrode and
glassy carbon auxiliary electrode. Reproduced
from ref. [7] with permission from John Wiley
and Sons.

Fig. 3. Production of hydrogen over time in 1.0
M acetate buffer at pH 4.0 with 0.1 M ascorbic
acid, 0.5 mM [Ru(bpy)3]

2+ and different con-
centrations of catalyst at 20°C with LED light
(475 nm). Reproduced from ref. [7] with permis-
sion from John Wiley and Sons.

Fig. 4. Photocatalytic hydrogen production over time in 1.0 M acetate buffer at pH 4.0 with 0.1 M
ascorbic acid, 0.5 mM [Ru(bpy)3]

2+ and 0.5 µM of catalyst at 20 °C irradiated with LED light (475
nm). a) The red arrow indicates addition of 0.5 mM [Ru(bpy)3]

2+. b) The red arrow indicates addition
of 0.1 M ascorbic acid and blue arrow indicates addition of 0.5 µM catalyst. c) The green arrow
indicates addition of 0.5 mM [Ru(bpy)3]

2+ and of 0.1 Mascorbic acid. Reproduced from ref. [7] with
permission from John Wiley and Sons.
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