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Hydrogen as a source of clean and renewable fuel has
attracted great interest because of its potential to reduce the
current dependence on fossil fuels.[1] Reduction of water to
H2, especially with visible light, has been a subject of intense
study and significant effort has been made to design metal
complexes for proton reduction. Over the past few years,
a considerable number of catalysts for H2 evolution based on
metal complexes such as Co,[2] Ni,[3] Fe,[4] and Mo[5] have been
reported and extensively studied, especially in non-aqueous
media, to provide insights into the mechanism of proton
reduction. Recently, Eisenberg and co-workers described the
photocatalytic proton reduction catalyzed by a mononuclear
cobalt–dithiolene complex with a remarkable turnover
number (TON) of > 2700 per mol of Co catalyst in a 1:1
ratio of CH3CN/H2O.[2h] Although there has been significant
progress in designing molecular catalysts for H2 evolution, the
search for robust and highly active catalysts that can operate
in purely aqueous solution, by either electrochemical or
photochemical approaches, still remains a great challenge.[2e,6]

Recently, molecular Co complexes supported by tetra-
dentate or pentadentate ligands such as 2,6-bis(1,1-bis(2-
pyridyl)ethyl)pyridine (PY5Me2) have been reported to

catalyze the reduction of protons in aqueous solution.[2e,7]

We have designed a new type of pentadentate ligand, N,N-
bis(2-pyridinylmethyl)-2,2’-bipyridine-6-methanamine
(DPA-Bpy) and investigated the water oxidation activity of its
Ru complex.[8] Here, we report the synthesis and character-
ization of a new type of mononuclear Co complex with the
DPA-Bpy ligand that can serve as both electrocatalyst and
photocatalyst for highly efficient production of H2 in purely
aqueous solution.

The reaction of CoCl2·6 H2O with DPA-Bpy in CH3CN
heated at reflux results in a reddish cloudy solution. After
filtration, the filtrate was dried under vacuum and washed
with Et2O to yield Co(DPA-Bpy)Cl2 (1) as a light-pink
powder (Scheme 1). The crystal structure of the CoIII form of
1 (see Figure S1 in the Supporting Information) confirmed
that DPA-Bpy serves as a pentadentate ligand with a Co
center in a distorted octahedral geometry with two trans
pyridines groups, similar to that of Ru(DPA-Bpy)Cl3.

[8] The
UV/Vis spectrum of 1 in water shows two intense bands at 247
and 300 nm from ligand p!p* transitions, a shoulder peak at
337 nm, and a weak shoulder at 420 nm from a metal d–d
transition (see Figure S2 in the Supporting Information).
Heating an aqueous solution of 1 at reflux in the presence of
AgPF6 led to the formation of an aqua complex [Co(DPA-
Bpy)(OH2)](PF6)3 (2). Compared to 1, complex 2 displays an
absorption band at 470 nm originating from the metal d–d
transition (see Figure S2 in the Supporting Information). The
pKa value of the coordinated H2O in 2 was determined to be
5.0 by fitting the pH titration curve of 2 from pH 1 to 9
(Figure S3). The EPR spectrum of complex 1 showed a rhom-
bic splitting pattern with g values of 5.56, 3.95, and 1.98,
suggesting the presence of a high-spin CoII center (Fig-
ure S4a).[9] The oxidation of 1 by AgPF6 led to the formation
of 2, which showed an EPR-silent CoIII center (Figure S4b).

The cyclic voltammogram of complex 1 in CH3CN dis-
plays three reversible redox potentials at 0.35, �0.94, and
�1.53 V (vs. the standard hydrogen electrode, SHE), assign-
able to CoIII/II, CoII/I, and CoI/0, respectively (see Figure S5a
and S5b in the Supporting Information). In the same region
the ligand DPA-Bpy does not show any redox behavior
(Figure S5c). In 1.0m sodium phosphate buffer at pH 7.0,
complex 2 exhibits a sequence of two redox events centered at
0.15 and �0.90 V (vs. SHE), corresponding to CoIII/II and
CoII/I, respectively (Figure 1). The CoIII/II couple displays
a pH-dependent redox potential change, with a slope of
�48 mV/pH in the range from pH 5 to 8 (Figure S6),
suggesting a proton-coupled electron transfer process. How-
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ever, the CoIII/II couple only changes slightly within the range
from pH 1 to 5. The Pourbaix diagram of 2 is consistent with
a pKa of 5.0 for the CoIII–OH2 species, as obtained from pH
titration of 2.

When a mercury pool was used as the working electrode,
the cyclic voltammogram of 1.0m sodium phosphate buffer at
pH 7 showed no significant current at potentials more positive
than �1.6 V vs. SHE (see Figure S7 in the Supporting
Information). However, in the presence of complex 2,
a strong current appeared at �1.20 V vs. SHE concomitant
with the formation of gas bubbles, which was confirmed to be
H2 by GC-TCD analysis (GC = gas chromatography, TCD =

thermal conductivity detector). This study suggested that 2 is
capable of catalyzing the reduction of protons from neutral
water to H2. To determine the overpotential for the proton
reduction by 2, we have carried out control potential experi-
ments using an H-type electrochemical cell. Figure S8 dis-
plays the charge build-up during the electrolysis over 200 s at
varied potentials for 50 mm 2 in 1.0m phosphate buffer at
pH 7. There is no significant charge consumption for over-
potentials below �0.55 V, and the catalytic current for the
proton reduction occurs at an overpotential of �0.60 V
(�1.01 V vs. SHE), close to the CoII/I couple at �0.90 V (vs.
SHE).

To evaluate the current efficiency of H2 production, bulk
electrolysis of 1.0m phosphate buffer at pH 7 was carried out
in the presence of 2 under room temperature at a potential of
�1.4 V (vs. SHE). The evolved H2 was confirmed by GC-TCD
and quantified volumetrically by a gas burette. For 2 in the
range of 50 mm–1 mm, we obtained a current efficiency of
(99� 1)% (see Table S1 in the Supporting Information) for
the evolution of H2 at pH 7 (Table S1). When the controlled
potential experiment was conducted at �1.3 V (vs. SHE), the
Faradaic efficiency was determined to be (98� 2)%. On the
basis of consumed charges over 1 h of bulk electrolysis at

�1.4 V (vs. SHE) in 1.0m phosphate buffer at pH 7
in the presence of 50 mm 2, the activity for the H2

evolution of 2 was calculated to be
1400 L H2 (molcat)�1 h�1 (cm2 Hg)�1 (Figure S9a),
or a turnover number (TON) of
> 300 molH2 (molcat)�1, suggesting that the re-
duced form of complex 2 is a highly efficient
electrocatalyst for proton reduction in neutral
aqueous solution. However, as shown in Fig-

ure S9b, the activity of 2 decreased rapidly after more than
3 h of electrolysis.

Photocatalytic H2 evolution based on Co catalysts has
been a subject of intense research over the past few
years.[2g,6b–d,g,10] We have investigated photocatalytic H2 pro-
duction by complex 2 using ascorbic acid as electron donor
and [Ru(bpy)3]

2+ as photosensitizer. Previous studies on
photocatalytic systems using ascorbic acid and [Ru(bpy)3]

2+

have shown a pH-dependent activity for H2 evolution with
catalysts being most active at pH 4.0.[2h, 4h]

We carried out photolysis experiments in 10 mL of 1.0m
acetate buffer solution at pH 4.0 containing 0.1m ascorbic acid
and 0.5 mm [Ru(bpy)3]

2+. As shown in Figure 2 and Fig-

ure S10a, formation of H2 was observed upon photolysis (light
of a light emitting diode, LED, at 450 nm) of the above pH 4
solution in the presence of 5.0 mm 2. The H2 evolution
process ceased in around 3 h, with a TON of
> 1600 molH2 (molcat)�1. However, nearly 90 % of the H2

evolved within the first hour of irradiation, corresponding to
a turnover frequency (TOF) of 1500 molH2 (molcat)�1 h�1

(Figure 2). To determine the pH effects on H2 evolution
catalyzed by 2, light-induced H2 evolution was performed in
the pH range of 3–6 under the conditions described in
Figure 2. We observed an optimum pH of 4.0 for the
evolution of H2, the same as those of previously reported
systems (see Figure S11 in the Supporting Information).[2h, 4h]

Such pH-dependent activity has been related to the pKa of
ascorbic acid because ascorbic acid acts as both a proton and
electron donor for the production of H2.

[4h] Control experi-
ments without ascorbic acid, [Ru(bpy)3]

2+, or 2 showed no or
only residual amounts of H2 production, suggesting all three
components are required for the evolution of H2 (Fig-
ure S10b).

Scheme 1. Synthesis of 1 and 2.

Figure 1. Cyclic voltammogram of 2 in 1.0m sodium phosphate buffer
at pH 7.0. Scan rate, 100 mVs�1. Working electrode, glassy carbon;
reference electrode, Ag/AgCl; counter electrode, Pt wire.

Figure 2. Photocatalytic H2 production over time in 1.0m acetate
buffer at pH 4.0 with 0.1m ascorbic acid, 0.5 mm [Ru(bpy)3]

2+, and
5.0 mm 2 at 22 8C.
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To explore the dependence of the H2 activity on the
concentration of 2, we conducted photolysis experiments
under different concentration of 2 (0.5–50 mm) at pH 4.0. As
shown in Figure S12 in the Supporting Information, the
concentration of 2 has a great influence on the light-induced
activity for H2 evolution in terms of TON and TOF, which
increased significantly at lower concentration of the catalyst.
At 50 mm 2, we obtained a TON of around
450 molH2 (molcat)�1 and a TOF of
410 molH2 (molcat)�1 h�1. However, at 0.5 mm 2, the TON
and TOF increased drastically to 4400 molH2 (mol cat)�1 and
4000 molH2 (molcat)�1 h�1, respectively. The dependence of
TON and TOF on the catalyst concentration indicates that the
formation of binuclear or polynuclear species might be
involved in the inactivation of complex 2.

The light-induced H2 production catalyzed by 2 also
depends on the concentrations of sacrificial reagent and
photosensitizer. When a photolysis experiment was con-
ducted at higher concentration of ascorbic acid (0.5m) and
[Ru(bpy)3]

2+ (2.0 mm) with 5.0 mm 2, the TON increased
further from 1600 to 2100 mol H2 (molcat)�1, corresponding
to a TOF of > 1900molH2 (mol cat)�1 h�1 during the first hour
of irradiation (see Figure S13 in the Supporting Information).
Therefore, our studies demonstrated that the reduced form of
complex 2 acts as a highly efficient photocatalyst for the
evolution of H2.

To identify factors responsible for the decomposition of
the photocatalytic H2 evolution in the above system, we
added one of the three components (ascorbic acid, [Ru-
(bpy)3]

2+, or complex 2) to a reaction flask after cessation of
the H2 evolution to see if the H2 production could be resumed.
However, addition of any of the three components, in the
same amount as used in the photocatalytic reaction, resulted
in no significant amount of H2 formation, suggesting that
decomposition of all three species occurred during the
photocatalytic H2 evolution. Both complex 2 and the photo-
sensitizer need to be added to resume the production of H2,
with around 37 % more production of H2 (see Figure S14 in
the Supporting Information). The addition of both ascorbic
acid and [Ru(bpy)3]

2+ also led to an increase in H2 evolution
by around 10 %. However, no significant amount of H2 was
produced when both ascorbic acid and complex 2 were added,
suggesting a complete decomposition of [Ru(bpy)3]

2+ under
our reaction conditions. The coordination of an acetate ion to
catalyst 2 or the substitution of the bpy ligand in [Ru(bpy)3]

2+

by an acetate ion may contribute to the decomposition of the
photocatalytic system for H2 evolution. Furthermore, the
presence of a trace amount of air in the reaction flask may
also lead to the decomposition of the catalytic system. The
amount of H2 produced in the presence of air is only 40% of
that produced when the H2 evolution was conducted in Ar,
suggesting that O2 inhibits the evolution of H2.

The catalytic H2 production at a potential lower than the
CoII/I couple of 2 suggested that the CoI form of 2 may be
responsible for the proton reduction. A number of possible
mechanisms, involving mononuclear or binuclear pathways,
have been proposed to account for the evolution of H2

catalyzed by molecular Co complexes.[2i, 11] Both homolytic
and heterolytic mechanisms may work simultaneously for

a system depending on particular reaction conditions.[12] To
provide insight into the mechanism of proton reduction by 2,
we performed DFT calculations to explore the possible
reaction intermediates, and the reaction free-energy changes
of possible pathways for the proton reduction (see Table S3,
Schemes S1 and S2, and Figure S14 in the Supporting
Information).[11] Results from DFT computations suggest
that a number of reaction pathways are thermodynamically
favorable for the proton reduction by 2, such as the one shown
in Scheme 2 where the binding of the proton to the CoI form
of 2 yields the CoIII–H species. Further reduction of the CoIII–
H to the CoII–H species followed by binding of another
proton results in the evolution of H2 (Scheme 2).[11]

Photocatalytic H2 production in systems using ascorbic
acid as electron donor and [Ru(bpy)3]

2+ as photosensitizer
have been reported.[2g,i] Previous studies have shown that
reductive quenching of the excited state of [Ru(bpy)3]

2+ by
ascorbic acid could lead to the formation of [Ru(bpy)3]

+,
which can reduce CoII to CoI before proton binding and
reduction.[2h,6j, 13] Kinetic and mechanistic studies are under-
way to identify the exact mechanisms for H2 evolution
catalyzed by 2.

In summary, we have presented a new type of mono-
nuclear Co complex with pentadentate ligand that can highly
efficiently catalyze the production of H2 in purely aqueous
solution by both electrochemical and photochemical
approaches. The modification of the ligand scaffolds to
further tune the redox properties and activity for the H2

evolution by 2 is currently in progress.

Experimental Section
All experiments were conducted in an Ar atmosphere unless noted
otherwise. The detailed synthesis of Co(DPA-Bpy)Cl2 (1) and
[Co(DPA-Bpy)(OH2)](PF6)3 (2) are described in the Supporting
Information. Controlled potential electrolysis was conducted in 1.0m
sodium phosphate buffer at pH 7 in an H-type gas-tight dual
compartment cell. A mercury pool with a surface area of 4.9 cm2

was used as working electrode that was connected through a platinum
wire placed at the bottom of the mercury pool. The solution was
stirred constantly during the electrolysis experiments at controlled
potentials. A platinum gauze wire, used as auxiliary electrode, was
placed in the other compartment separated from the solution of the
working electrode. An aqueous Ag/AgCl electrode was used as the
reference electrode. The working and auxiliary compartments both
contained 22.5 mL of electrolyte solution, which were thoroughly
degassed by purging with Ar for 30 min prior to the experiments. The
Faradaic efficiency was determined with 50 mm 2 at an applied
potential of �1.3 and �1.4 V vs. SHE. The experiments were
performed at 22 8C and the vapor pressure of water at 22 8C
(19.8 mmHg) was corrected by calculating the current efficiency of
H2 production.

For the photocatalytic H2 evolution, each sample was prepared in
a 130 mL rectangular flask containing 10 mL of buffer in the presence
of [Ru(bpy)3]Cl2, ascorbic acid, and complex 2. The flask was sealed
with a septum, degassed under vacuum, and flushed with Ar (with 5%

Scheme 2. Proposed mechanism for the proton reduction by 2.
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CH4) four times to remove any air present. Each sample was
irradiated by LED light (450 nm) at room temperature under
constant stirring. The amounts of H2 produced during electrolysis or
photocatalysis were determined by gas chromatography using a HP
5890 series II gas chromatograph with a TCD detector (5 � molecular
sieve column) or measured volumetrically by a gas burette.
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