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A Mononuclear Copper Electrocatalyst both Water
Reduction and Oxidation

Ling-Zhi Fu, Ting Fang, Ling-Ling Zhou and Shu-Zhong Zhan*

The oxidation and reduction of water is a key challenge in the production of chemical fuels from
electricity. Although several catalysts have been developed for these reactions, substantial challenges
remain towards the ultimate goal of an efficient, inexpensive and robust electrocatalyst. Until now, there
is as yet no report on both water oxidation and reduction by identical catalyst. Reported here is a soluble
copper-based catalyst, Na,[Cu(opba)] 1 (opba: o-phenylenebis(oxamato) for water oxidation and
reduction. Water oxidation occurs at an overpotential of 636 mV vs SHE to give O, with a turnover
frequency (TOF) of ~1.13 s'. Electrochemical studies also indicate that 1 is a soluble molecular species,
that this is the most rapid homogeneous water-reduction catalyst, with a TOF of 1331.7 (pH 7.0) moles
of hydrogen per mole of catalyst per hour in a pH 7.0 buffer at an overpotential of 788 mV vs SHE.

Sustained water reduction catalysis occurs at glassy carbon (GC) to give H, over a 36 h electrolysis

period with 96.5% Faradaic yield and no observable decomposition of the catalyst.

Introduction

Splitting water to molecular oxygen is a high energy density method
for storing solar energy in the form of chemical fuels.'* This
endergonic electrochemical conversion stores 1.23 V and consists of
the four electrons, four proton oxidation of water to oxygen and the
reduction of the produced protons to hydrogen. One of the key
challenges to water splitting is the development of efficient catalysts
for the water. These considerations have led to the development of
molecular catalysts employing more abundant metals, and several
complexes that contain nickel,” cobalt ® and molybdenum 7 have
been developed as electrocatalysts for the reduction of water to form
H,. Another notable progress has been made in homogeneous water
oxidation catalysis with transition metal complexes, including

8-11 12-14 15,16

manganese, cobalt, copper and iron.'”?* Despite much

progress in water oxidation and reduction catalysis, major
improvements in several areas, including lowering overpotentials,
increasing catalyst durability, and using earthabundant elements, are
needed before efficient electrocatalytic water splitting can be

realized.

This journal is © The Royal Society of Chemistry 2013

In designing a model featuring both water oxidation and
reduction functionality, we sought a synthetic cofactor with
following inspired properties: (1) The metal center coordination
geometry is planar; (2) Mild redox couple closer to the H,/H" couple
and O,/H,O couple, in the range -0.75 to -1.45 V and 0.40 to 1.23 V
versus SHE, respectively; (3) Chemical inertness, so that reactions
would be localized at the metal centers. Reported here is a water-
Na,[Cu(opba)]

phenylenebis(oxamato) that can catalyze both water oxidation and

soluble copper electrocatalyst, 1 (opba: o-

reduction.

Results and discussion

The synthesis of Na,[Cu(opba)] 1 (opba: o-phenylenebis(oxamato)
was carried out according to the literature.”® 1 is very soluble in
water and insoluble in organic solvents, such as methanol and
ethanol. The UV-vis spectrum was recorded in aqueous solution,
with main features at 257, 313 and 327 nm (Fig. S1). And the UV-
vis spectra of 1 in buffered aqueous solutions in pH 4.4 to 12.6
exhibit similar peaks to those in water. When pH= 11.8, the
absorption band at 257 nm disappeared, suggesting that complex 1
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decomposes to a new component under these conditions (Fig. S2).
Therefore, we will explore its electrochemical properties in pH 4.4 to

10.8.

The cyclic voltammogram (CV) of an aqueous solution of 1 (Fig.
S3) shows a reversible wave at E;, = -0.05 V (all potentials vs
Ag/AgCl) and an irreversible wave at 0.96 V, which are assigned to
a metal-based Cu'/Cu' redox event and a Cu™/Cu" couple,
respectively. Sweeping toward the anode shows one irreversible
redox wave at 0.96 V, which can be assigned to Cu"/Cu" couple.
We further explored the electrochemical behavior of 1 in buffered
aqueous solution where pH = 3.6—11.4 which is the range associated
with catalytic water reduction and oxidation. In pH 7.0 phosphate
buffer, a reversible Cu'/Cu' wave at -0.21 V was observed for 1
(Fig. 1). The Cu™ couple displays a pH-dependent redox potential
change, with a slope of -67 mV/pH in the range from pH 3.6 to 7.0
(Fig. S4), suggesting a proton-coupled electron transfer process. CVs
were also recorded at different scan rates in order to obtain kinetic
information of this complex. The current response of the redox event
at -0.21 V shows a linear dependence on the square root of the scan
rate (Fig. S5), which is an indicative of a diffusion-controlled
process, with the electrochemically active species freely diffusing in

the solution.

Correspondingly, sweeping toward the cathode reveals one
irreversible redox wave at -1.20 V, which is assigned to a metal-
based Cu'/Cu® couple (Fig. 1). The current response of the redox
events at -1.20 V also varies linearly on the square root of the scan
rate (pH 7.0), which is an indicative of a diffusion-controlled process
(Fig. S6). Sweeping toward the anode shows one irreversible redox
wave at 0.89 V (pH 7.0), which can be assigned to a metal-based
Cu"/Cu" (Fig. 1). A number of control experiments were carried out
to verify that complex 1 is responsible for the catalysis. In particular,
the free ligand, CuSO,, and a mixture of the free ligand and CuSO,
were each measured under identical conditions. As can be seen in
Figs. S7-Fig. S9, the catalytic competency achieved with 1 is not
matched by jeither the free ligand alone, CuSO,, or the mixture of
the free ligand and CuSO,, as might arise from dissociation of the
ligand; nor can it be accomplished with the ligand bound to a redox-
inactive metal. Thus, a combination of the redox-active copper and

the ligand is essential for catalytic activity.

First, we explored the catalytic water reduction by complex 1.

As shown in Fig. 2-(a), 1 shows a pH-dependent peak between -1.06

2| J. Name., 2012, 00, 1-3

and -2.0 V versus Ag/AgCl, these peaks are responsible for catalytic
water reduction. The onset of this catalytic current is clearly
influenced by the solution pH, the applied potential declines with
decreasing pH, evidencing the involvement of a proton in the initial
stage of electrochemical catalysis. Meanwhile, there is an obvious
potential gap between the onset of the catalytic current and the
Cu'/Cu’ redox event. From these observations we propose that
reduction of Cu"/Cu’ is a proton-coupled redox process. On the basis
of literature precedent ** and above analyses, we propose the
catalytic cycle depicted in Scheme 1 for the generation of hydrogen
from water mediated by 1. One-electron reduction of Na,[Cu(opba)]
1 gives a putative [Cu(opba)]* species (A). Addition of water yields
the Cu™-H species (B), a high reactive intermediate. Further
reduction of the Cu™-H species affords 1/2H,, releases one OH
anion and regenerates the starting complex 1. Further mechanistic

studies are under investigation.

1/2H, + OH-

Scheme 1 The possible catalytic mechanism for water reduction by

complex 1

Fig. 2-(b) shows the total charge of bulk electrolysis of complex
1 at pH 7.0. When an applied potential was -1.45 V vs Ag/AgCl, the
maximum charge was only 144 mC during 2 min of electrolysis in
absence of complex 1 (Fig. S10). Under the same conditions, the
charge reached 1.20 C with addition of copper complex 1,
accompanying a large amount of gas bubble appeared (Fig. S11),
which was confirmed to be H, by GC analysis. The evolved H, was
analyzed by gas chromatography, Fig. 3-(a), which gave ~6.4 mL of
H, over an electrolysis period of 1 h with a Faradaic efficiency of
96.5% for H, (Fig. 3-(b)). TOF for electrocatalytic hydrogen

production by complex 1 is 1331.7 moles of hydrogen per mole of

This journal is © The Royal Society of Chemistry 2012
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catalyst per hour in a pH 7.0 buffer at an overpotential of 788 mV vs
SHE (Fig. 2-(c)).

To the best of our knowledge, this value is significantly higher
than some  reported molecular catalysts for electrochemical
hydrogen production from neutral water, including a dinickel
complex that exhibits a turnover number of 100 moles of H, per
mole of catalyst with a turnover frequency of 160 moles of H, per
mole of catalyst per hour at an overpotential of 820 mV %’ and a
cobalt complex displaying a turnover number of 5 moles of H, per
mole of catalyst with a turnover number of 0.4 moles of H, per mole
of catalyst per hour at an overpotential of 390 mV, 2® and can be
compared to a molybdenum-oxo complex that shows a maximum of

1,600 moles of H, per mole of catalyst per hour at an overpotential

of 642 mV [7].

We further explored the catalytic water oxidation by complex 1,
a much more attractive field. CVs were conducted in buffers at
different pH values. At more positive potentials, one irreversible
oxidation wave appear at 0.89 V vs Ag/AgCl in 0.25 M buffer (pH
7.5), corresponding to Cu"™/Cu" (Fig. 4-(a)), with a greatly enhanced
underlying current compared to the background. Fig. 4-(b) exhibits a
systematic in i, with increasing pH from 7.5 to 11.4. Cyclic
voltammograms of background in the absence of complex 1 exhibit
no catalytic current at the potential of the couple of Cu/Cu",
suggesting that water oxidation to O, occurs with complex 1.% The
current enhancement for the wave at E;, = 0.89 V is consistent with
catalytic water oxidation, with catalytic onset shift to more negative
potentials (from 1.30 V to 0.78 V). When the pH was 10.1, the peak
at 0.89 V disappeared, indicating a new component was formed.
When the pH reached 10.8, one new irreversible oxidation wave
appeared at E,, = 1.18 V, which can be assigned to cu'/cu™
couple. The current enhancement for the wave at E,, = 1.18 V is
consistent with catalytic water oxidation. When the pH reached 11.4,
another new irreversible oxidation wave appeared at E,, = 1.63 V,
and the peak at 1.18 V got weak, indicating complex 1 was
decomposing. The current enhancement for the wave at E, , = 0.89 V
([Cu™(opba)]/[Cu"(opba)]*) is consistent with catalytic water
oxidation at pHs 7-8.5, with catalytic onset shift to more negative
potentials (from 1.30 V to 0.80 V). And the current enhancement for
the wave at E,, = 1.18 V ([Cu"V(opba))/[Cu"(opba)]) is also
consistent with catalytic water oxidation at pH>10.1, with catalytic
onset shift to more negative potentials (from 1.30 V to 0.95 V).

Based on the above observations, both couples [Cu"'(opba)]

This journal is © The Royal Society of Chemistry 2012
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/[Cu™(opba)]* and [Cu"(opba)]/[Cu™(opba)] are devoted to water
oxidation. Analysis of the anodic scans of the redox couples at 0.90
V (pH 8.7) and 1.20 V (pH 10.8) as a function of scan rates (Fig.
S12 and Fig. S13) both show a linear relation, consistent with
adsorption of the molecules on the electrode surface. Such
distinctive potentials prompted possible usage of copper complex 1
as an electrocatalyst for water oxidation reaction. Based on these
observations, a mechanism for water oxidation is proposed in
Scheme 2. In this mechanism, the product of the second oxidation
would be the formally Cu'v species, a high-oxidation Cu-oxo
intermediate as sites for O-O coupling and water oxidation, as found

in other complexes. >

Scheme 2 The possible catalytic mechanism for water oxidation by

complex 1

Further evidence for the electro-catalytic activity of complex 1
was obtained by bulk electrolysis of an aqueous solution of complex
1 (2.8 uM) with phosphate buffer (0.25 M) at variable potential
using an ITO electrode in a double-compartment cell. A series of
applied potentials were chosen, corresponding to the electro-catalytic
potentials observed in cyclic voltmmograms. As shown in Fig. 4-(c)
(pH 10.8), the amount of charge used in 2 min increases with
increasing the applied potential until a saturation value of 0.41 C is

reached at 1.35 V vs Ag/AgCl, accompanying the formation of a

J. Name., 2012, 00, 1-3 | 3
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large amount of gas bubble (Fig. S14), can be attributed to the
catalytic generation of O, from water. Then, the charge significantly
decreased when the applied potential was set to more positive. This
saturation behavior occurs because the potential drop between the
working and auxiliary electrodes exceeds the maximum output
voltage of the potentiostat at high current densities, and is not an
inherent property of the catalyst. Compared to that at pH 10.8, at pH
8.7, a very small saturation value of 0.016 C is reached at 1.55 V vs

Ag/AgCl (Fig. 4-(d)).

Water oxidation occurs at an overpotential of 626 mV vs SHE,
based on the half-peak potential for CVs at pH 10.8 and 100 mV/s,
and the reversible potential for 4¢"+ O,+ 4H" = 2H,0 of 0.52 V at

this pH. This overpotential is comparable to the reported

homogeneous water-oxidation catalysts (600-900 mV). ***7

Evolution of O, as a product was investigated by controlled
potential electrolysis at 1.23 V vs Ag/AgCl on a large surface area
ITO (1.32 cm?) electrode with 2.8 pM complex 1 in 025 M
phosphate buffer (pH 10.8). The background for oxygen formation at
the applied potential in the absence of catalyst is small (Fig. S15).
After a 5 h electrolysis period, pH decreased by 1.5 units (from 10.6
to 9.1), consistent with consumption of OH™ by water oxidation,
40H + 4e¢" > 20,t 2H,0. The evolved O, was analyzed by gas
chromatography, Fig. 5-(a), which gave ~96 pumol of O, over an
electrolysis period of 5 h with a Faradaic efficiency of 95.8% for O,
(Fig. 5-(b)).

This study stated clearly that 1 is capable of catalyzing the oxidation
of water to O,. According to egq. (1) [16], n, is the number of
electrons transferred in the noncatalytic wave, n. is mol of electrons
required to generate a mol of O, and v is the scan rate From the
slope of the plot of i.,/iq versus v (Fig. S12 and Fig. S13), we
calculated kg, which is usually referred as turnover frequency
(TOF) of the catalyst in the literature, for the catalyst reaching a
maximum of 0.14 s (Epo= 0.83 V, and Eq. 2), and 1.13 s (Ep=
108 'V, and Eq. 3),
[Cu"(opba)/[Cu™(opba)]” plays a larger role than [Cu(opba)]
/[Cu"(opba)]* for water oxidation. This value (1.13 s™') is higher

respectively,  indicating  that

than some reported molecular water oxidation catalysts, ** yet
lower than the recently reported copper based ones. ***!

A n,
—L:0359W kcat/l) 1)
L n,

4| J. Name., 2012, 00, 1-3

The durability of catalyst 1 for water reduction and oxidation
were also tested in an extended CPE experiment performed in a 0.25
M buffer at pH 7.0 and pH 10.8, respectively. As depicted in Fig.
S16, the catalyst affords a robust and essentially linear charge build-
up over time, with no substantial loss in activity over the course of
36 h for water reduction. As observed in Fig. S17, the catalyst
affords a robust and essentially linear charge build-up over time,
with no substantial loss in activity over the course of 10 h. After a 10
h electrolysis period, the charge build-up slightly increased due the
decrease in pH, consistent with consumption of H' by water
oxidation, 2H,0 - 4¢" — O+ 4H". The original catalytic function
was recovered and could be repeated at least 10 times when the

solution pH was adjusted back to the original 10.8.

To prove complex 1 as a homogeneous electrocatalyst, we
obtained dependence of the catalytic current on complex 1
concentration. As shown in Fig. S18, the observation of the
catalytic current being dependent of the complex concentration
could indicate a homogeneous catalyst. And several pieces of
evidence also suggest that this mononuclear copper complex is
a homogeneous catalyst: 1) There is no evidence for a

heterogeneous electrocatalytic deposit. For example, the
electrode was rinsed with water and electrolysis at -1.45 V vs
Ag/AgCl was run for an additional 2 min in a 0.25 M phosphate
buffer at pH 7.0 with no catalyst present in solution. During this
period, ca. 144 mC of charge was passed, a similar magnitude
as is observed for electrolysis conducted with freshly polished
electrodes. 2) No discoloration of the electrodes was observed

during cyclic voltammetry or bulk electrolysis.

Experimental

Cyclic voltammograms were obtained on a CHI-660E
electrochemical analyzer under oxygen-free conditions using a three-
electrode cell in which a glassy carbon electrode GC was the
working electrode, a saturated Ag/AgCl electrode was the reference
electrode, and platinum wire was the auxiliary electrode. Controlled-
potential electrolysis (CPE) in aqueous media was conducted using
an air-tight glass double compartment cell separated by a glass frit.
The working compartment was fitted with a glassy carbon plate or
an ITO plate and an Ag/AgCl reference electrode. The auxiliary
compartment was fitted with a Pt gauze electrode. The working
compartment was filled with 50 mL of 0.25 M phosphate buffer

solution at different pH values, while the auxiliary compartment was

This journal is © The Royal Society of Chemistry 2012
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filled with 35 mL phosphate buffer solution. Dinuclear copper
complex 1 was then added and cyclic voltammograms were
recorded. After electrolysis, a 0.5 mL aliquot of the headspace was
removed and replaced with 0.5 mL of CH,. A sample of the
headspace was injected into the gas chromatograph (GC). GC

experiments were carried out with an Agilent Technologies 7890A

gas. UV-Vis spectra were recorded on a U-3900H
spectrophotometer.
H,+20H O, +4H" +4¢
2H,0
2e”
2-
O, N\ /N (0}
/Cu\
(o) (o] 0™ ~o
Conclusions

In summary, a water soluble mononuclear copper complex 1, which
is very easy to be obtained, can catalyze both water oxidation and
reduction. Electrochemical studies show that 1 is the first soluble
molecular copper species, that is among the most rapid
homogeneous water-reduction catalysts, with a TOF of 1331.7 (pH
7.0) moles of hydrogen per mole of catalyst per hour at an
overpotential of 788 mV vs SHE. Water oxidation occurs at an
overpotential of 636 mV vs SHE to give O, with a turnover
frequency (TOF) of ~1.13 s' (pH 10.8). This discovery has
established a new chemical paradigm for creating water oxidation
and reduction catalysts that is highly active and robust in purely

aqueous media.
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Fig. 1. Cyclic voltammograms of 0.25 M phosphate buffer solutions at pH 7.0 with
and without complex 1 (0.1 mM). Conditions: GC working electrode (I mm
diameter), Pt wire counter electrode, Ag/AgCl reference electrode and 100 mV/s.
The inset shows a magnified view of the Cu"/Cu' couple.
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Fig. 2. (a) Cyclic voltammograms of complex 1 (0.10 mM) in 0.25 M buffer (pH 3.6,
4.8, 5.6, 6.0, 6.5, 7.0) at a glassy carbon electrode and a scan rate of 100 mV/s for
water reduction. (b) Charge buildup of complex 1 (2.8 uM) versus overpotentials
(mV versus SHE) in 0.25 M phosphate buffer at pH 7.0. All data have been deducted
blank. (c¢) Turnover frequency (mol Hy/mol catalysts/h) for electrocatalystic hydrogen
production by complex 1 (2.8 uM) under a series of overpotentials (mV versus SHE).
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Fig. 3. (a) GC traces after a 1-h controlled-potential electrolysis at —1.20 V SHE of
2.2 uM complex 1 in 0.25 M phosphate buffer, pH 7.0. A standard of CH; was added
for calibration purposes. (b) Measured (black) and calculated (red) pH changes
assuming a 96.5% Faradic efficiency of complex 1 during electrolysis. (the theoretical

pH change over time can be calculated by the equation of pH =14+1g

i

= where |
FV

= current (A), t = time (s), F = Faraday constant (96485 C/mol), V = solution volume

(0.05 L)).
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Fig. 4. (a) Cyclic voltammograms of the buffer with (red line) and without (black line)
complex 1. (b) Cyclic voltammograms of complex 1 (0.1 mM) in 0.25 M buffer (pH
7.5-11.4). (c) Charge buildup of complex 1 (0.1 mM) versus applied potentials (pH
10.8). (d) Charge buildup of complex 1 (0.1 mM) versus applied potentials (pH
8.7). Conditions: Pt counter electrode, Ag/AgCl reference electrode, scan rate 100
mV/s, 2 min. All data have been deducted blank.
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Fig. 5. (a) Normalized gas chromatographic trace before (black line) and after (red
line) electrolysis in the presence of complex 1 for 5 h. 0.25 M phosphate buffer, pH
10.8, 2.8 uM complex 1, ITO working electrode (1.32 cm?®), Pt counter electrode,
Ag/AgCl reference electrode, applied potential 1.20 V vs Ag/AgCl. (b) Measured (red)
and calculated (black) pH changes assuming a 100% Faradaic efficiency of complex 1

during the electrolysis.
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