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Single-Site Copper(II) Water Oxidation Electrocatalysis: Rate
Enhancements with HPO4

2� as a Proton Acceptor at pH 8**
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Abstract: The complex CuII(Py3P) (1) is an electrocatalyst for
water oxidation to dioxygen in H2PO4

�/HPO4
2� buffered

aqueous solutions. Controlled potential electrolysis experi-
ments with 1 at pH 8.0 at an applied potential of 1.40 V versus
the normal hydrogen electrode resulted in the formation of
dioxygen (84% Faradaic yield) through multiple catalyst
turnovers with minimal catalyst deactivation. The results of
an electrochemical kinetics study point to a single-site mech-
anism for water oxidation catalysis with involvement of
phosphate buffer anions either through atom–proton transfer
in a rate-limiting O�O bond-forming step with HPO4

2� as the
acceptor base or by concerted electron–proton transfer with
electron transfer to the electrode and proton transfer to the
HPO4

2� base.

The oxidation of water to dioxygen is a key half-reaction in
natural photosynthesis and a considerable challenge for
artificial photosynthetic schemes aimed at converting solar
energy into fuels for energy conversion and storage. Micro-
scopically, water oxidation is necessarily complex since it
involves the loss of four electrons and four protons with
formation of an O�O bond (2H2O!O2 + 4 H+ + 4e� , E0 =

1.23 V vs. NHE, EpH 7 = 0.82 V vs. normal hydrogen electrode,
NHE).

Considerable progress has been made in catalyzing this
reaction by using transition-metal complexes. Examples of
Ru,[1] Ir,[2] Fe,[3] Co,[4] and Mn[5] complexes have been
identified as single-site or multi-site catalysts in solution or
immobilized on metal-oxide surfaces, or as precursors to

catalytically active metal oxides or films. Practical strategies
for light-driven water oxidation in solar fuel applications
require robust and selective catalysts that react at appreciable
rates at low overpotentials and do not compete for light
absorption with an integrated chromophore or chromophore
antenna. Molecular catalysts are particularly attractive in
these applications since their catalytic properties can be
relatively fine-tuned by systematic structural and electronic
modifications, and strategies are available for incorporating
them into chromophore–catalyst assemblies.

A few recent reports have documented the first examples
of CuII-mediated water oxidation electrocatalysis with simple
CuII complexes or salts.[6] CuII water oxidation catalysis is
appealing since Cu is biologically relevant and abundant with
a well-defined coordination chemistry.

Here we report that the monomeric CuII complex CuII-
(Py3P) (1, Py3P is N,N-bis(2-(2-pyridyl)ethyl)pyridine-2,6-
dicarboxamidate, Figure 1) is
a stable water oxidation electroca-
talyst in H2PO4

�/HPO4
2� buffered

solutions. A combination of cyclic
voltammetry and controlled-poten-
tial electrolysis (CPE) measure-
ments provide experimental evi-
dence for a single-site water oxida-
tion mechanism involving either
rate-determining atom–proton
transfer or concerted electron–
proton transfer leading to rapid
water oxidation through multiple
catalytic turnovers.

The electrochemical properties of 1 were explored by CV
measurements at a boron-doped diamond (BDD) working
electrode in water at a constant ionic strength (m = 0.5m) with
added LiClO4. As shown in Figure 2, cyclic voltammograms
(CVs) of 1 at pH 8.0 in a 0.1m H2PO4

�/HPO4
2� buffer solution

includes two irreversible anodic waves with Ep,a,1 = 1.29 V
versus NHE and Ep,a,2 = 1.50 V versus NHE that show little
variation in potential with changes in CV scan rates between
10–100 mVs�1. The current densities (j) for both are greatly
enhanced relative to the BDD electrode background (see
Figure S1 in the Supporting Information). The first oxidative
wave, Ep,a,1, remains irreversible even if the switching
potential is reduced to 1.4 V. CV measurements show that
Ep,a,1 decreases by 56 mV per pH unit from pH 3–7, which is
close to the decrease of 59 mV per pH unit predicted by the
Nernst equation for a 1e�/1 H+ redox couple. Ep,a,1 is pH-
independent from pH 7–12 (Figures S2,3). The Pourbaix
diagram (Ep,a vs. pH) for this couple, Figure S3, is consistent
with pKa = 7 for CuII(OH2), coincidentally close to pKa about

Figure 1. Structure of
CuII(Py3P) (1).
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7 for CuII(H2O)6
2+.[7] Ep,a,2 is pH-independent from pH 3–12

(Figures S2,3).
CVs of 1 at pH 8.0 (deoxygenated 0.1m phosphate buffer,

m = 0.5m with added LiClO4) under nitrogen include a quasi-
reversible, pH-independent CuII/I couple at E1/2 =�0.14 V
versus NHE (DE = 120 mV, Figure 2, Figure S3). A diffusion
coefficient (DCu) of 6 � 10�5 cm2 s�1 was determined for 1 from
the dependence of the anodic peak current (ip,a) for the CuII/I

couple on scan rate (n1/2) by application of the Randles–
Sevcik relation[8] in Equation (1) (Figure S4). In Equation (1),
n (= 1e�) is the number of electrons transferred, F is the
Faraday constant, A is the area of the working electrode
(0.07 cm2), R is the ideal gas constant, and T is the temper-
ature.

ip ¼ 0:4463 n F A½1�½ðn FnDCuÞ=ðR TÞ�1=2 ð1Þ

To determine if 1 was capable of catalytic water oxidation
to dioxygen, CPE experiments were conducted in a closed,
deoxygenated three-compartment electrolysis cell at a tin-
doped indium oxide (ITO, 0.7 cm2) working electrode at
pH 8.0 with a 0.1m phosphate buffer, [H2PO4

�]/[HPO4
2�] =

3.8 � 10�2, and m = 0.5m with added LiClO4 and various
concentrations of 1. Sustained current densities between
0.2–0.3 mAcm�2 were maintained over a minimum of 7 h with
[1]0 = 2 mm at an applied potential of 1.4 V versus NHE
(640 mV overpotential). After 7 h of electrolysis, the reaction
headspace was sampled and analyzed by gas chromatography/
mass spectrometry to reveal that 7 mmoles of O2 had been
produced in 84 % Faradaic yield (19 turnovers) assuming
a 4e� catalytic process and after correcting for background O2

from cell leakage with no detectable amounts of CO or CO2

(Figure S5). Note that the calculated Faradaic yield should be
considered a lower limit, as some of the O2 produced during
electrolysis is solubilized in the electrolyte and not detected
by headspace sampling.

Additional CPE experiments under these conditions
showed that the total charge passed after 7 h of electrolysis
varied linearly with the initial catalyst concentration, [1]0,
with no evidence for an induction period at early electrolysis

times, providing additional evidence for homogeneous single-
site water oxidation catalysis (Figure 3). The absence of an
induction period is also consistent with the similarities
between steady-state current densities measured by chro-
noamperometry at various potentials and those measured
from slow scan-rate CVs (10 mVs�1), further pointing to
catalyst stability (Figure S6). Charges passed during the CPE
experiments were due predominantly to 1 and not free CuII,
which has been shown to be a water oxidation catalyst with
high concentrations of added carbonate.[6d] Under the exper-
imental conditions used herein, CuII immediately precipitates
as Cu3(PO4)2 (Ksp = 1.40 � 10�37) and displays no catalytic
activity toward water oxidation (see Figure S7).[6b–d]

Only a 10 % loss of the catalyst occurred during the CPE
experiments as shown by UV/Vis absorption spectral com-
parisons before and after each electrolysis experiment
(Figure 3, Figure S8). A pseudo-first-order rate constant for
catalyst decomposition of 3 � 10�6 s�1 was determined from
a plot of ln[1] versus time by monitoring UV/Vis spectral
changes during electrolysis (Figure S9). CVs of the electrolyte
mixture before and after 7 h of electrolysis at a BDD working
electrode showed a 10% decrease in current density for the
anodic waves without signs of new waves in the CV scans from
an additional electroactive form (Figure S10). CVs of the ITO
working electrode before and after each electrolysis experi-
ment in the absence of catalyst were essentially identical with
no evidence for electroactive or insulating films adsorbed to
the electrode surface during the electrolysis (Figure S11). The
lack of evidence for a new electroactive species which is either
adsorbed on the working electrode or present in the electro-
lyte mixture is collectively consistent with homogeneous
catalysis.

Cyclic voltammetry measurements revealed that anodic
current densities at 1.50 and 1.29 V versus NHE, respectively,
vary linearly with [1] at pH 8.0 (0.1m phosphate buffer,
[HPO4

2�] = 0.09m, m = 0.5m with added LiClO4, Figure 4). A
first-order dependence is consistent with a single-site mech-
anism for water oxidation catalysis and the dependence of the
catalytic current (icat) on the catalyst concentration shown in
Equation (2).[8] In Equation (2), ncat is the number of electrons

Figure 2. Cyclic voltammogram of CuII(Py3P) (1, 0.7 mm) at pH 8.0
(0.1m phosphate buffer, m = 0.5m) at a boron-doped diamond working
electrode (BDD, 0.07 cm2, 100 mVs�1, 293 K) with the arrow indicating
the initial scan direction. The inset shows a magnified view of the CuII/I

wave at �0.14 V versus NHE.

Figure 3. Chronocoulometric (Q = charge vs. time) plot from con-
trolled-potential electrolysis with CuII(Py3P) ([1] = 2 mm, 1 mm, and
0.5 mm) at a tin-doped indium oxide working electrode (ITO, 0.7 cm2)
and pH 8.0 (0.1m phosphate, m= 0.5m with added LiClO4) at an
applied potential of 1.4 V versus NHE. A charge-versus-time trace for
the background ITO electrode is also shown.
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icat ¼ ncatF A½1�ðkcat DCuÞ1=2 ð2Þ

transferred (n = 4e�). From cyclic voltammetry measure-
ments over a catalyst concentration range of 0.05–2 mm,
there was no evidence for additional redox active Cu species,
the ratio of peak currents at Ep,a,1 and Ep,a,2 remained constant,
and catalysis was dominated by first-order kinetics. A
comparison of scan-rate-normalized CVs (i/n1/2) shows
a decrease in i with increased n at high potentials, which is
consistent with a contribution to the current from a rate-
limiting chemical step or steps preceding diffusional electron
transfer (Figure S12).[8]

The current density at 1.50 V versus NHE at constant [1]
was found to vary linearly with [HPO4

2�] at pH 8.0 at a fixed
ratio of [H2PO4

�]/[HPO4
2�] (Figure S13). The dependence on

[HPO4
2�] provides kinetic evidence for a pathway that is first

order in [HPO4
2�] as found earlier for RuII–polypyridyl

catalysts.[9] There were no signs of catalyst anation with
[HPO4

2�] up to 0.2m. The current density was invariant to
changes in pH between pH 7–8.2 ([OH�] = 6 � 10�9–10�7

m) at
fixed [HPO4

2�] and fixed [1] (Figure S14).
The appearance of general base catalysis in water

oxidation is well established for single-site RuII and CoII

complexes.[4a, 9] For RuII–polypyridyl complexes, this depend-
ence has been attributed to atom–proton transfer (APT) with
O�O bond formation occurring in concert with proton
transfer to the hydrogen-bonded base (Scheme 1).

Collectively, the data on CuII(Py3P) water oxidation
catalysis are consistent with the rate and rate constant
expressions in Equations (3) and (4), respectively. In Equa-
tions (3) and (4), kcat is the catalytic rate constant for water
oxidation, kB is the buffer base-dependent rate constant, and

kH2O is the rate constant in the absence of an added buffer
base. Catalytic rate constants were evaluated from variable
scan rate cyclic voltammetry measurements conducted with
0.5–1 mm 1 at pH 8.0 with varying concentrations of HPO4

2�.
Tafel plots were constructed from CV data at the onset of
catalytic current (foot-of-the-wave) and extrapolated to
obtain icat values at 1.50 V versus NHE (760 mV overpoten-
tial, Figure S15).[10] Tafel plots constructed from cyclic vol-
tammetry data measured between 1.23 and 1.33 V gave
comparable icat values when extrapolated to 1.50 V. Measured
currents were normalized with cathodic ip values for the CuII/I

couple (�0.07 V vs. NHE) and fit to the expression in
Equation (5); see Figure S14. Plots of icat/ip versus n�1/2 were

icat=ip ¼ 2:242 ncatðkcatR T=n FnÞ1=2 ð5Þ

used to evaluate kcat. As shown in Figure 5, kcat varies linearly
with [HPO4

2�] up to at least 0.2m HPO4
2� with kB = 1.9 �

102
m
�1 s�1 and kH2O = 3.2 � 10�1 s�1; note Equation (4). The

three orders of magnitude difference between kB with B =

HPO4
2� and kH2O is consistent with an APT pathway given the

difference in the proton-accepting ability of HPO4
2� with

pKa(H2PO4
�) = 7.2 compared to H2O with pKa(H3O

+) =

�1.74. Similar observations have been made for the APT
O�O bond-forming step in water oxidation by [Ru-
(Mebimpy)(bpy)(H2O)]2+ (Mebimpy is 2,6-bis(1-methylben-
zimidazol-2-yl)pyridine and bpy is 2,2’-bipyridine)[9b] and
[Ru(tpy)(bpz)(OH)]+ (tpy = 2,2’:6,2’’-terpyridine and bpz =

2,2’-bipyrazine).[11] A kinetic isotope effect (KIE, kcat,H2O/
kcat,D2O) of 2 was determined by using Equation (6) and
current comparisons at 1.50 V at pH 8.0 relative to pD 8.0 in
0.1m phosphate-buffered solutions (m = 0.5m with added
LiClO4 at 293 K). The magnitude of the KIE is consistent
with proton involvement in the rate-limiting step and
a possible APT pathway for water oxidation by 1 (Fig-
ure S16).

rate ¼ kcat½1� ð3Þ

kcat ¼ kB½HPO4
2�� þ kH2O ð4Þ

Figure 4. Cyclic voltammograms of CuII(Py3P) (1) as a function of
increasing catalyst concentration (arrow) at pH 8.0 (0.1m phosphate
buffer, [HPO4

2�] = 0.09m, m =0.5m with added LiClO4) at a boron-
doped diamond working electrode (BDD, 0.07 cm2, 30 mVs�1, 293 K).
The inset shows a plot of current density magnitude (j j j) versus [1] at
1.50 V versus NHE.

Scheme 1. Atom–proton transfer in catalytic water oxidation by single-
site ruthenium(V)-oxo complexes.[9]

Figure 5. Plot of the catalytic rate constant (kcat) versus [HPO4
2�] (m)

for water oxidation by CuII(Py3P) (1) at pH 8.0 (m = 0.5m with added
LiClO4) at room temperature.
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KIE ¼ kcat,H2O=kcat,D2 O ¼ ðicat,H2O=icat,D2OÞ2 ð6Þ

The experimental data are consistent with two electron
oxidative activation of 1, which triggers electrocatalytic water
oxidation. At pH 8.0, 1 exists as d9 CuII(OH)� with oxidation
to d8 CuIII(OH) occurring at 1.29 V versus NHE (Ep,a,1). The
electron-transfer irreversibility of this oxidation may be due
in, because of significant catalyst structural change, as a d8

CuIII complex. Once formed, CuIII(OH) undergoes further
oxidation at 1.50 V versus NHE (Ep,a,2) to give a second
intermediate. There is no literature precedence for a catalyti-
cally active single-site CuIII complex for water oxidation, and
a plausible interpretation of the catalytic CV waveform is that
Ep,a,1 gains current intensity by lying on top of a catalytic wave
for water oxidation catalysis from a twice-oxidized inter-
mediate with Ep,a,1 = 1.29 V. The possibility that the first
oxidative process (Ep,a,1) does result in at least a contribution
to water oxidation, however, cannot be definitively excluded
based upon the cyclic voltammetry data.

The electronic formulation of the twice-oxidized inter-
mediate is unclear. Oxidation of CuIII(OH) could give either
d7 CuIV(OH)+ or ligand-oxidized d8 CuIII(Py3PC+)(OH)+

[Eq. (7)]. An alternate explanation based upon the first-
order buffer base pathway is rate-limiting concerted electron–
proton transfer (EPT). Electron transfer to the electrode with
proton transfer to HPO4

2� would give a d8 CuIII(OC+) or d7

CuIV(O) intermediate [Eqs. (8),(9)].[9a, 12]

CuIIIðPy3PÞðOHÞ �e�
��!CuIVðPy3PÞðOHÞþ

or CuIIIðPy3PCþÞðOHÞþ
ð7Þ

CuIIIðPy3PÞðOHÞ þHPO4
2� ! CuIIIðPy3PÞðOHÞ � � �OPðOÞ2OH2�

ð8Þ

CuIIIðPy3PÞðOHÞ � � �OPðOÞ2OH2� �e�
��!H2PO4

� þ CuIIIðPy3PÞðOCþÞ
or CuIVðPy3PÞðOÞ

ð9Þ

There is no direct experimental evidence for CuIV(OH) or
CuIV(O) as kinetic intermediates. The latter has been
proposed as a possible intermediate in Cu-mediated electro-
catalytic water oxidation.[6c] A non-innocent ligand redox
effect has been proposed in water oxidation electrocatalysis
by (6,6’-(HO)2bpy)Cu(OH)2 (6,6’-(HO)2bpy is 6,6’-dihy-
droxy-2,2’-bipyridine) with a CuIII(OH)-bpy radical cation
proposed as the catalytically-active intermediate.[6a]

With either CuIV(OH)+ or CuIII(Py3P
·+)(OH)+ as the

twice-oxidized intermediate, subsequent rate-limiting APT
O�O bond formation with proton transfer to HPO4

2� would
give a d9 CuII(H2O2) intermediate [Eqs. (10),(11)]. Water
attack on either CuIII(OC+) or CuIV(O) would give the same
CuII(H2O2) intermediate [Eq. (12),(13)]. In the water oxida-
tion cycle, further oxidation of the proposed CuII(H2O2)
intermediate would lead to O2 release, H2O coordination, and
re-entry of CuII(Py3P)(OH) into the catalytic cycle [Eq. (14)].

CuIVðPy3PÞðOHÞ þH-O-H � � �OPðOÞ2OH!
CuIIðPy3PÞðH2O2Þ þH2PO4

�
ð10Þ

CuIIIðPy3PCþÞðOHÞ þH-O-H � � �OPðOÞ2OH!
CuIIðPy3PÞðH2O2Þ þH2PO4

�
ð11Þ

CuIIIðPy3PÞðOCþÞ þH2O! CuIIðPy3PÞðH2O2Þ ð12Þ

CuIVðPy3PÞðOÞ þH2O! CuIIðPy3PÞðH2O2Þ ð13Þ

CuIIðPy3PÞðH2O2Þ þ 2 HPO4
2� þH2O �2 e�

��!
CuIIðPy3PÞðH2OÞ þO2 þ 2 H2PO4

�
ð14Þ

There is no direct experimental evidence for a Cu-
peroxide intermediate, but such intermediates are well
documented as products of reactions between CuI complexes
and O2.

[13] Evidence for a peroxide intermediate has been
found in water oxidation electrocatalysis by (TGG)CuII-
(OH2)

2� (TGG is triglycylglycine).[6c]

Our results demonstrate that CuII(Py3P) is an effective
electrocatalyst for water oxidation to dioxygen. It continues
to react through multiple turnovers with high Faradaic
efficiencies in near neutral phosphate buffered solutions.
The rate constant ratio of catalyzed water oxidation to
deactivation (kcat/kdeact. about 6 � 107 s�1) is impressive, point-
ing to stable long term performance. Also impressive is the
rate of electrocatalytic water oxidation under these conditions
with a calculated half time (t1/2) of 1.8 � 10�2 s (kcat = 38 s�1) for
water oxidation with 0.2m HPO4

2�. Its reactivity under these
conditions compares well with the few other Cu water
oxidation catalysts in the literature, where kobs values in the
range of 101–102 s�1 have been reported[6a,c,d] but at elevated
pH (11–14) with high concentrations of added buffer bases
and hydroxide. The direct involvement of hydroxide in O�O
bond formation has been described for Ru–polypyridyl
oxidants.[9]

The kinetic characteristics of water oxidation by 1 are
consistent with a single-site mechanism with oxidative
activation of the catalysts observed directly by CV measure-
ments. It is notable that electrocatalytic water oxidation by
1 occurs at relatively low pH with added HPO4

2�, conditions
that will allow a derivative to be incorporated into molecular
assemblies for photoelectrochemical water oxidation.
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