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1. Introduction

Significant efforts have been devoted to electrocatalytic split-
ting of water, particularly in the last two decades, to imple-

ment hydrogen economy as a renewable and clean alternative
to fossil fuels. One of the main challenges in the pursuit of this

task is to develop efficient, robust, and inexpensive catalysts
for the water oxidation half reaction, which involves a

4 H+/4 e@ process with relatively high potential [E = 0.82 V,

pH 7 vs. NHE, 25 8C; Eq. (1)]:

2 H2O ! O2 þ 4 Hþ þ 4 e@ ð1Þ

Although oxides of precious metals, such as RuO2
[1] and

IrO2,[2] exhibit high performance in the oxygen evolution reac-
tion, the main focus in this field has been the investigation of

compounds incorporating 3d metal ions (particularly Co,[3]

Mn,[4] and Ni).[5] Some of the benchmark studies include the

cobalt phosphate (Co–Pi) catalyst,[6] cobalt polyoxometalates

(Co–POM),[7] [NiO(OH)] ,[8] and birnessite-type MnO2.[9]

Recently water oxidation catalysts (WOCs) containing copper

have also received attention, as copper is the second most
earth-abundant metal and it is biologically relevant considering

the key role it has in several oxidation processes such as those

involving methane monooxygenase[10] and cytochrome c ox-
idase.[11] The portfolio of WOCs containing copper involves vari-

ous compounds ranging from homogeneous molecular com-
plexes such as Cu–bipyridine,[12] copper carbonates,[13] and Cu–

tetrapeptide[14] systems to three-dimensional heterogeneous
copper oxides.[15] In 2012, Mayer et al. reported the first exam-

ple of a homogeneous copper electrocatalyst for water oxida-

tion with a simple formula of [(bpy)Cu(OH)2] (bpy = 2,2’-bipyri-
dine).[12] Lin et al. later reported that substitution of the bpy

ligand with 6,6’-dihydroxy-2,2’-bipyridine leads to a significant
increase in the catalytic activity due to ligand oxidation.[16] By

contrast, several studies performed on copper oxide systems
suggest that copper(II) ions surrounded by oxygen atoms can
also electrocatalytically oxidise water.[17] Moreover, the investi-

gation of water oxidation performance of different copper(II)
salts in the presence of carbonate or phosphate buffers indi-
cates that the ligands around the metal ion play a key role in
the robustness and the catalytic activity of copper ions.[13]

Given the aforementioned study, our recent efforts have been
concentrated on decorating the coordination sphere of the

CuII site with oxygen groups that belong to acetate and phos-

phorus-containing ligands, which are stable at anodic poten-
tials. Whereas phosphines are suitable coordinating ligands

particularly for low-valent metal ions due to their strong s-do-
nating ability, phosphine oxides could also be used for coordi-

nation to metal sites.[18] Coordination compounds based on di-
nuclear copper acetate groups, also known as copper paddle-

wheel complexes, have been reported previously. Copper-ace-

tate-based coordination polymers have received attention in
the fields of magnetism,[19] gas adsorption,[20] and biology[21]

mainly due to the stability and structural integrity of paddle-
wheel systems.

Our preliminary studies show that copper acetate in aque-
ous solution exhibits significant catalytic activity at anodic po-

Although cobalt-based heterogeneous catalysts are the central
focus in water oxidation research, interest in copper-based

water oxidation catalysts has been growing thanks the great

abundance of copper and its biological relevance. Several
copper oxides have recently been reported to be active cata-

lysts for water oxidation. In this study, a heterogeneous
copper-based water oxidation catalyst that is not an oxide has

been reported for the first time. Single-crystal XRD studies indi-
cate that the compound is a one-dimensional coordination

compound incorporating copper paddle-wheel units connect-
ed through phosphine dioxide ligands. The catalyst exhibits an

onset potential of 372 mV at pH 10.2, whereas an overpotential

of only 563 mV is required to produce a current density of
1 mA cm@2. In addition to cyclic voltammetric and chronoam-

perometric studies, an investigation into the effect of pH on
the catalytic activity and the robustness of the catalyst using
long-term bulk electrolysis (12 h) is presented.
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tentials (Figure S1 in the Supporting Information). Because het-
erogeneous catalysts have several advantages over homogene-

ous catalysts, such as easy implementation and higher stability,
our research efforts have recently focused on obtaining hetero-

geneous WOCs that incorporate copper paddle-wheel groups.
In this study, the synthesis, crystal structure, and characterisa-

tion of a novel 1D copper(II) coordination polymer, abbreviated
as [Cu2–Po]n, are reported. Electrochemical and electrocatalytic
water oxidation studies performed on fluorine-doped tin oxide

(FTO) electrodes coated with the compound, as well as long-
term (12 h) catalytic studies and characterisation studies on
the pristine and post-catalytic electrodes are also reported in
detail.

2. Results and Discussion

2.1. Synthesis and Crystal Structure

The phosphine dioxide ligand used in this study was synthes-

ised by oxidising 1,2-bis(diphenylphosphino)ethane with hy-

drogen peroxide. The reaction of phosphine dioxide with
copper acetate in a methanol/dichloromethane mixture led to

the formation of dark blue crystals. The structure of [Cu2–Po]n

was successfully solved and converged in the monoclinic

space group P121/n1. Crystallographic data and structural re-
finement parameters for the compound are given in Table S1.

The crystal structure of [Cu2–Po]n consists of centrosymmetric

dimeric molecules with [Cu2(m-OAc)4] (OAc = acetate) units
linked to each other with 1,2-bis(diphenylphosphino)ethane di-

oxide (Po) bridging groups through copper(II) sites (Figure 1).
The bridging ligand Po is connected to copper paddle-wheel
units in a monodentate fashion (Figure 2). The asymmetric unit
of the crystal structure contains one copper(II) paddle-wheel

group with half occupancy and one ligand unit, Po. The crystal

structure of [Cu2–Po]n, thus, could best be described as 1D
zigzag chains that consists of independent [Cu2(m-AcO)4]

paddle-wheel units linked by Po bridging groups. Each metal
ion is surrounded by five oxygen atoms, one of which is the

oxygen of the phosphine dioxide ligand, whereas the other
four belong to acetate bridging groups, thus the complex

adopts a square pyramidal coordination environment. In each
paddle-wheel unit, the Cu···Cu distance is 2.658 a. All of the

Cu–O distances are within the normal ranges allowing for stat-

istical errors (Table S1).[22] The packing diagram of the com-
pound depicting the arrangement of the 1D chains with re-
spect to each other is shown in Figure S2.

2.2. Electrocatalytic Water Oxidation

Cyclic voltammetry (CV) studies were performed to investigate
the electrochemical behaviour of [Cu2–Po]n-modified FTO elec-

trodes in KBi solution at different pH values. CV revealed an
onset oxidative catalytic current wave, which is attributed to

catalytic O2 evolution, at 1.05 V at pH 9.2 (Figure 3). As the ba-

sicity of the medium is increased gradually from pH 9.2 to 12.2
the onset potential of the aforementioned wave shifts from ap-

proximately 1.05 to 0.9 V, whereas the current density obtained
at 1.5 V (vs. Ag/AgCl) increases from approximately 2 to

6.5 mA cm@2. The plot in Figure 3 (black) that represents the
bare FTO electrode shows no appreciable catalytic wave, indi-

cating that the presence of [Cu2–Po]n on the FTO electrode is

essential for the catalytic reaction.

Chronoamperometric studies were then performed to inves-

tigate the catalytic activity of [Cu2–Po]-modified FTO electrodes
in detail. A linear Tafel plot in the range 353–593 mV was ob-

tained at pH 9.2 using KBi as an electrolyte (Figure 4). A slope
of 71 mV dec@1 was obtained, which suggests a mechanism in-

volving a one-electron chemical pre-equilibrium step that pre-
cedes the rate-limiting step.[23] The plot also reveals an onset

Figure 1. 1D chain structure of [Cu2–Po]n. Colour code: Cu = orange;
P = purple; O = red; C = grey; N = blue. Thermal ellipsoids are projected at
the 50 % probability level. Hydrogen atoms are not shown for clarity.

Figure 2. Structure of a segment of the chain in [Cu2–Po]n, showing only one
copper paddle-wheel unit.

Figure 3. Cyclic voltammograms of the [Cu2–Po]n-modified FTO electrode re-
corded in 0.1 m KBi electrolyte at different pH, recorded at a 50 mV s@1

sweep rate. The blank measurement (dashed line) was obtained by using
bare FTO as the working electrode.
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potential of 353 mV and overpotentials of 644 and 715 mV
were required to produce current densities of 1 and

10 mA cm@2, respectively. Chronoamperometric studies were

also performed at different pH to investigate the effect of pH
on the mechanism of water oxidation. As the pH increases

from 9.2 to 11.2, the Tafel slope decreases slightly to approxi-
mately 60 mV dec@1 and then sharply increases to

116 mV dec@1. This trend suggests that the catalytic oxidation
mechanism exhibits similar behaviour at pH 9.2–11.2, whereas

the high slope at pH 12.2 could be attributed to a change in

the rate-determining step of the water oxidation process. Tafel
plots also indicate that the catalyst exhibits the best per-

formance at pH 10.2 with an onset potential of 372 mV and
overpotentials of 563 and 617 mV were required to produce

current densities of 1 and 10 mA cm@2, respectively. Although
the origin of catalytic water oxidation is beyond the scope of
this study, the 1D structure implies that copper(II) sites of the

paddle-wheel units on the electrode surface, which reside at
the end of each chain, that is, the square pyramidal copper(II)
sites coordinated to water molecules instead of phosphine di-
oxide groups, act as oxygen-evolving centres. The catalytic effi-

ciency of the compound is in accordance with previously stud-
ied copper-based WOCs (Table S3). Tafel slopes of copper

oxides are generally in the range of 54–62 mV dec@1, whereas it

is higher for CuCO3,[24] [Bi] ,[25] O2–CuCat,[26] and Cu–(TEOA)
(TEO = triethanolamine)[27] systems. If the overpotential re-

quired for 1 mA cm@2 is compared, the catalyst exhibits better
performance than CuO(TPA) (TPA = tripropylamine), O2–CuCat,

and Cu–TEOA. The similarity in Tafel slopes between [Cu2–Po]n

and copper oxides suggests that the mechanism for water oxi-

dation involves the formation of a peroxide intermediate.[13]

Bulk electrolysis was performed in the presence of an
oxygen-sensing probe to monitor the O2 evolution quantita-

tively. The amount of O2 produced during the course of 2 h of
electrolysis recorded by the probe and the theoretical amount

of evolved O2 extracted from the total charge are plotted in
(Figure 5). The similarities of the two curves clearly indicate

that the only origin of current is a catalytic water oxidation
process.

Long-term chronoamperometric studies were also per-
formed to investigate the stability of the catalyst. A potential

of 1.1 V (vs. Ag/AgCl) was applied for 12 h. The current density

was maintained at approximately 270 mA cm@2 throughout the
measurement, suggesting high durability in the applied condi-

tions (Figure 6). An initial increase in the current density could
be attributed to morphological changes on the surface of the

electrode similar to those of previously reported copper-based

Figure 4. Tafel plots for [Cu2–Po]n-modified FTO electrodes obtained at differ-
ent pH. Ag/AgCl was used as reference electrode and 0.1 m KBi was used as
the electrolyte. Tafel slopes of 71, 54, 65, and 116 mV dec@1 were obtained at
pH values of 9.2, 10.2, 11.2, and 12.2, respectively.

Figure 5. Faradic efficiency of the [Cu2–Po]n-modified FTO electrode mea-
sured by an oxygen-sensor system. Bulk electrolysis was performed at 1.1 V
vs. Ag/AgCl at pH 9.2 in KBi solution in a gas-tight electrochemical cell. The
amount of dissolved O2 molecules detected during bulk electrolysis and the
theoretical amount of evolved O2 assuming a Faradaic efficiency of 100 %
are represented by the black data points and red line, respectively. A buffer
solution of 130 mL was used for experiments. O2 content was recorded in
units of mg L@1 and converted to micromoles of O2.

Figure 6. Long-term electrolysis studies for the [Cu2–Po]n-modified FTO elec-
trode, performed at 1.1 V (vs. Ag/AgCl) in 0.1 m KBi electrolyte at pH 9.2. In-
set: Cyclic voltammograms of the [Cu2–Po]n-modified FTO electrode immedi-
ately prior to and after 12 h electrolysis.
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WOCs.[26] Stability of the electrode was also confirmed by the
comparison of cyclic voltammograms of the electrodes record-

ed before and after electrolysis for 12 h (Figure 6, inset). No
significant change in the catalytic current was observed after

electrolysis and CV profiles are identical, suggesting high sta-
bility of the catalysts (a slight decrease in the peak current can

be attributed to the mechanical loss of the catalyst from the
surface during catalysis).

2.3. Characterisation

The percentage weight of carbon and hydrogen obtained by
elemental analysis of powder sample was in excellent agree-
ment with the molecular formula of the crystal structure,
which indicates that the crystal is truly representative of the
bulk phase. The chemical integrity of the catalyst deposited on
a FTO electrode was investigated with X-ray photoelectron

spectroscopy (XPS) and X-ray diffraction (XRD) techniques. XRD
patterns of pristine and post-catalytic electrodes (obtained
after 2 h of bulk electrolysis at pH 9.2 and 1.1 V vs. Ag/AgCl)
were identical and no additional peaks were observed, indicat-
ing the chemical integrity of the catalyst during the catalytic

process (Figure S4).
XPS survey spectra of both pristine and post-catalytic sam-

ples (Figure 7) reveal the catalyst mainly gives Cu 2p, O 1s, C 1s,
and P 2p signals, as expected. The high-resolution C 1s spec-

trum contains a broad signal between 284.2 to 287.4 eV, indi-
cating the presence of carbon in different environments.[28] The

P 2p spectrum shows a single peak at 133.3 eV (Figure S5),
which can be ascribed to the phosphorus atom of the phos-

phine oxide ligand.[29] Both the pristine and the post-catalytic
samples exhibit broad Cu 2p signals (full width at half-maxi-

mum &3–6 eV) between 928 and 965 eV that can be attribut-
ed to Cu 2p3/2 and Cu 2p1/2 peaks, respectively ; these corre-
spond to Cu2+ species (933.9 and 955.2 eV).[30] Satellite peaks

observed at 8–10 eV above the principle peaks support the
presence of a partially filled Cu 3d9 shell.[26, 31] A broad intense
peak of O 1s between 530.50 and 534.24 eV can be assigned to
different types of oxygen atoms. The peak at 530.7 eV corre-

sponds to the P=O[32] bond, whereas that at around 533.4 eV
could be assigned to the C=O of the copper paddle-wheel unit

(Figure S4).[33, 34] The absence of any scalable shift in the signal

positions in the post-catalytic sample suggests that there is no
oxide formation on the surface during the catalysis. The

Raman spectrum for the Cu compound reveals a CuOx Ag
band at approximately 295 cm@1[35] and a peak at 1700 cm@1,

which is the G band of oxygen (Figure S6). The Raman frequen-
cies are consistent with data for pure single-phase CuOx films

having a high degree of crystallinity.

3. Conclusions

In summary, this study provides a novel example of the use of

a copper paddle-wheel system as a heterogeneous WOC. The
catalyst required overpotentials of 563 and 617 mV to produce

current densities of 1 and 10 mA cm@2, respectively, at pH 10.2.
Chronoamperometric measurements were performed also at

different pH values to elucidate the mechanism of catalysis. A
Tafel slope of approximately 60 mV dec@1 at pH 9.2–11.2 sug-

gests a mechanism involving a one-electron chemical pre-equi-

librium step preceding the rate-limiting step, and the increase
in Tafel slope to 116 mV dec@1 at pH 12.2 could be attributed

to a change in the rate-determining step of the water oxida-
tion process. The catalyst retained its structure even during
12 h of electrolysis, which was confirmed by XRD, XPS, and
Raman techniques, owing to the stability and robustness of

the system provided by acetate and phosphine dioxide
groups. It is believed that copper(II) sites with square pyrami-

dal geometries on the electrode surface, which are coordinat-
ed to water molecules instead of phosphine dioxide ligands,
are responsible for the electrocatalytic water oxidation process.

Recently, several copper oxides prepared mainly by the elec-
trolysis of copper(II) salts and complexes in the presence of dif-

ferent electrolytes have been reported to have promising cata-
lytic activities. This study shows that a copper-based coordina-

tion compound, rather than an oxide, could also serve as an ef-

ficient WOC, and new compounds should be introduced to in-
vestigate the ideal coordination sphere for the copper(II) site.

Our further studies will focus on new copper paddle-wheel
compounds with different coordinating bridging ligands as

WOCs to study the effect of such ligands on the surface con-
centration and, thus, their effect on catalytic activity.

Figure 7. High-resolution XPS spectra of a) Cu 2p and b) O 1s regions for pris-
tine (black) and post-catalytic (red) electrodes.
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Experimental Section

Materials

1,2-Bis(diphenylphosphino)ethane [1,2-bis(DPPE)] , copper acetate
monohydrate [Cu(OAc)2·H2O], hydrogen peroxide, ethanol, metha-
nol, and dichloromethane were acquired from Sigma–Aldrich and
used as received. All solvents were purified prior to use. KBi elec-
trolyte solutions were prepared by mixing approximate volumes of
KOH (0.1 m) and H3BO3 (0.1 m) with deionised water.

Synthesis of {[Cu2(m-OAc)4][1,2-bis(diphenylphosphino)ethane
dioxide]}n, [Cu2–Po]n

A mixture containing Cu(OAc)2·H2O (0.056 g, 0.3 mmol) and metha-
nol (5 mL) was added to a solution of 1,2-bis(DPPE) (0.056 g,
0.15 mmol) and CH2Cl2 (5 mL). The reaction mixture was stirred for
3 h at room temperature and then was added to a solution of
methanol (5 mL) and hydrogen peroxide (0.0023 mL, 0.1 mmol).
The solution was then stirred for 12 h at room temperature. After
filtration, the filtrate was kept at room temperature for slow evapo-
ration. Dark blue-coloured crystals of [Cu2–Po]n were obtained in
78 % yield. The crystals were filtered, washed with acetone, and
dried in air. Elemental analysis calcd (%) for C17H18PO5Cu: C 51.45,
H 4.56; found: C 51.50, H 4.61; IR (ATR): ñ= 1614, 1436, 1196, 1123,
745, 729, 676, 633, 625, 500, 470, 418 cm@1 (Figure S3).

Single-Crystal X-ray Diffraction

Single-crystal X-ray data on [Cu2–Po]n was collected at 100 K on
a Rigaku MicroMax 007HF diffractometer equipped with a mono-
chromatic MoKa radiation source. The linear absorption coeffi-
cients, scattering factors for the atoms, and the anomalous disper-
sion corrections were taken from the International Tables for X-ray
Crystallography.[36] The data integration was performed with
SAINT[37] software. An empirical absorption correction was applied
to the collected reflections with SADABS[38] and the space group
was determined based on systematic absences using XPREP.[39] The
structure was solved by the direct methods using SHELXTL-97[40]

and refined on F2 by a full-matrix least-squares technique using
the SHELXL-97[41] program package. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms attached to carbon
atoms were positioned geometrically and treated as riding atoms
using SHELXL default parameters. Data collection, lattice parame-
ters and structure solution parameters are collected in Table S1
and selective bond distances and angles are given in Table S2.

Electrochemical Methods

All electrochemical experiments were performed at room tempera-
ture and analysed with Gamry Instruments Interface 1000 potentio-
stat/galvanostat. A conventional three-electrode electrochemical
cell was used with Ag/AgCl (3.5 m KCl) as a reference electrode, Pt
wire as the counter electrode and FTO (1 V 2 cm; 2 mm slides with
7 W sq@1 surface resistivity and &80 % transmittance) as the work-
ing electrode. The FTO electrodes were cleaned by sonication in
a basic soapy solution, deionised water and isopropanol for 15 min
and dried, followed by annealing at 400 8C for 30 min. The catalyst
was coated onto a FTO electrode by using a drop-casting method.
A mixture of catalyst (5 mg), methanol (1000 mL) and Nafion
(100 mL) was sonicated for 30 min. Then, sonicated suspension
(50 mL) was dropped onto a clean FTO electrode (1 cm2). The pre-
pared electrode was dried in an 80 8C oven for 10 min and further

used for CV and bulk electrolysis. The electrode was rinsed with de-
ionised water prior to use. All potentials reported in this paper
were measured versus the Ag/AgCl reference electrode. Cyclic vol-
tammograms of [Cu2–Po]n coated on FTO were recorded with
a scan rate of 50 mV s@1 in KBi (0.1 m) electrolyte with different pH
values (9.2, 10.2, 11.2 and 12.2) between 0 and 1.5 V (vs. Ag/AgCl).

Bulk Electrolysis

Bulk water electrolysis was performed with a two-compartment
cell separated with a glass frit. A Pt wire counter electrode was
placed in one compartment and the FTO working electrode and
a Ag/AgCl reference electrode were placed in the other. The elec-
trolysis experiments were performed in KBi solution at different pH
values. Tafel data were collected under the same conditions at dif-
ferent applied potentials using a steady current density with an
equilibrium time of 600 s. Bulk electrolysis was performed at varia-
ble potentials without iR compensation.

Faradaic Efficiency and Oxygen Evolution

Oxygen evolution was determined with a YSI 5100 dissolved-
oxygen-sensing instrument equipped with a dissolved-oxygen field
probe inserted into the anodic compartment. The experiment was
performed in a gas-tight electrochemical cell. The electrolyte was
degassed by bubbling through high-purity N2 for 20 min with vig-
orous stirring. The catalyst coated on a FTO conductive surface
was used as the working electrode. The reference electrode was
positioned several millimetres from the working electrode. Meas-
urements were recorded at 5 min intervals.

X-ray Photoelectron Spectroscopy

The elemental composition of the catalyst deposited on FTO and
the oxidation states of those elements were probed by using
a Thermo Scientific K-Alpha X-ray photoelectron spectrometer
system operating with an AlKa microfocused monochromator
source. The survey scan and the high-resolution Cu 2p spectra
were obtained and spectra are referenced to the C 1s peak
(285.0 eV).

X-ray Diffraction

The crystal-phase analysis of the sample on the conductive side of
FTO before and after bulk electrolysis was measured by XRD pat-
terns were recorded by a Panalytical X’PertPro multipurpose X-ray
diffractometer using CuKa radiation (l= 1.5418 a). The scanning
rate was 5 degree min@1 from 208 to 908 in 2q.

Raman Spectrometry

Raman measurements were performed using a WITEC Alpha 300S
system. A diode-pumped solid-state 532 nm wavelength laser was
used for excitation. The laser power was calibrated using a silicon
photodiode at the sample plane.
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