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ABSTRACT: A robust water oxidation catalyst based on copper
oxide was prepared by facile electrodeposition of Cu2+ from borate
buffer solution under near neutral conditions. The Cu−Bi thin film
exhibits high activity and long-term stability in Cu2+-free pH 9
borate buffer. A steady current density of 1.2 mA/cm2 was sustained
for at least 10 h at 1.3 V versus NHE without iR compensation,
which sets a new benchmark for copper-based OEC.
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Solar energy conversion and storage have attracted world-
wide attention due to its importance to the rising global

energy demand and environmental concerns. A renewable and
sustainable method to address these questions is to split water
into oxygen and hydrogen powered by sunlight directly or
indirectly.1 In general, water splitting is hindered by the
oxidation of water to oxygen due to its demanded 4e−, 4H+

processes. To overcome this obstacle, the robust, low-cost
water oxidation catalysts that perform fast oxygen evolution at
low overpotentials and benign conditions are highly desired.2 In
this regard, electrodeposited amorphous cobalt and nickel
oxides possess attractive properties in preparation, activity, and
longevity for electrocatalytic water oxidation under near-neutral
conditions.3−7 Besides these earth-abundant elements, copper
is an attractive low cost metal, which has been used for solar
energy conversion. For example, Cu2O is a well-known p-type
semiconductor with a narrow band gap of 2.0 eV and relatively
high absorption coefficient in the visible region.8 Nano-
structured Cu2O and CuO have been prepared as efficient
photocathodes for hydrogen evolution.9−14 Cu2O as a photo-
catalyst for overall water splitting has also been reported.15

However, Cu2O is prone to undergo oxidative or reductive
photocorrosion to form CuO or Cu, which inhibit its wide
application in photocatalysis. On the other hand, copper-based
electrocatalysts have not been much concerned in the area of
water splitting. It is only recently that a handful of molecular
copper complexes have been shown to electrocatalyze water
oxidation in aqueous solutions.16−19 A major drawback for

these homogeneous systems is that highly alkaline media (>pH
10) are imperative to oxygen generation due to the high
overpotentials required by copper complexes (>750 mV).
Although a nanostructured CuO electrodeposited from

molecular copper(II) 2-pyridylmethylamine complex was
reported by Du to be an active catalyst toward electrochemical
water oxidation,20 we report here the first example of copper-
based oxygen-evolving catalyst (OEC) easily prepared by
electrodepostion from the Cu2+ salt solution in borate
electrolyte at pH 9 (Bi). The in situ formed copper oxide
thin film is inert to corrosion and exhibits high catalytic activity
with the steady current densities up to 1.2 mA/cm2 at 1.3 V
versus NHE without iR compensation in borate buffer.
Cyclic voltammogram (CV) scans of a GC working electrode

with and without Cu2+ in borate electrolyte at pH 9 are shown
in Figure 1a. For the first scan, a prominent catalytic wave
above background due to water oxidation was observed with
the onset potential (Ep,o) at 1.2 V (all potentials are reported
versus the normal hydrogen electrode).21 A weak broad
reduction wave centered at Ep,a = 1.0 V was observed in the
subsequent reverse scan, which is caused by the reduction of a
surface species generated by the anodic sweep.6,18 The
continued CV scans show stepped increased catalytic and
anodic wave currents, and the onset cathodically shifts to 1.1 V.
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These observations are consistent with the formation of surface
deposited materials, indicative of the growth of a solid active
film. After 10 scans, the peak current of 10 mA/cm2 was
obtained at 1.5 V with a scan rate of 100 mV/s. Similar CV
behavior was observed by the solid thin film using an FTO
substrate.
In order to fabricate an anode, electrolysis was carried out in

borate buffer in the presence of 1 mM Cu2+ with a constant bias
of 1.3 V, which results in a stably rising current density
associated with the formation of a dark brown coating film on
FTO-coated glass slide bearing an active area of 1 cm2. The
current density reaches a steady value of 1 mA cm−2 after
electrolysis for 7 h with a passed charge of 25 C/cm2, indicating
an equilibrium between the solution species and the surface
species. The formation of Cu-OEC closely resemble those of
the reported Co-OEC and Ni-OEC,3,6 the choice of the suitable
proton-accepting electrolyte is essential to form stable film and
to maintain a high activity.22,23 Control experiments showed no
film formation in the absence of borate electrolyte or replacing
the borate buffer with phosphate buffer (Figure 1b). It should
be noted that slow addition of Cu(NO3)2 into borate to avoid
the precipitation of Cu(BO2)2 from solution is necessary to
prepare the electrolyte for electrodeposition.
Scanning-electron microscopy (SEM) images of the deposit

reveal an compact amorphous layer covered with spheroidal
nodules, the particles size are in the range of 100−300 nm
(Figure 2a). SEM image also indicates an average thickness of
200 nm for the film prepared at 1.3 V for 7 h (Figure 2b). The
composition of the thin film was analyzed by energy dispersive

X-ray analysis (EDX) (Figure S1), indicating a Cu/B/O ratio of
2:1:12. X-ray photoelectron spectroscopy (XPS) spectrum
exhibits two satellite peaks at 942.3 and 961.8 eV (Figure S2),
indicative of the oxidation state of Cu(II) for the surface
species. The determined binding energy of 954.0 and 933.9 eV
are assigned to Cu 2p1/2 and Cu 2p3/2, which are higher than
those for Cu(0) metal and consistent with CuO.24 In our case,
Cu(OH)2 was ruled out, which has been reported to exhibit
2p1/2 and 2p3/2 peaks at 955.2 and 935.1 eV, respectively.25

Since B appears to be a minor component in the thin film, the
structure of copper borate electrocatalyst (Cu−Bi) was
proposed to be dominated by CuO.
In view of practical application, the activity of the Cu−Bi film

with a thickness of 200 nm was further examined in a Cu2+-free
borate buffer (pH 9). Constant potential electrolysis at 1.3 V
leads to a steady current density sustained at 1.2 mA/cm2

(Figure 3). This value is comparable to that performed in the

presence of Cu(NO3)2 (Figure 1b) and thus excludes the
contribution of dissolved Cu2+ to the observed activity. In a
continued electrolysis for 10 h, neither current density decrease
nor electrode corrosion was found. Furthermore, the electrode
showed identical CVs before and after bulk electrolysis,
confirming that Cu−Bi is indeed a robust OEC (Figure S3).
EDX and XPS were performed after 10 h of electrolysis, which
exhibited essentially identical spectra to the initial ones (Figure
S1 and S2). As shown in Figure S4, the activity of Cu−Bi was
compared with those of Co−Bi and Ni−Bi films prepared by
the literature methods.3,6 Under our test conditions at 1.3 V, the
activity of Cu−Bi is comparable to that of Ni−Bi (1.4 mA/cm

2)
but lower than that of Co−Bi (2.1 mA/cm2).
The electrochemical behavior of Cu−Bi is different with the

copper oxide film precipitated from Na2CO3 solution of Cu2+,
as has been recently noted by Meyer and co-workers.18 The
reported film was found to be unstable in Cu2+-free Na2CO3
solution. Bulk electrolysis at 1.3 V resulted in rapid dissolution
of the precipitation and the current density dropped
significantly to 30% of the initial level within 1 h (Figure S5).
These observations again highlight the crucial role of buffering
electrolyte on maintaining the equilibrium between dissolution
and precipitation of metal ion under anodic potentials. In
another experiment, the amount of evolved O2 over the period
of electrolysis was collected and measured to be 63 μM, which

Figure 1. (a) Successive CV scans obtained from a solution of 1 mM
Cu(NO3)2 in 0.2 M borate buffer with glassy carbon as a working
electrode (0.07 cm2), Ag/AgCl as a reference electrode, and Pt as a
counter electrode, with a scan rate of 100 mV/s. The CV trace in the
absence of Cu2+ is shown in red. The inset shows magnified views of
the continually increasing reduction waves. (b) Current density trace
of electrodeposition of Cu−Bi film on FTO substrate at a constant
potential of 1.3 V (versus NHE) in 0.2 M borate buffer containing 1
mM Cu2+ at pH 9 (black line). The red line shows the current density
trace in a pH 9 phosphate buffer.

Figure 2. SEM images of the eletrodeposited Cu−Bi film from the top
view (a) and the profile view (b).

Figure 3. Current density traces obtained by controlled-potential
electrolysis of the FTO electrodes (1 cm2) coated and without (black
line) and with Cu−Bi catalytic film (red line) in stirred 0.2 M Cu2+-
free borate buffer solution (pH 9) at 1.3 V vs NHE.
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accounts for a Faradaic efficiency of 95% in comparison with
the passed charge of 25.5 C (Figure S6).
The steady-state current density (j) was evaluated as a

function of overpotential in stirred borate buffers (Figure 4a).

By plotting overpotential as a function of log j, a Tafel slope of
89 mV/decade was obtained, which is larger than 59 mV/
decade for Co−Pi and Ni−Bi.

3,26a Since the thick film may raise
the internal barriers of electron and mass transport and results
in higher Tafel slopes, a thinner film was prepared by
electrodeposition with a passage of 1 C/cm2. Anodization has
been previously demonstrated to improve the catalytic activity
of Ni−Bi through the subtle changes of the oxidation state and
the structure of metal oxide cluster.26b Upon bulk electrolysis of
the 1 C/cm2 Cu−Bi, we noticed a similar effect on this film:
When anodizing the film at 1.3 V in pH 9 borate buffer, the
current density increased for 3 h until reaching a plateau
(Figure S7). However, the Tafel plot of the thinner film
exhibited a similar slope to that of 200 nm, 25 C/cm2

film,
indicating the intrinsic properties of Cu−Bi OEC are not
significantly altered by film thickness.
The dependence of current density on pH value was

explored in the range of pH 5−11 (Figure 4b). A linear
relationship between log j and pH values was displayed
between pH 6.5−9.5, giving a slope of 0.67 decade/pH. Past
this pH, the slope derivates from linearity probably due to the
mechanism change by switching the reactant from water to
hydroxyl ion.27 Within the pH range of 6.5−9.5, the pH
dependence of overpotential was deduced to be −60 mV/pH
based on eq 1,28 which is close to the value of −58.4 mV/pH
obtained from galvanostatic experiment (Figure S8). This value
also agrees with the Nernstian behavior, suggesting ne−/nH+

transfer prior to a chemical rate-determing step.
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In summary, a stable copper oxide thin film was
demonstrated to be a highly active electrocatalyst for water
oxidation in near-neutral conditions. This heterogeneous OEC

was fabricated by electrodeposition of Cu2+ in borate buffer
solution at pH 9, reminiscent of the in situ formed Co−Pi and
Ni−Bi from proton buffering solutions. The high activity at
relatively low overpotential, the easy accessibility, and benign
working conditions of Cu−Bi provide obvious advantages over
the reported copper-based OEC.
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