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Abstract In accordance with thermodynamic analysis,
cuprous oxide layers are formed spontaneously in the Cu|Cu
(II), gluconic acid system at pH>3.7 under open-circuit
conditions. A current peak of Cu,O reduction is observed
on cathodic voltammograms at ca —0.7 V, its height being
dependent on the exposure time. The analysis of the charge
transferred in this region yields the rate of Cu,O formation
equal to 1.25x107'° mol cm 2 s'. The light perturbation of
Cu electrode under open-circuit conditions results in the
generation of a negative photopotential, which is indicative
of n-type conductivity. The threshold wavelength is equal to
~590 nm and is consistent with a band gap of ~2.1 eV.
Anodic photocurrents, which are observed near the open-
circuit potential, decrease with cathodic polarization and
change their sign at ~0.05 V. Analysis of impedance data
was performed, invoking the equivalent circuit that
accounts for the two-step charge transfer. In the presence
of Cu,0, some retardation of Cu(Il) reduction was found
to occur with a slight increase in the admittance of the
double layer. The suggestion has been made that oxide
layers formed in Cu(ll) gluconate solutions cannot be
compact and uniformly distributed over the entire elec-
trode surface. Relevant investigations of surface morphol-
ogy support this conclusion.
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Introduction

Cuprous oxide layers developed in electrochemical systems
often show the features that are not typical of monocrystals
or polycrystalline compacts. First of all, the so-called
anomalous n-type conductivity of Cu,O surface layers is
often observed [1-7]. Various reasons for such an effect
have been discussed including certain peculiarities of thin
layers [8] or deviations from the stoichiometry in oxygen
containing layers [1, 4, 9]. It has also been established that
the aforementioned deviations vary with the depth of oxide
layer. For this reason, the types of conductivity observed at
the Cu|Cu,0 and Cu,O|solution boundaries can be different
[4, 10].

Much attention has recently been focused on the layers
formed in electrochemical systems containing ligands that
are capable of forming various Cu(Il) complexes. Sponta-
neous processes occurring in such systems under open-
circuit conditions, as well as the conditions for Cu,O
formation, have been analyzed [11]. It has been established
that the nature of ligands as well as the composition of
ligand-containing solutions can have a pronounced effect
on kinetics of oxide formation and the properties of the
layers obtained [6]. Both n- and p-type oxides can be
formed in the presence of ligands.

Prospects for practical implementation of semicon-
ducting Cu,O layers have also been the object of
considerable attention. Hara et al. considered [12] that
the illuminated particles or specially fabricated films of
cuprous oxide can serve as an effective catalyst for
decomposition of water. DeJongh et al. suggested [13] to
use Cu,0 as a cathode in photovoltaic cells. However, it
has been questioned [14] whether cuprous oxide could be
successfully used for utilization of light energy, since this
substance is liable to photocorrosion being unstable both
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cathodically and anodically [5, 7, 15, 16]. Still and all, an
idea to use cuprous oxide in solar cells remains popular
[17-21].

At present, there is no doubt that (photo)electrochemical
properties of Cu,O strongly depend on the conditions under
which they are built up. This paper deals with further
investigations of the main regularities concerning cuprous
oxide layers spontaneously developed in ligand-containing
systems. For this purpose, the Cu|Cu(Il), gluconic acid
system containing an ecological ligand has been chosen.

Experimental

Solutions under investigation contained 0.01 M CuSO,4
(Mallinckrodt, USA), 0.02 or 0.04 M sodium gluconate
NaC¢H1,07 (Sigma-Aldrich, 99% purity), and 0.3 M
K>SO, (Reakhim, Russia, high purity) as a supporting
electrolyte. Specified values of pH, equal to 3.0 or 5.0,
were adjusted by addition of H,SO, or KOH. Twice-
distilled water was used to prepare solutions. A pure argon
stream was passed through solutions for 0.5 h prior to
measurements. All experiments with the solutions were
carried out at 20 °C.

To prepare working electrodes, a platinum disc (voltam-
metric measurements) or wire (impedance measurements)
was coated with a 5- to 7-um-thick copper layer in the
solution containing: CuSO45 H,0—200 gdm > and
H,S0,—50 gdm > at 10 mA cm 2. The working electrode
was rinsed with water, immediately immersed into the
solution under investigation and kept in it for the controlled
time 7. Electrode potentials were measured with respect to
the Ag|AgClKCl(sat) reference electrode and were con-
verted to the standard hydrogen scale.

Voltammograms were recorded at the potential sweep
rate v=5 mV s ' using a potentiostat PI-50-1 (Belorussia).

A special cell was used for photoelectrochemical experi-
ments. Uniformly focused monochromatic light was directed
at the working electrode through a quartz window. Operating
wavelengths of 3 W light-emitting diodes (Future Electronics)
were as follows: 455, 470, 505, 530, 590, 617, and 627 nm.
The power density of illumination (300 mW cm ) was
controlled with an LM-2 device (Carl Zeiss Jena, Germany).
The response of electrochemical system to optical perturba-
tion was investigated in two ways. In the first case, the
dynamics of the photopotential under open-circuit conditions
were recorded. The second case involved recording voltam-
mograms while perturbing with regularly repeating light
pulses.

An electrochemical cell equipped for EIS measurements
contained an extra platinum cylinder (~6 cm?) that was used
as an auxiliary electrode for polarization with alternating
current. Measurements were carried out under potentiostatic
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conditions (the open-circuit potential was maintained) within
the frequency (f) range from 0.05 to 5x10* Hz using a
Zahner Elektrik (Germany) IM6 Impedance Spectrum
Analyzer. Computer programs elaborated by Boukamp [22]
were used for analyzing impedance spectra.

The analysis of the surface of specimens was accomplished
by using a scanning electron microscope ZEISS EVO-50 at an
accelerating voltage of 20 kV. Average analysis data were
obtained from the surface site 0.5%0.5 mm in size.

Results and discussion

Cuprous oxide layers may be easily formed on the surface
of copper electrode when it is exposed to the solution
containing Cu(Il) complexes. At first, the reversible process

Cu + Cu’"=2Cu™" (1)

proceeds resulting in the saturation with Cu' ions of the
solution layer adjacent to the electrode surface. If their
concentration exceeds a certain maximum value determined
by the condition [23]

log[Cu™],,,, = —0.84 — pH, (2)
an unstable CuOH is formed with its following decomposition
into Cu,O and H,O. The net process may be written as

Cu + Cu*" +20H™ — Cu,0 + H,0. (3)

Quite deep chemical conversions may occur in the
system as long as the total equilibrium state is attained.
Then, condition (2) can be modified using the equilibrium
constant K of process (1). According to the Nernst equation

412
K = %(C:Ez_*]_] = CXp [% (Ez() — ElO):| s (4)

where the standard potentials of the Cu’|Cu and Cu®*|Cu
electrodes, £y and Ejq, are equal to 0.521 and 0.337 V,
respectively [24]; then K=4.5x10"". With this value, it
follows from (2) to (4) that

log[Cu**] = 4.67 — 2pH. (5)

max

To check the latter condition, the determination of the
solution composition should be made. Spectrophotometric
investigations of acidic CuSO, solutions containing glu-
conic acid have shown [25] that the following species are
sufficient to be considered at pH<6:

1. Cu(ll) complexes, viz., “free” Cu®" ions (aqua com-
plexes), the monoligand gluconate complex Cul™ and
ionic pair (sulfate complex) CuSQy;



J Solid State Electrochem (2012) 16:521-527

2. Active forms of ligands capable of forming coordina-
tion bonds with Cu®" ions, viz., gluconate L~ and
sulfate SO~;

3. Protonated ligands, viz., LH (gluconic acid) and HSO,, .

To obtain the distribution of different species in the
system under discussion, material balance equations,
accounting for total Cu(Il), gluconate, and sulfate, were
set up. Besides, appropriate stability constants were used,;
their values may be found in Ref. [25]. An example of the
results obtained is presented in Fig. 1. The dashed line
separates two areas. When pH<4, the probability of Cu,O
formation is low; the cuprous oxide becomes thermody-
namically stable in the right part of the diagram. Due to a
moderate degree of Cu(Il) complexation, the ligand
concentration slightly affects the pH of Cu,O formation.
Special experiments have shown that the surface Cu,O can
be formed when solution pH exceeds ~3.7.

Surface oxide layers can be detected in a number of
ways. One of them lies in the fact that Cu,O is capable of
reduction. When the electrode process

Cu,0 + 2H" + 2e — 2Cu + H,0, (6)

occurs, a characteristic current peak arises at E~—0.7 V in
some systems containing Cu(Il) complexes [7, 11, 26]. Its
height varies linearly with the potential sweep rate v [11]
and depends on the exposure time 7. These phenomena are
also typical of the system under discussion.

Cathodic voltammograms obtained at different 7 are
given in Fig. 2; an example of cyclic voltammogram is
shown in the inset. When the Cu electrode is exposed to the
Cu(Il) solution for less than 5 min, no current peak is
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Fig. 1 Dependences of Cu>" concentration on pH calculated for the
solutions containing 0.01 M of CuSOy, 0.3 M of K,SOy, and different
concentrations of gluconic acid (c) that are indicated at the respective
curves. Dashed lines fall into the region where Cu,O is thermody-
namically stable

523
t=1h T/ min:
6 v=10mvs"
60
6 L
‘ /
i |
£ 2
o
< 4 r —
e o7 ) e )
= 00 -03 -06 -09
5| 0.01MCu(lh
0.02 M gluc. ac.
0.3MK,SO,

02 00 -02 -04 -06 -08 -1.0

EIV

Fig. 2 Cathodic voltammograms obtained for the solutions of
indicated composition at different exposure times 7 that are given at
the respective curves. An example of cyclic voltammogram is shown
in the inset

observed. However, at longer exposure times, the critical
Cu" concentration is accumulated and the formation of
Cu,O becomes possible. Considering the absence of current
peaks on the reverse voltammograms (see inset in Fig. 2), it
can be concluded that Cu,O is fully reduced during the
direct potential scan. Then, the charge Q obtained from the
integration of current peak could serve as a measure of the
amount of surface oxide. It can be seen from Fig. 3 that the
incubation takes 6 to 7 min until the onset of increasing Q
is observed. The rate dQ/d¢ develops with time approaching
the value equal to 24 uC cm > s '. Taking into account the
stoichiometry of the process (6), the rate of Cu,O formation
can be expressed as follows:

1 do

o = 2 7
Vew0 =5 4y ()

Then, the steady vcy,0=1.25% 10 mol em 2 s7!. It is
interesting to note that a similar rate was also obtained in
the case of Cu(Il)-ethylenediamine system [11]. On
average, less than two monolayers could be formed over
1 min.

Another way for Cu,O detection is based on its
sensitivity to light perturbation. The cuprous oxide belongs
to p-type semiconductors with a band gap of ~2.1 eV [2]
that is consistent with the threshold wavelength (A;.y)
equal to ~590 nm. The light perturbation of Cu electrode
under open-circuit conditions results in the generation of a
negative photopotential (Fig. 4), which is indicative of n-
type conductivity. This type is not characteristic of Cu,O
monocrystals or polycrystalline compacts but it is rather
common in the electrochemical systems. Photopotential
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Fig. 3 The charge used for reduction of oxide layers formed at
different exposure times 7. Results of integration of the cathodic
current peaks given in Fig. 2

pulses obviously depend on the quantum energy and
decrease with the wavelength. The photoresponse disap-
pears at ~590 nm that is consistent with the A, given
above. Moreover, the result obtained is indicative of the band
gap similar to that established for stoichiometric p-type Cu,O
crystals.

The response of the oxide layers to optical perturbation
manifests itself under cathodic polarization conditions as
well (Fig. 5). In accordance with n-type conductivity,
anodic photocurrents are observed at E>0.05 V. The
highest response is generated near the open-circuit poten-
tial. When oxide layers are formed sufficiently long
(60 min), the anodic pulses can range up to 20 mA cm °.
It is conceivable that this is the most intense response of
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| | 4
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E/V
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0.1
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0.04 M gluc.ac.
0.3MK,SO,
0.0 PH 'S
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Fig. 4 Photopotential generated with light pulses of different wave-
lengths. Respective arrows indicate the start and the end of light
perturbation. The Initial exposure time 7=10 min
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Fig. 5 Examples of cathodic voltammograms obtained under chopped
illumination conditions at exposure times equal to 30 min (ordinate to
the right) and 60 min (ordinate to the left). A=455 nm, N=
300 mW cm >

Cu,0 layers formed in electrochemical systems to the
present day.

As the cathodic polarization is increased, the photocurrent
weakens, disappears, whereupon the opposite in sign current
emerges again (Figs. 5 and 6). The inversion potential (Ej,,)
is located at ~0.05 V. Its more accurate position depends to
some extent on the exposure time and, consequently, on the
thickness of oxide layer. Such phenomena are typical of the
most Cu(Il) systems with some quantitative distinctions. For
example, in the case of Cu(Il)-gluconic acid solutions, Ej,,
is more negative and approaches —0.2 V [27].

i/ mA cm?

0.1 0.0 -0.1

EIV
Fig. 6 Regions of inversion of photocurrent sign. The voltammetric

data were obtained at different exposure times, which are indicated at
the respective voltammograms
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Formation of oxide layers has a certain effect on the
impedance characteristics. This can be seen from the data
shown in Fig. 7. Three records of the impedance correspond to
the exposure times 7 equal to 5, 15, and 25 min, respectively.
For the most part, Nyquist plots (the interrelations between
real, Z, and imaginary, Z’, impedance components) present
the arcs (a quarter of circle) centered below the abscissa axis.
Contrary to ethylenediamine or (3-alanine systems [7], no
extra arcs or inductive loops arise from oxidation of electrode
surface. At both pHs, the duration of stay of Cu electrode in
the solution somewhat affects the experimental data: the
impedance increases with the exposure time 7. It should be
mentioned that a full record of impedance spectra lasts about
8 min, but the record of its major part (at />10 Hz) takes only
some tens of seconds. The application of Kramers—Kronig
transforms at pH 3.0 has shown [28] that transformed and
experimental data coincide quite well over a large area of
frequencies applied, viz., at >3 Hz. Hence, the results,
obtained in this region, relate to a sufficiently stable system,
even though the steady state is not reached.

To obtain kinetic and double-layer characteristics, an
appropriate equivalent circuit (EC) of the interphase
electrode|solution was selected. It is well known that the
electrochemical reduction of Cu(Il) involves two consecu-
tive charge transfer steps resulting in the formation of
intermediate Cu(I) compounds. In this case, the faradaic
part of EC is represented by two parallel sub-circuits, each
containing the charge transfer resistance (R) and Warburg
impedance (/) in series [29]. Next, the faradaic impedance

0.20
0.01 M Cu(lly R,(Qy [R,W,][R,W,])
0.04 M gluc. ac.

0151 ohso
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pH 5.0 o 2" record
0.15} E,=0214V A 3%record
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Z 1kQ cm?

Fig. 7 Nyquist plots obtained at open-circuit potential for the
solutions containing 0.01 M of Cu(Il) and 0.04 M of gluconic acid
at pH 3.0 (upper part) and 5.0 (lower part). The experimental data
(symbols) are compared with those simulated for the indicated
equivalent circuit (/ines)

is shunted with the capacitance of the double electric layer
(Cq1), and finally, the ohmic resistance of the solution (R,)
is attached. Following the Boukamp’s symbolism [22], the
description code of this circuit is: R (Cq[RyW1][R2W>])
(here, elements in series are written in angle brackets and
parallel elements are given in parenthesis).

We slightly modified such EC, replacing Cg by the
constant phase element (CPE) Q4. According to the
definition [30, 31], the admittance (Yy) of Qg can be
expressed as follows:

Ydl = Yo(ja))", (8)

where w=271f, j=v/—1. When the index 7 is equal to 1, 0.5,
or 0, the CPE transforms into the capacitance, Warburg
impedance, or resistance, respectively.

Fitting procedures were applied to obtain parameters of
EC elements; they are summarized in Table 1. At pH 3.0,
this circuit enabled us to describe experimental data
quantitatively with a frequency error of 2-3% over the
range from 0.3 Hz to 30 kHz. The results, obtained at
pH 5.0, are somewhat worse (Fig. 7). Nevertheless, a
certain semi-quantitative comparison of the data, obtained
at different pH, seems to be possible.

In the case of oxide-free copper surface, the following
relationships, obtained in [29], may be used for estimation
of exchange current densities i, and ig,:

RT /1 1
. R/ 9
Io1 + I Ja <R1+R2>’ )
I 1 R+R 1 ( 1 4 )
— = - , 10
o1 Io2 o1 +o0> Fv/D [Cu“] [Cu*] ( )

where o, and o, are coefficients of the respective Warburg
impedances (see EC elements W; and W,). They are
defined according to the general equation [30, 31]

Zy = o(1 —j)/Vo, (11)

Then, Warburg admittance

and
o= (\/EYO)_I. (13)

Hence, o, and o, can be easily obtained from Yy; to Y,
quantities given in Table 1. Equilibrium concentration of Cu*"
jons ([Cu?']=2.14 mM) was obtained using well-known
material balance equations and stability constants determined
and listed in Ref. [25]. It follows from the analysis of standard
potentials of Cu|Cu®" to Cu|Cu” electrodes that the equilib-
rium constant of the process Cu+Cu®>* 5 2 Cu” is equal to
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Table 1 Parameters of the

equivalent circuit Re, (Qq EIV 7min Qg R W Ry W Note
[Ri W] [R,W5]) determined
at 0.3</<30,000 Hz 10° 1, n R, 10° Yy, Ry 10* Yoo
pH 3.0
0.221 5 9.59 0.815 273 9.72 84.4 7.49 Ist record
15 7.41 0.833 343 6.15 70.2 6.06 2nd record
25 6.79 0.839 375 4.92 65.7 5.69 3rd record
Relative error, % 7 1 6 12 6 7
pH 5.0
0.214 5 12.6 0.795 375 42.8 69.1 9.03 Ist record
15 11.0 0.802 429 59.0 81.7 8.53 2nd record
Dimensions: [R]=£2 cm?, 25 11.2 0.800 481 53.9 88.2 8.83 3rd record
[Yo=Q" em? §", Relative error, % 8 1 4 60 11 5

[Yoil=[Yo2]=Q" em™ %7

4.5x1077 M; then [Cu']=3.1x10"> M. The value of the
diffusion coefficient D=4x10"° cm” s~ was also taken
from Ref. [25]. Simulations, carried out by Egs. (9) and
(10), yield the following values of ig; and ip,: 4.30 and
383 pA cm 2 (first record), 4.69 and 424 pA cm 2 (second
record), and 4.75 and 442 pA cm ? (third record). It can
be seen primarily that iy <<iy,, i.e., the transfer of the
first electron is the rate-determining step. Secondly, the
variations in i, are rather low as compared with the
changes in Y, (see element Qy; in Table 1). Thus, it could
be concluded that the certain restructuring of the
double layer has a rather weak effect on the exchange
current densities. The settled ip;=4.8 pA cm ° is
consonant with similar quantities obtained from voltammetric
data [25].

It should be noted that n values relating to the
admittance of double layer are less than 1 (Table 1). The
roughness of copper coatings should be mentioned as one
of the factors responsible for such a feature. Besides, it is
conceivable that Qg stands for a more complex sub-circuit
that characterizes a non-equilibrium double layer. The
attempts to elucidate its structure have failed, since the
addition of extra elements overloads the basic EC and
renders its analysis impossible. Despite all complications,
we can safely assume that the admittance of the double
layer formed in the presence of oxides is higher as
compared with that of bare copper. This means that oxide
layers formed in Cu(Il) gluconate solutions cannot be
compact and uniformly distributed over the entire electrode
surface; otherwise, low capacitances typical of semicon-
ductors should be detected. Clearly the adsorption proper-
ties of bare and oxidized electrodes differ to a certain
extent. The diminution of Y, with 7 intimates that the
adsorption of gluconate intensifies and the double-layer
capacitance decreases.

Since the foregoing equations were derived for equilibrium
conditions and do not account for the formation of oxide layers,
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their use at pH 5.0 becomes problematic. Nevertheless, it can
be stated that the charge transfer resistances are higher in the
latter case (Egs. (9) and (10) yield twice lower iy values). This

Fig. 8 Morphology of freshly prepared copper coating (a) and of that
exposured for 30 min in the gluconate-containing Cu(Il) solution (b)
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means that the formation of Cu,O results in some retardation
of Cu(Il) reduction.

SEM micrographs of freshly prepared copper coating (part
a) and of that exposured for 30 min to the gluconate-
containing Cu(Il) solution (part b) are shown in Fig. 8. A
polycrystalline layer with well-exhibited crystallographic
edges and faces is formed during preparation of the working
electrode. Copper crystallites as large as 1-4 pum cover a
great part of the surface and impart a particular roughness
that manifests itself in the impedance measurements. No
oxygen was detected on such coatings. As the exposure time
T increases, the amount of surface oxygen increases as well.
As this takes place, the tendency of segregation of Cu,O is
observed. A typical result of such a process can be seen from
Fig. 8b. Cu,O crystallites, ~50-140 nm in size, are
distributed nonuniformly and seem to cover some steps and
kink and other sites that are most liable to anodic dissolution.
Bare copper is visible between Cu,O crystallites. Thus, it is
evident that the electrochemical properties of electrode
surface cannot change drastically when the compact semi-
conducting layer is not formed.

Conclusions

In accordance with the thermodynamic analysis, cuprous
oxide layers are formed spontaneously in the Cu|Cu(Il),
gluconic acid system at pH>3.7 under open-circuit con-
ditions. A current peak of Cu,O reduction is observed on
cathodic voltammograms at ca —0.7 V, its height being
dependent on the exposure time. An analysis of the charge
transferred in this region yields the rate of Cu,O formation
equal to 1.25x10'" mol cm ™ s™'. The light perturbation of
Cu electrode under open-circuit conditions results in the
generation of a negative photopotential, which is indicative
of n-type conductivity. The threshold wavelength is equal
to ~590 nm and is consistent with a band gap of ~2.1 eV.
Anodic photocurrents, which are observed near the open-
circuit potential, decrease with cathodic polarization and
change their sign at ~0.05 V.

Analysis of impedance data was performed, invoking the
equivalent circuit that accounts for the two-step charge
transfer. In the presence of Cu,O, some retardation of Cu
(IT) reduction was found to occur with a slight increase in
the admittance of the double layer. The suggestion has been
made that oxide layers formed in Cu(Il) gluconate solutions
cannot be compact and uniformly distributed over the entire
electrode surface. Relevant investigations of surface mor-
phology support this conclusion.
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