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Abstract Studies on the electrochemical behaviour of
Ni;_,Cu,Co,04 (x <0.75) and NiCo,_,Cu, 04 (y <
0.30) electrodes in 5 mol dm™ KOH aqueous solutions
are presented. The oxide layers have been prepared by
thermal decomposition of aqueous nitrate solutions on
nickel supports at 623 K. Powder samples were also
prepared by thermal decomposition under the same
conditions. The powder samples and the oxide layers
were characterised by X-ray powder diffraction. The
influence of the copper content on the voltammetric
response of the electrodes and activity towards oxygen
evolution reaction is analysed and correlated with the
surface composition of the electrodes by means of X-ray
photoelectron spectroscopy data. The analysis of the
results reveals that the presence of Cu affects the elec-
trode behaviour and its influence depends on which
cation has been replaced.

Key words Ni-Co-Cu spinel oxides - Thermal
decomposition - X-ray diffraction - X-ray
photoelectron spectroscopy - Cyclic voltammetry

Introduction

Cyclic voltammetry of NiCo,0,4 electrodes in alkaline
solutions yields a well-known pattern due to the redox
processes involving both nickel and cobalt ions [1, 2].
However, when the partial replacement of one of these
cations in the spinel structure is performed, modifica-
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tions to the voltammetric pattern are observed, partic-
ularly in the cathodic sweep [3-5].

In previous work the partial replacement of cobalt by
rhodium has been attempted, leading to spinel oxides of
nominal composition NiCo,_,Rh,O4 (0.0 < x < 0.5) [4].
The choice of rhodium was due to the high stability of
Rh®*, in addition to its preference to occupy the octa-
hedral sites in the spinel structure [6]. The electrodes
prepared by thermal decomposition at 350 °C have low
crystallinity, leading to very difficult structural charac-
terisation. Electrodes prepared at higher temperatures
allow better structural characterisation and led us to
correlate structure/composition/activity. These studies
have shown that Rh clearly contributes to an increase of
the electrode surface area but has no appreciable influ-
ence on the oxygen evolution mechanism.

In order to explore these correlations, studies on the
effect of the partial replacement of nickel by copper in
the NiCo,0, electrodes were performed by X-ray pho-
toelectron spectroscopy (XPS) and cyclic voltammetry
[3]. The electrodes were prepared by thermal decompo-
sition on a nickel mesh using the dipping method. Cu(II)
substitutes Ni(II) very easily [6], leading to the formation
of single-phase oxides of nominal composition
Ni;_,Cu,Co,04 (0.00 £ x £0.75) at low preparation
temperatures. Moreover, thermodynamic data predict
that copper species do not undergo redox processes in
the potential range where cobalt and nickel species do.
XPS data show that the copper introduction leads to
significant modifications of the electrode surface com-
position, being the surface layers mainly formed by a
rich nickel-copper spinel phase. This effect could also be
followed by cyclic voltammetry. Studies on electrode
activity towards the oxygen evolution reaction (OER)
have been performed and a direct relation with the
Ni(II) species surface concentration was observed [7].

Other preparation procedures were tested to prepare
NiCo,0, electrodes, taken as the standard electrode. It
was found that a richer surface in nickel was obtained
when a nickel foil substrate was used and the brush
painting method applied [7].
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The replacement of cobalt by copper was then at-
tempted and a series of new oxide electrodes with
nominal composition NiCo,_,Cu, 04 (0.00 <y < 0.30)
was prepared using the brush painting method and a
nickel foil substrate [7]. Also for this system the elec-
trodes’ surface composition is strongly affected by cop-
per introduction in the oxide structure. The effect of
composition on electrode activity towards the OER has
been performed and a direct relationship with the Ni(II)
species surface concentration was also observed [7].

In this work the role of the copper(Il) ions in the
spinel structure is investigated and its effect on the
electrochemical behaviour of the cobalt-nickel based
spinel oxides, with nominal composition NiCo,_,Cu,O4
(0.00 < y £0.30) and Ni;_,Cu,Co0,04 (0.00 < x £0.75),
is considered. Structural characterisation of both sys-
tems was performed through X-ray diffraction (XRD)
analysis.

For each oxide system, the influence of the amount
of copper on the voltammetric behaviour and electro-
catalytic activity is analysed by comparison with that
of NiCo0,0y, electrodes prepared by the same procedure.

XPS data are used to obtain detailed information on
the electrode surface composition and are correlated to
the oxide electrochemical behaviour and activity for the
OER.

Experimental
Preparation of samples

Two types of oxide samples were prepared: powders and electrodes.
The powders were prepared by thermal decomposition of aqueous
solutions containing the corresponding nitrates [l mol dm™>
Ni(NOs), - 6H,0, 2 mol dm™ Co(NO3), - 6H,0, 1 mol dm™
Cu(NOs), - 6H,O Merck], mixed in stoichiometric amounts ac-
cording to the required final nominal composition. The powders
obtained were then treated at 623 K in air for 1 h. The nominal
compositions studied are x = 0.00, 0.05, 0.10, 0.25, 0.50, 0.75, 1.00
for the Ni;_,Cu,Co,04 system and y = 0.00, 0.05, 0.10, 0.20, 0.30,
0.50 for the NiCo,_,Cu,O4 system.

The electrodes were prepared by coating nickel supports (typi-
cally 0.3 x 0.5 cm?) with successive layers of the oxides obtained by
thermal decomposition in the same conditions as the powder
samples. Slightly different procedures were used for the electrode’s
preparation [7]. The electrodes with nominal composition Nij_,.
Cu,Co,0,4 were prepared by dipping the pre-treated nickel mesh
into the nitrates solution and those with nominal composition
NiCo,_,Cu,O4 by brushing the aqueous nitrates solution onto the
pre-treated nickel foil support. The electrodes were then annealed
at 623 K for 1 h. The oxide loading varies from 8 to 10 mg cm™.
The details of the preparation can be found in a previous paper [8].
The nominal compositions studied are x = 0.00, 0.05, 0.10, 0.25,
0.50, 0.75 for the Ni;_,Cu,Co0,04 system and y = 0.00, 0.05, 0.10,
0.20, 0.30 for the NiCo,_,Cu,O4 system.

XRD studies

Powder samples and oxide layers (scraped from the nickel supports
and ground in an agate mortar) were characterised by XRD, using
a Philips PW 1730 X-ray diffratometer with automatic data ac-
quisition [APD Phillips (v.35B) software]. All scans were recorded

between 10° and 80° 20 at a scanning rate of 0.02° s

radiation (4 = 0.15406 nm) as the incident radiation.

, using Cu K,

XPS studies

The XPS analysis was performed using an ESCALAB 200A (VG
Scientific) surface analysis instrument, operating under VG5250
data acquisition and analysis software. For surface excitation an
achromatic, Mg anode X-ray source, operating at 15 eV (300 W),
was used. Spectrometer calibration was done with reference to Ag
3ds) (368.27 €V) on a clean Ar " ion-etched Ag sample. The base
pressure inside the spectrometer during analysis was better than 107°
Pa and spectrum data were acquired with 20 eV CAE pass energy.

For spectral analysis, the facilities available on the VG5250
Data Analysis were used, namely non-linear Shirley-type back-
ground subtraction and peak fitting using a mixed Gaussian-
Lorentzian peak function (with G/L ratio optimised by the
program) [9]. Quantitative analysis was based on peak area inten-
sity measurement corrected using the Scofield photoionisation
cross-sections and spectrometer transfer function (VG-ESCA-
LAB), as available in the system procedures for quantitative
analysis [10].

Electrochemical studies

The electrochemical experiments were performed in a three-com-
partment glass cell at room temperature, using a 5 mol dm™> KOH
(Merck) as electrolyte solution. As counter electrode a platinum
foil was used and as reference a Hg/HgO electrode.

The electrochemical measurements were carried out using a
low-noise operational amplifier potentiostat incorporated with a
positive feedback iR compensation, programmed by a Hi-Tec
PPRI waveform generator and a Philips 8271 x-y- recorder.

Steady state measurements were performed after stabilising the
electrode at the highest potential for 20 min, in order to obtain a
stable surface. The steady state currents were recorded in the di-
rection of decreasing potential.

Results and discussion
Structural characterization and surface analysis
XRD studies

X-ray diffractograms of both Ni;_,Cu,Co0,0O4 and
NiCo,-,Cu,0,4 powder samples were recorded. In all
diffractograms the characteristic lines of a cubic spinel
structure like NiCo,0y4 [11] are present, but extra lines
were also detected for samples with nominal composi-
tions CUC0204 and NiCO]'SCUQ'504.

Figures 1 and 2 present the X-ray diffractograms for
three powder samples belonging to the Ni;_,Cu,Co0,04
and NiCo,_,Cu,O4 systems, respectively. The diffracto-
grams shown correspond to (a) a NiCo,04 sample, (b)
the limiting nominal compositions where only the spinel
diffraction lines are present (x = 0.75 and y = 0.30), and
(c) the next prepared composition where the extra dif-
fraction lines were detected (x = 1.00 and y = 0.50). The
second phase, when formed, is the CuO [12] in the case
of the Ni;_,Cu,Co,04 system and the NiO [13] in the
case of the NiCo,_,Cu,O4 system.
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Fig. 1 X-ray diffractograms for the Ni;_,Cu,Co,0,4 powder samples
with a x = 0.00, b x = 0.75 and ¢ x = 1.00. Peaks of the second phase
formed are indicated by an asterisk

As expected, the samples crystallinity is low owing to
the preparation conditions to obtain samples with a high
surface area, and decreases significantly with the addi-
tion of copper.

The electrodes were prepared just for the nominal
compositions where only a single phase is formed and X-
ray diffractograms of the oxide layers were also recorded
for each composition. The diffractograms of the scraped
layers have the same pattern as the powder samples but
with a much lower degree of crystallinity, particulary for
the NiCo,_,Cu,O4 system [7, 14].

Tables 1 and 2 present the cell parameter values for
the cubic spinel phase calculated considering the JCPDS
data file for the NiCo,0y, spinel structure [11] and using
the LSUCRE software for X-ray data indexation and
refinement [15].

For the NiCo,0O,4 powder samples the cell size value is
close to 0.811 nm, which is in good agreement with the
one reported in the JCPDS data file [11]. However, for the
scraped layers a slightly higher value was obtained, which
should reflect the influence of the nickel support. The
metallic support in contact with the reactants favours the
presence of the cations in the lowest oxidation states,
which in consequence leads to an increase of the cell size.
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Fig. 2 X-ray diffractograms for the NiCo,_,Cu,O4 powder samples
with a y = 0.00, b y = 0.30 and ¢ y = 0.50. Peaks of the second phase
formed are indicated by an asterisk

When copper ions are introduced in the spinel
structure, an increase of the cell size occurs for both
systems. This increment is smaller for all powder sam-
ples and for the Ni;_,Cu,Co,0,4 scraped layers than
for the NiCo,_,Cu,O4 scraped layers.

The different limiting values for the formation of
the solid solution, x =0.75 and y =0.30 for the
Ni;_,Cu,Co,04 and NiCo,_,Cu,O4 systems respective-
ly, should reflect important differences between the cat-
ionic rearrangement in the two systems.

Table 1 Cell parameter values, a, for the cubic spinel phase as a
function of copper content for the Ni;_,Cu,Co,04 powder and
scraped layer samples

X a (nm)
Powder Scraped layer

0.00 0.8105(1) 0.8112(2)
0.05 0.8111(2) 0.8111(3)
0.10 0.8112(1) 0.8112(2)
0.25 0.8112(2) 0.8116(1)
0.50 0.8110(2) 0.8107(2)
0.75 0.8115(1) 0.8115(3)
1.00 0.8113(2) -
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Table 2 Cell parameter values, a, for the cubic spinel phase as a
function of copper content for the NiCo,_,Cu,O4 powder and
scraped layer samples

v a (nm)

Powders Scraped layer
0.00 0.8105(1) 0.8111(2)
0.05 0.8111(1) 0.8111(3)
0.10 0.8110(2) 0.8118(4)
0.20 0.8110(3) 0.8119(3)
0.30 0.8113(2) 0.8118(3)
0.50 0.8118(1) -
XPS studies

All oxide layers were investigated by means of XPS
analysis. Survey spectra and core level spectra [C(1s),
O(ls) and M(2ps,,)] were recorded. The survey spectra
show that, except for carbon, all electrode surfaces are
free from any contamination.

The detailed XPS analysis of both Cu-containing
oxide system, has been previously reported [3, 7] and in

this paper is only briefly reviewed. A representative set
of the recorded and resolved O(ls) and M(2ps,) core
level spectra for an electrode with x = 0.50 (Nigs.
Cuy.5sC0,04) is shown in Fig. 3. Table 3 summarises
the peak parameter values, which characterise the re-
solved spectra shown in Fig. 3, as well as the possible
species, which is responsible for the features in each
spectrum.

Two kinds of nickel species have been detected and
assigned to species containing Ni(I) and Ni(III) ions.
The Ni(III)/Ni(II) ratio decreases in both systems with
the amount of copper, but with different trends [3, 7].
Copper(II) ions were detected in both tetrahedral and
octahedral coordinations and Table 4 presents the
amount of Cu(Il) species in each coordination for
the two oxide systems. Figure 4 contrasts the values of
the Cu(Il)y./Cu(Il) atomic ratio for the two systems.
It is almost constant and equal to one for the NiCo,._,.
Cu, 0, system while for Ni;_,Cu,Co0,0, it shows a clear
dependence on x.

The XPS data show that the electrode surface
composition is significantly affected by the presence of

Fig. 3 Recorded and resolved (a) O (1s) (b) Ni 2p3p)
core level spectra for a
Ni;_,Cu,Co,0; electrode with A
x =0.50; a O (1s), b Ni (2p3)2),
¢ Cu (2p352) and d Co (2ps)2) B
542 538 534 530 526 885 875 865 855 845
Eb/eV Eb/eV
(c) Cu (2p3p) (d) Co 2p3n)

955

800 795 790 785

Eb/eV

Table 3 Binding energies, E,, FWHM and G/L values obtained for the resolved core level spectra for a Ni;_,Cu,Co,0, electrode with

x = 0.50
Line Peak Species Ep (eV) FWHM (eV) G/L (%) Ref.
O(ls) A Lattice O* ions 529.6 L5 42 [16]
B adsorbed O-containing species (OH,.. ..) 531.2 2.3 31
Ni(2p3/) A Ni(II) ions (as in NiO) 854.6 2.0 56 [3, 17-22]
B Ni(III) ions [or Ni(II) ions as in Ni(OH),] 856.0 34 24
satellite paramagnetic Ni(II)/Ni(III) ions 862.4 6.8 11
Co(2p312) A mainly Co(III) ions 780.6 3.1 8 [23]
Cu(2p3/2) A Cu(I) ions (tetrahedral coordination) 932.4 1.6 18 [18, 19, 24]
B Cu(II) ions in octahedral coordination 934.6 2.9 14
C Cu(Il) ions in tetrahedral coordination 936.2 2.9 33
sat. [ paramagnetic Cu(II) ions 941.2 4.0 54
sat. 11 paramagnetic Cu(Il) ions 944.1 3.2 4




Table 4 XPS speciation of Cu ions for the NiCo,_,Cu,O4 and
Ni;_,Cu,Co,04 electrodes

X Peak area (%) y Peak area (%)

Cu-A Cu-B CuC Cu-A Cu-B Cu-C
0.05 8 32 19 0.05 1 23 40
0.10 9 21 27 0.10 7 22 30
0.25 9 12 12 020 3 25 31
0.50 8 35 15 030 3 27 31
0.75 8 43 8

copper. A surface enrichment in copper is found for all
the electrodes studied, which can be seen clearly in
Fig. 5, where the dependence of the Cu/Co atomic ratio
on the nominal copper content (x, y) for Ni;_,Cu,C0,04
and NiCo,_,Cu,O4 electrodes is presented. The lines
inferred from the nominal composition of the oxides are
also included in the figure.

XPS analysis also indicates a strong dependence of
the Ni/Co atomic ratio on the nominal copper content.
Earlier results showed that electrode surfaces more rich
in nickel are obtained when nickel foil/brush painting is

Fig. 4 Variation of the 2.0 -
Cu(Il)et/Cu(Il)ye; atomic ratio

determined by XPS as a func-

tion of the nominal copper °
content (x or y) for the \
Ni;_Cu,Co,04 and \
NiCo,_,Cu,Oy4 electrodes

—
L
1

—
[~
1
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applied [7], as Table 5 illustrates for the NiCo,Oy4 elec-
trodes prepared by the two different procedures reported
in this work. In order to eliminate the effect of different
preparation conditions on the analysis, the Ni/Co
atomic ratio value obtained for each copper-containing
electrode was divided by the average value of the
NiCo,0y electrodes prepared under the same conditions.
The values obtained are presented in Fig. 6, and show
that the atomic ratio is a maximum for x = (0.10 and
y = 0.30 and a minimum for y = 0.10.

Correlation between XRD and XPS results

For the NiCo0,0, spinel oxide electrodes, several cationic
distributions have been proposed based on X-ray and
neutron diffraction studies, magnetic susceptibility
measurements, XPS analysis, etc. [25-28]. However,
since the NiCo,0, electrodes are normally prepared by
thermal decomposition at low temperatures, and with
short thermal treatment, the samples crystallinity is
not very high and so it is difficult to propose a precise
cationic distribution along the spinel structure.

O Niz,Cu,C0,0, ®NiCo,,Cu,0,

YCu(IMocy VoCu(ID et

e
w
.

0.0
0.0

Fig. 5 Variation of the (Cu/
Co)xps atomic ratio determined
by XPS as function of the
nominal copper content (x or y)
for the Ni;_,Cu,Co0,04 and
NiCo,_,Cu,0y electrodes. The
nominal dependence is also
shown

(Cu/Co)xps

0.2 A

0.0

0.8

0.6

0.4

0.2 0.4 0.8

xy)

NiCo,.,Cu,0,4

Ni;,Cu,Co,0,

experimental

nominal

0.0
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Table 5 Ni/Co atomic ratio for the NiCo,Oy, electrodes prepared
by different procedures

Preparation procedure Ni/Co atomic ratio

1.1
0.8

Nickel foil/brush painting
Nickel mesh/dipping

For a qualitative discussion of the X-ray diffraction
data we will assume a general cationic distribution for
the NiCo,Oy spinel oxide, like:

2 AN Cad 02—
Co7",Co; " [Ni; "Nij,Co’ "0,

with z = (a—b)/2 proposed by Hanen et al. [25] for ox-
ides prepared in a similar way to those reported in this
work. Owing to the reactants nature, preparation
method and conditions, the copper should enter in the
spinel structure as Cu®" ions. According to the excess
octahedral stabilisation energy values for these ions [29],
they should occupy preferentially the octahedral sites in
the spinel structure. Because the ionic radius of Cu?*
ions in ocathedral coordination is higher than those of
Ni?", Ni** or Co®" (ions in the same coordination) [6],
a progressive increase of the cell size with copper in-
troduction is expected for both systems.

Studies on several copper-containing spinels [5, 30—
33] have shown that Cu(II) ions tend to occupy simul-
taneously both sites of the spinel structure, and the same
feature was observed in our systems [3, 7].

For the Ni;_,Cu,Co0,0, system the presence of Cu®”
jons in the tetrahedral sites means that part of the Co” "
ions moved from the tetrahedral sites to the octahedral
ones, giving rise to an increase of octahedral Co®" ion
content. The Co®™ ions will occupy the free places left
by the nickel ions, and the final charge balance is
achieved by either decreasing the Ni*" content and/or
changing the oxygen stoichiometry.

For the NiCo,_,Cu,O4 system, the picture is much
more complex. First of all it should be noted that we
were able to replace only 30% of cobalt with copper.
XPS also detected the presence of Cu?” ions in both

Fig. 6 Dependence of the (Ni/ 2.0 1
Co)/(Ni/Co)nico,0, atomic ratio
determined by XPS on the
nominal copper content (x or ) 1.6 -
for the Nil,,\,CuxC0204 and 3
NiCo,_,Cu,Oy4 electrodes g
2124
Q
S 4
¢
S 0.8 -
Z

o
S
L

sites of the spinel structure. If Cu®* ions are present in
the octahedral sites and if they are going to replace Co® "
ions, there will be a net defficiency of positive charges.
This means that the presence of Cu®" ions is tolerated
only for small amounts, in this case for y < 0.30, and in
fact XPS data showed that an oxygen deficiency occurs
[7]. For higher copper content, the Ni>" ions leave the
spinel structure in order to avoid the charge balance
problem.

Electrochemical studies
Voltammetric studies

The effect of composition on the voltammetric behav-
iour of cobalt-nickel based spinel oxides is clearly seen in
Fig. 7, which presents stabilised responses of fresh
Ni;_,Cu,Co,04 and NiCo,_,Cu, O, electrodes of se-
lected nominal compositions in 5 mol dm™ KOH. As
reference, a cyclic voltammogram of a fresh NiCo0,0;,
electrode (nickel mesh/dipping) is also included.

According to thermodynamic data, copper species do
not suffer redox processes in the potential region under
study [34], and experimental results reported for copper-
containing spinel oxides have confirmed this [35, 36]. It
is therefore clear that the different behaviour shown by
the two systems reflects differences in the compositional/
cationic distribution of the oxides, induced by the cop-
per ions.

The set of redox peaks A;/C; and Ay/Cyy, usually
observed in the voltammetric response of NiCo0,04
electrodes in alkaline solutions, has already been dis-
cussed in detail in many papers and their assignment
proposed by many authors [1-3]. Table 6 summarises
the peak assignments.

The Cu-containing oxides show anodic profiles simi-
lar to those for NiCo0,04, although variations in the
current density of peaks A; and Ay are observed for all
samples and a shift of peak Aj; to more positive po-
tentials is clearly seen for the Ni;_,Cu,Co0,04 system
when x > 0.25.

NiCo,.,Cu,0,

. Nil.,CIl,C0204
e o

0.0

0.0

0.2 0.4 0.6 0.8
(xy)



Fig. 7 Cyclic voltammograms
for the oxide electrodes: a
NiC0204, b NiCoz_},Cu,,O4
with y = 0.05 (broken line)

and 0.30 (full line), and

¢ Ni;_,Cu,Co,04 with x = 0.05
(broken line) and x = 0.75 (full
line), obtained in 5 mol dm™>
KOH at a sweep rate of

10 mV 57!

(b) NiCo0,.yCu,0y4

y=0.30 | 1.5
y=0.05 i3.1

(a) NlC 0204

63

(¢) Ni;«Cu,C0,04

x=0.30 |0.5 2
mAcm
x=0.05 {1.5

To eliminate the effect of using different preparation
procedures, the anodic peak current density obtained for
each copper-containing electrode was divided by the
average value obtained for the NiCo,0O4 electrodes,
prepared by the same procedure. Figure 8a and b shows
the variation in the peak current density ratio j/j NiCo,04
with the nominal amount of copper. Concerning peak
Aj, a similar variation is observed for both systems,
showing a maximum value at y = x = 0.10, followed by
a decrease in the current density due to the decrease in
the quantity of Co(Il) ions in tetrahedral sites. These

Table 6 Assignment of the processes involved in the voltammetric
peaks for NiCo,0, electrodes [1, 2]

Peaks Peak assignement
Ay/Cy Co(Il)iey = Co(lll)ey + €~
Ap/Ch Co(II); + Co(Ill)pe; = Co(IV) + 2e7%

Ni(I) = Ni(Ill) + ¢

“Dominant process

Clll
C!l Clll

E/V vs Hg/HgO

variations reflect the changes in the Co(1I)/Co(I1I) ratio,
which we were not able to follow by XPS studies [3, 7]. It
should be mentioned here that, for the Ni;_, Cu,Co,04
system, a decrease in the Co(II) ion content means an
increase in Co(III) ion content in octahedral sites, once
the amount of cobalt has been kept constant.

For the NiCo,04 oxide electrodes, peak Ay is mainly
caused by the oxidation of Co(Ill), being the Co(III)
species both originally present in the octahedral sites and
those formed in Ay, with a minor contribution from the
oxidation of Ni(Il) ions [3, 25]. The maximum observed
for both systems when x =y = (.10 reflects the varia-
tion in the current density of peak A;. The current in-
crease for the samples with x, y > 0.20 is due to
the increase of the relative amounts of Ni(II) and
Co(IIT) species for the system Ni;_,Cu,Co0,04 and of
Ni(II) species for the system NiCo,_,Cu,O4 on the
electrode surface. This explanation is consistent with the
variation of the peak current ratio, ja /ja, With the
nominal amount of copper in the electrodes, presented
in Fig. &c.
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Fig. 8 Variation of the intensity ratio between the anodic peak
current density for the copper containing electrodes and the corre-
sponding value for the NiCo,O4 electrodes prepared by the same
procedure, with the nominal amount of copper (x or y) for the oxide
systems a Ni;_,Cu,Co,04 and b NiCo,_,Cu,Oy, ¢ intensity peak ratio
(ja,/ia,) vs. the nominal amount of copper x or y

These observations are in accordance with earlier
results obtained in our laboratory for NiCo,_,Rh,O4
electrodes [4]. Indeed, no significative changes in peak
A; were observed with the progressive increase of rho-
dium content, as was expected once Rh®>* is replacing
the Co®" in the octahedral sites according to its site
preference.

On the return scan, systematic variations in the vol-
tammetric response result from the presence of copper.
For the Ni;_,Cu,Co0,04 system peaks C; and Cy are

displaced and the appearance of a third peak, Cyyy, be-
tween 0.42 and 0.49 V occurs when x > 0.50. For the
NiCo,_,Cu,O4 system no appreciable shift of peaks C;
and Cy; is observed and peak Cyyy is formed between 0.35
and 0.40 V, when y > 0.20. Studies on the influence of
the positive potential limit on the electrode voltammetric
behaviour show that peak Cyyy is related to the anodic
peak Ay [3].

The study of the effect of sweep rate on the voltam-
metric response indicates that, for each composition, the
peak current varies with sweep rate according to I, o< V08
and no appreciable shift of the peak potential was ob-
served with increasing sweep rate.

In a previous paper concerning the Ni;_,Cu,Co,04
system, the authors assigned peaks Ap/Cryp to the redox
couple Ni(IIT)/Ni(IT) [3]. Regarding the oxide system
with nominal composition NiCo,_,Cu, Oy, the same as-
signment is made, although the Ay/Cyy pair of peaks
appears at a different potential. This assignment was
based on both the inactivity of copper ions in this po-
tential region and the increase of the amount of Ni(I)
ions revealed by the XPS studies. The difference in po-
tential comes from the independence of the anodic peak
Ajp, on the copper content on the bulk/surface of the
NiCo,_,Cu, 0y electrodes.

These results show that copper introduction in the
NiCo,0y lattice contributes to the resolution of peak Cyy
usually attributed to the reduction process involving
both Co(IV)/Co(I1I) and Ni(III)/Ni(II) redox couples.

Considering the voltammetric response of the two
samples with the highest amount of copper, it is evident
that the effect of the presence of copper is more visible
for Ni;_,Cu,Co,04 than on the NiCo,_,Cu,O4. This
behaviour could be explained by a perturbation effect of
the copper ions on the NiCo,0, lattice that is more
explicit for the Ni;_,Cu,Co,0y4 system due to the larger
amount of copper introduced.

Figure 9 presents the dependence on the nominal
copper amount of the ratio between the total voltam-
metric charge density obtained by integration of the
voltammetric curves for each copper-containing elec-
trode and the corresponding average value obtained for
the NiCo,0y4 electrodes prepared by the same proce-
dure. A decrease in the charge densities is expected,
owing to the copper inactivity in the potential region
under study.

Indeed, the NiCo,_,Cu,O4 system shows the expected
behaviour in the whole composition range studied.
Contrarily, the Ni;_,Cu,Co,0, system exhibits a well-
defined maximum between x = 0.05 and 0.10. This be-
haviour reflects the surface enrichment in nickel species
and Co(II) when x < 0.10, demonstrated by the XPS
data analysis and cyclic voltammetry, respectively [3].

Electrocatalytic activity towards OER

Catalysed oxygen evolution is highly sensitive to the
nature and structure of the electrode surface [37]. Cor-
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respondingly, the presence of copper in the nickel and
cobalt spinel oxide should affect the electrochemical
activity of the electrodes towards the OER and a dif-
ferent behaviour is indeed observed, depending on which
cation is replaced by copper, as earlier reported [7].

In a previous paper we have analysed the Tafel lines
for the two copper-containing spinel oxide systems,
taking into account the electrode roughness [7]. It has
been concluded that there is a correlation between the
electrode activity for the OER and its surface composi-
tion and a direct relationship could be found between
the amount of nickel, in particular the % of Ni(II) ions
on the electrodes surface, and its activity. The electrodes
with higher activity are those with a less oxidised sur-
face, rich in nickel, and showing a higher concentration
of Ni(II) ions.

Figure 10 shows two representative apparent current
density-potential curves for oxygen evolution (current
normalised for the electrodes geometric area) and
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Table 7 summarises the values earlier reported for the
Tafel slopes for the two oxide systems, Ni;_,Cu,Co0,0,4
and NiCo,_,Cu,O4 [7]. The values are in accordance
with those usually reported for the nickel-cobalt based
spinel oxide electrodes. Different values ranging from 40
to 120 mV have been reported in the literature, de-
pending upon the method of preparation of the oxides,
the nature of the substrate and the experimental condi-
tions [4, 35, 36, 38—40].

In this work the electrocatalytic activity (including
electronic and geometric factors) of the two systems is
evaluated in terms of overpotential measured at a cur-
rent density selected on the basis of a constant value
of the Tafel slope for all the samples (60 mV). The
dependence of the overpotential for oxygen evolution,
measured at an apparent current density of 10 mA cm ™2,
on the nominal amount of Cu in the samples is presented
in Fig. 11. In general, the overpotential is lower for the
electrodes with nominal composition NiCo,_,Cu,Oy,
excluding the sample with y = 0.10, which is associated
with the higher amount of nickel in the samples.
Moreover, within this system, and once again excluding
the sample with y = 0.10, the overpotential dependence
on the nominal composition follows the trend expected
from the voltammetric charge variation.

Table 7 Electrode kinetics parameters for oxygen evolution on
NiCo,_,Cu,O4 and Ni;_,Cu,Co,0, electrodes

Copper
amount (x, y)

System Tafel slope (mV)

Low High
current density current density

nwv

Fig. 10 Tafel plots for oxygen evolution on O Nil_xCuxCO%O4 and
® NiCo,_,Cu, 0Oy electrodes with x = y = 0.10 in 5 mol dm™ KOH.
Current normalised considering the geometric area

Ni;_Cu,C0,0, x<0.25 45 £ 3 62 + 4
x > 0.50 60 + 4

NiCo,_,Cu,0; y#0.10 64 £ 10 108 £ 20
Y =0.10 60 £ 10
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Concerning the system Ni;_,Cu,Co0,0,, the general
trend is similar to that observed for the atomic ratio
(Ni/Co)xps Vvs. x, v, the nominal amount of copper in the
samples.

It is clear that the balance of two aspects, the real
surface area and the surface composition of the elec-
trodes, determine the observed behaviour, and its
influence depends on the specific system. For the
Ni;_,Cu,Co0,04 (0 £ x £0.75) electrodes the dominant
component seems to be the surface composition, while
for NiCo,_,Cu,O4 (0 < y <0.30) the real surface area
plays an important role.

Conclusion

The study of the oxide spinel systems with nominal
compositions Ni;_,Cu,Co,04 and NiCo,_,Cu,O4 led us
to conclude that the differences in the electrochemical
behaviour shown by the two systems reflect the use of
different procedures in the electrodes’ preparation.

Changes in the electrochemical behaviour are also
caused by the presence of copper, because it induces
modifications in the cationic distribution and conse-
quently in the electrode surface composition, which the
different limit of the solid solution formation and the
non-variation of the lattice parameter suggest. These
aspects are more evident in the system where copper
replaces nickel.

The oxygen evolution efficiency determined in terms
of overpotential depends on the electrodes’ real surface
area and follows the (Ni/Co)xps variation, increasing
with the increase of nickel content on the electrode
surface.
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