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Abstract Oxides of Ni-Cu were electrodeposited and
characterized by SEM, IR and XPS techniques. These
studies indicate that the coatings are mostly amorphous,
made up of tiny particles of copper metal or a very low
alloy with nickel in non-metallic phases with non-stoi-
chiometric compositions. The deposited oxide films ex-
hibit low overvoltages at 303 K for methanol oxidation
and act as effective anode materials. Electrocatalytic
activity of the deposited films depends on the composi-
tion of the coating. Under working conditions the
deposits exhibit good corrosion resistance towards the
electrolyte medium.

Keywords Oxides of Ni-Cu - Anode material -
Methanol oxidation - Overvoltage - Corrosion
resistance

Introduction

Methanol is a liquid fuel with a low-cost distribution
system and is a potential candidate with high energy
density to use in fuel cells [1]. It is a prospective power
source since it is an easily refuelable power stack in
electrically driven vehicles [2]. Unfortunately, methanol
systems are on the verge of being abandoned because of
the high cost of the noble metal catalysts and the lack of
membranes which remove the cross-leaks of the meth-
anol to the air electrodes [3]. Numerous materials have
been used as electrodes for methanol oxidation [4, 5].
Although Pt offers a low overvoltage for methanol oxi-
dation, surface inhibition by the adsorbed CO lowers the
catalytic activity [6]. To overcome some of these draw-
backs, alloys of Pt with Ru [6] and WO; [7] and alloys of
Ru and Pd [8] are employed. However, the preparation
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of these electrodes involves tedious procedures and is
economically not viable. A recent review on the subject
is noteworthy [9]. Considering these facts, it was felt that
it might be feasible to deposit a simple mixture of oxides
of Ni and Cu by an electrochemical method, using a
suitable bath solution containing an oxidizing agent, to
use as the anode material for methanol oxidation. Here
we report the characterization of the surface composi-
tion and morphology of the deposits. The catalytic
activity of the electrode material is evaluated by a
polarization technique.

Experimental

Plating bath solutions were prepared by using AR grade chemicals
and double distilled water. Oxides were deposited on copper foils
(99.9%, 5x2 cm? and 0.3 mm thick). Before deposition, the copper
surface was cleaned with trichloroethylene, mechanically polished
using different grades of emery paper and finally chemically pol-
ished [10]. The details of the pre-treatment of the electrode surface
and experimental procedure have been described earlier [11].

The compositions of the deposits were obtained using an atomic
absorption spectrometer (Perkin-Elmer PHI 590A). The surface
morphology of the samples obtained under optimum deposition
conditions was studied by scanning electron microscopy (SEM;
JEOL JSM 840A). X-ray photoelectron spectra of the deposited
thin films were recorded using an ESCA-3 mark II spectrometer
(VG Scientific, UK) using Al K, radiation (1486.6 eV). Galvano-
static polarization measurements were carried out in a current
density range of 1-100 mA cm™ at 303 K using a potentiostat/
galvanostat (PAR 270 EG&G, NJ, USA) and a three-compartment
glass cell with a saturated calomel and platinum foil as the refer-
ence and auxiliary electrodes, respectively. Catalytic activity of the
coatings as an anode material was evaluated in methanol (1 M)
containing H,SO4 (0.5 M), which is widely used as an electrolyte in
methanol oxidation fuel cells [12].

Results and discussion

Attempts were made to develop complex plating bath
solutions to obtain good quality coatings of the oxides
of Ni and Cu. Several organic compounds containing
oxygen, nitrogen and sulfur were examined individually
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and in combination to complex both Ni and Cu ions in
the bath solution. Among these compounds, only tri-
ethanolamine (TEA) in slightly acidic solution acted as
an effective complexing agent. Boric acid (H;BO3) and
ammonium persulfate [(NH4),S,Og] were uses as buf-
fering agent and oxidizing agent, respectively. The pH of
the bath solution was maintained at 5.0. Experiments
were carried out to study the effect of plating variables
[metal ions ratio, current density (c.d.), temperature and
the concentration of TEA] on the composition of the
coating. Based on the obtained results, the bath com-
position and deposition conditions were optimized to
obtain good quality coatings of Ni and Cu oxides
(Table 1). Under certain experimental conditions, the
Cu content in the deposit was nearly the same as that in
the bath solution (Table 2).

Surface analysis of the deposit was carried out by
using the SEM technique. SEM micrographs of oxides
of Ni and Cu obtained from bath solutions containin
different amounts of Cu (2.5-30% Cu) at 30 mA cm™
and a temperature of 303 K are shown in Fig. 1 (A and
B). Micronodular growth is noticed with 2.5% Cu in the
bath solution. With an increase in the copper content
(10%) there is an increase in the size of the micronodules
(Fig. 1A). With 30% Cu in the bath solution a dense
agglomerate type of coating is noticed (Fig. 1B). These
micrographs showed that the coating consists of tiny
particles with porous regions with well-defined grain
boundaries. Figure 1C shows the typical EDAX dot
mapping recorded for the coating containing 10% Cu.
These data indicated that there was uniform chemical
composition throughout the deposit.

Table 1 Bath composition®

Bath composition Concentration (M)

NiSO47H,0 0.15
CuS0,-5H,0 0.01
TEA 0.15
H;BO, 0.32
(NH.)5S,05 0.04

#Operating conditions: anode, SS316; substrate, copper foil; c.d.,
30-50 mA cm % pH, 5.0; time, 15 min; temperature, 303 K

Table 2 Electrochemical parameters for methanol oxidation® on
oxide coatings of Ni-Cu at 303 K

Cu in the ba (mV dec) 7100 mA cm™) igorr
bath (%)® (mV) (MA cm?)
50.0 75.0 340.0 32
30.0 (36.0) 98.0 275.0 8.5
10.0 (12.0) 70.0 230.0 5.6
2.5 130.0 590.0 1.2
100.0 180.0 440.0 11.0
0.0 98.0 2090.0 0.5

#Electrolyte: 1 M methanol+0.5 M H,SO,
The values of the percent Cu in the alloy are given in parentheses

9758 20KV  %8,808  1rm WD25
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Fig. 1 SEM photographs of Ni-Cu oxide coatings obtained from
bath solutions containing different amounts of Cu: A 10%; B 30%.
C EDAX: Cu dot mapping

XRD studies were made using a few deposited coatings
on a molybdenum surface to obtain microstructural
information. These data revealed that the deposits are
amorphous in nature. Hence the nickel and copper com-
pounds (especially oxides) were not visible under XRD.
Figure 2 shows XPS results for the Cu(2p) region of the
as-prepared film as well as after 10 and 20 min intermit-
tent sputtering. For the as-prepared film, Cu(2ps/2,1/2)
peaks (Fig. 2a) are observed at 932.6 and 952.4 ¢V, indi-
cating that Cu is in the + 1 oxidation state and the peaks
could be attributed to Cu,O species. On the other hand,
Cu(2ps/2,12) peaks (Fig. 2b) at 933.0 and 953.1 eV after
10 min sputtering could be attributed to Cu metal only.
The absence of satellite peaks in the spectrum indicates the
absence of a CuO phase. The same trend (Fig. 2¢) con-
tinues after 20 min sputtering also. From these data it is
difficult to identify the actual copper compounds. The
observed changes are attributed to Cu(NO3),/Cu(OH)s,.

Figure 3 shows XPS spectra of the Ni(2p) core level
region of the as-deposited film, as well as after 10 and
20 min intermittent sputtering. Ni(2ps;12) peaks
(Fig. 3d) at 854.5 and 872.4 eV (with satellite peaks)
indicate that Ni is in the +2 oxidation state and the
peaks could be attributed to NiO species [13]. Ni(2p3/2,1/2)
peaks (Fig. 3e and f) at 852.6 and 870.3 eV, with weak
satellite peaks at 860.6 and 878.8 eV, of the same film
after 10 and 20 min sputtering can be assigned to Ni
metal. There is no signature for NiO in the spectrum of
the sputtered film. The presence of oxide species is further
confirmed by IR data (Fig. 4). Pure samples of CuO and
NiO species exhibit vibrational bands at 426 cm'; how-
ever, the metal-oxide vibrational band in the IR spectra
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Fig. 2 XPS spectra of the Cu(2p) core level region in a Cu-Ni oxide
coating (a) as-prepared, (b) after 10 min sputtering and (c¢) after
20 min sputtering
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Fig. 3 XPS spectra of the Ni(2p) core level region in a Cu-Ni oxide
coating: (d) as-prepared, (e) after 10 min sputtering and (f) after
20 min sputtering

obtained for the coating is shifted to 447 cm ' [14]. The
presence of a sulfato complex in the coating was also
noticed at 1103 and 628 cm ' [15].
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Fig. 4 IR spectrum of the Ni-Cu oxide coating

The coatings obtained under different conditions
were tested for catalytic activity as anode materials for
methanol oxidation. H,SO, is widely used as the elec-
trolyte in methanol oxidation fuel cells. Galvanostatic
polarization measurements were carried out on oxides of
Ni-Cu with different compositions in H,SO4 (0.5 M)
containing methanol (1 M) at 303 K in the current
density range 1-100 mA cm 2. Figure 5 shows the
polarization curves for methanol oxidation on coatings
having different Cu contents and Table 2 gives the cor-
responding electrochemical parameters. Under compa-
rable experimental conditions, pure Cu and pure Ni did
not act as good anodes for the methanol oxidation
reaction. However, the electrocatalytic activity of the
anode increases with a decrease in Cu content in the
coating. A better catalytic activity is noticed with 10%
Cu. A further decrease in Cu content (< 10%) does not
improve the catalytic activity. The dependence of cata-
lytic activity on the composition of the coating is per-
haps due to the variation in surface area and the
microstructure of the coating.

The Tafel diagrams (Fig. 5) consist of two Tafel re-
gions, which indicates the different reaction mechanisms
for methanol oxidation in the c.d. range chosen. The
coatings offer good corrosion resistance towards the
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Fig. 5 Galvanostatic polarization diagrams for methanol oxida-
tion on a Cu-Ni oxide coating with different compositions in 0.5 M
H,SO, at 303 K: circles: 100% Ni; squares: 100% Cu; triangles:
10% Cu

electrolyte medium (Table 2). The electrode material
obtained from the bath solution containing 10% Cu
exhibits a sufficiently low overvoltage (230 mV) in the
stationary electrolyte medium even at 100 mA cm Z and
a temperature of 303 K for up to 60 h of operation,
which is much lower than the value obtained with other
electrode systems [16]. This shows the stability of the
anode material for prolonged methanol oxidation,
which is one of the important characteristics of a stable
anode material.

Electrooxidation of methanol is retarded by the
strong adsorption of reaction intermediates (CO,
HCHO, HCO;H, etc.) on the electrode surface [17].
Cyclic voltammetric investigation of acidic zinc sulfate
in the presence of formaldehyde gives a characteristic
peak on platinum electrodes [18]. This experimental
approach was used to identify the formation of form-
aldehyde as an intermediate in the present system. The
H,SO4/methanol mixture was electrolysed for 2 h at
100 mA cm 2 using the deposited film as the anode
material. The resulting reaction mixture was taken as the
medium for zinc sulfate and a cyclic voltammetric
experiment was carried out on a platinum electrode. The
cyclic voltammograms obtained with reference to
formaldehyde and in the presence of the oxidation
mixture were almost identical (Fig. 6). This is further
confirmation for the participation of formaldehyde as an
intermediate during electrooxidation of methanol on a
deposited oxide film of Ni-Cu.

Conclusions

The deposited oxide coatings of Ni-Cu using suitable
plating baths and working conditions exhibit good
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Fig. 6 Cyclic voltammograms obtained in zinc plating bath
solution (0.02M ZnSO4+0.01 M Na,SO,) at a scan rate of
100 mV s '; temperature 298 K and pH 3.0: 4, with HCHO;
B, with the reaction mixture (CH3OH + H,SO,)

catalytic activity for the anodic oxidation of methanol,
with a low overvoltage even at sufficiently low temper-
atures. XPS studies of the coating show that the oxida-
tion state of both Cu and Ni species at the surface differs
from that of the bulk. A decrease in Cu content in the
coating increases the catalytic activity. The coatings of-
fer good corrosion resistance towards H,SO4 medium. A
cyclic voltammetric study shows the existence of form-
aldehyde as one of the intermediates during the metha-
nol oxidation.
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