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Abstract

Nickel and nickel-based nanomaterials are an attractive choice to re-
place noble metals as electrocatalyst in alkaline direct alcohol fuel cells
(DAFCs) owing to their lower cost and suitable electrocatalytic activ-
ity. Among the different synthetic methods available for the production
of nanostructured materials, galvanostatic electrodeposition offers a fast
and simple means of fabricating active electrodes. Therefore, thin-layers
of nickel were electrodeposited onto polycrystalline gold electrodes using
constant current pulses from an electrolyte containing 50 mM NiSO4.
The electrocatalytic properties of the nickel nanostructures in alkaline
medium, in which the catalytic species NiOOH is formed, were evalu-
ated through cyclic voltammetry in 0.5 M methanol + 1 M KOH. The
effects of current density pulse and the presence of sulfate or chloride
anions in the supporting electrolyte on the electrocatalytic activity of
the deposits were studied using Ni(OH)2 surface concentration, Γ, and
electrocatalytic intensity, EI, as performance parameters. It was found
that highest electrolcatalytic activities were obtained when using cur-
rent densities pulses close to 4.0 mA cm−2 in the presence of sulfates.
It was found that the presence of sulfates leads to a strong correlation
between the electrocatalytic activity for the oxidation of methanol and
the surface concentration of Ni(OH)2.
Keywords: Nickel nanostructuresgalvanic electrodeposition, Methanol
oxidation reaction, direct alcohol fuel cells.
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1 Introduction

Direct alcohol fuel cells (DAFC) are strong candidates to replace other power
sources in automobiles and portable devices [1]. This is mainly due to the fact
that the mass energy density of low molecular weight alcohols is comparable to
that of gasoline (5−8 kW h kg−1 vs. 12 kW h kg−1) [2]. Furthermore, liquid fu-
els are easier to transport, handle and store. While several studies have focused
on the development of acidic DAFC [3], their alkaline counterparts (ADAFC)
exhibit some attractive properties: alkaline media facilitates the 4-electron
transfer for the oxygen reduction reaction (ORR) since no specific chemical
interactions between the catalyst and O2 or O−

2 are required [4], the oxidation
of alcohols, like methanol on Pt and PtRu [5, 6], can yield higher currents at
low overpotentials; the formation of high valence oxide species, which act as
catalyst for alcohol oxidation, is favored in alkaline media [7]. Additionally,
the development of alkaline anion-exchange membranes has mitigated some of
ADAFCs problems like alcohol cross-over, corrosion and carbonate precipita-
tion [8].

Nickel has shown good catalytic activity for alcohol oxidation in alkaline
media, compared with silver and cobalt [9]. This is due to the formation
of NiOOH, which has unpaired d-electrons and empty d-orbitals available for
bond formation with adsorbed species or redox intermediates [10, 11]. Different
Ni-nanostructured morphologies, such as nanoparticles [12], ultra-thin sheets
[13], and nanoflakes [14] have been tested in efforts to increase the catalyst
surface area and to improve their intrinsic catalytic properties. The synthesis
of these materials usually involve several complicated steps, like atomic layer
deposition [15], ion implantation [16] or electroless deposition [17], contrary
to electrodeposition that can be carried out in a single step on the substrate.
Previous work by our group proved that ensembles of Ni nanoparticles, with
narrow size distribution, can be obtained on ITO electrodes by applying short
constant current pulses in a borate-free electrolyte [18]. Galvanostatic elec-
trodeposition offers great control on nanoparticle size through the selection of
intensity and duration of the current density pulses, and it can be easily scaled
for mass production.

In this work, nickel thin-films electrodeposited onto gold electrodes of well
characterized surface area were produced by short galvanostatic pulses from
a borate-free electrolyte. The electrodeposition current density pulse, which
imposes the electrocrystallization kinetics of nickel, and the presence of sulfate
or chloride anions in the supporting electrolyte, were selected as experimental
parameters to influence the electrocatalytic activity of the nickel electrode-
posits. The Ni(OH)2 surface concentration, Γ, and electrocatalytic intensity,
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EI, were used to evaluate the electrocatalytic properties of the deposits ob-
tained. It was found that highest electrolcatalytic activities were obtained
when using current densities pulses close to 4.0 mA cm−2 in the presence of
sulfates. It was found that the presence of sulfates leads to a strong correla-
tion between the electrocatalytic activity for the oxidation of methanol and the
surface concentration of NiOOH produced during the oxidation of Ni(OH)2.

2 Experimental Methods

All glassware was cleaned by soaking it in 1 M KOH overnight and rinsing
with deionized water (EASYpure II 18.2 MΩ cm−2). The electrochemical ex-
periments were carried in a single compartment three-electrode cell with a Pt
spiral as counter electrode. The working electrode was an Au wire (Aldrich,
99.99%) with a diameter of 0.5 mm embedded in epoxy resin effectively expos-
ing the cross section with an average area of 6.0 ± 0.2 × 103 cm2. In acidic
or neutral media a Hg|Hg2SO4 sat. K2SO4 reference electrode (MMSE) was
used while for experiments in alkaline electrolytes a Ag|AgCl sat. KCl reference
electrode was selected. Before the electrodeposition experiments, the gold elec-
trode was polished using alumina of smaller particles size (1, 0.3 and 0.1 µm)
to achieve a mirror finish with a known and reproducible surface area. Then,
the electrode was cleaned in an ultrasonic bath using acetone, isopropanol,
ethanol, and deionized water. Electrochemical cleaning was carried by cy-
cling the electrode in 50 mM H2SO4 (Fermont trace ppb) between −0.7 and
1.06 V vs. MMSE at a scan rate of 100 mV s−1 until a stable voltammogram
was obtained. Following this, the scan rate was changed to 50 mV s−1 and
the resulting voltammograms were recorded to compute the electrode surface
area using the charge for the reduction of the oxide monolayer, following the
methodology described by  Lukaszewski et al. [19].

2.1 Electrochemical Deposition

Following the electrochemical cleaning, the electrolyte was replaced by a plat-
ing solution. This solution contained 50 mM NiSO4 (Sigma Aldrich 99%)
and 0.5 M of a supporting electrolyte that was either Na2SO4 (CTR Scien-
tific 99.6%) or NaCl (CTR Scientific 99.9%) to investigate the effect of the
anions in the electrolytic bath. The Ni deposits were generated by apply-
ing a single two-second cathodic current pulse through the working electrode
immersed in the electrolytic bath. The cathodic current densities used were
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1.5, 2.2, 3.5, 4.0, 5.0, 6.0, 8.0 and 10 mA cm−2. The applied current was calcu-
lated using the electrode surface area calculated as mentioned above.

2.2 Oxidation of the nickel deposits

Once nickel was deposited on the working electrode this was transferred into
a 1 M KOH (Fermont) solution and subjected to 30 cycles at 50 mV s−1 from
−0.4 to 0.48 V vs. Ag|AgCl. This was done to oxidize the Ni(OH)2 and to
promote the formation of NiOOH.

2.3 Methanol electrooxidation

The electrocatalytic activity of the deposits obtained was tested by cyclic
voltammetry in 0.5 M Methanol + 1 M KOH at 50 mV s−1 from −0.4 to 0.75
V vs. Ag|AgCl.

2.4 Morphology characterization

Nickel was electrodeposited during five seconds on the surface of a gold evap-
orated quartz crystal (AMTEK Scientific Instruments) at 3.5 mA cm−2, us-
ing the same electrochemical cleaning and plating solutions mentioned above.
The resulting deposits were examined by scanning electron microscopy (SEM)
(Nova NanoSEM 200, FEI, Japan) equipped with EDX analysis (INCA X-
Sight, OXFORD instruments, England) to determine their chemical composi-
tion.

3 Results and Discussion

Figure 1 depicts the typical behavior of the working electrode potential during
a galvanostatic electrodeposition experiment, in which four regimes can be
distinguished. After the application of the current pulse, in the first regime, the
electrode experiences a potential drop, reaching values more negative than the
onset for Hydrogen Evolution Reaction (HER) on gold (−0.70 V vs. MMSE
from cyclic voltammetry measurements) and the reversible potential for nickel
reduction (−0.928 V vs. MMSE, calculated from Nernst equation). During
the next regime (II), the potential shows a slow recovery of ca. 150 mV to then
follow a dramatic drop in voltage (regime III) and then a gradual polarization
towards more negative potentials in regime IV.
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Figure 1: Typical potential transient recorded during a galvanostatic deposi-
tion of Ni on a clean Au electrode from a 50 mM NiSO4 + 500 mM Na2SO4

plating bath. Applied current density: 8.0 mA cm−2. Notice that logarithmic
time scale is used, allowing a better inspection of the processes during the
electrode polarization at different time scales.

As it can be confirmed from Figures 2a and 2b, for sulfate and chloride
rich electrolytes, respectively, the minimum potential reached during the first
regime becomes more negative and it is attained at shorter times as the applied
current density is increased, ranging from −1.291 V to −1.373 V. According to
the results reported by Lachenwitzer et al. [20] from Electrochemical Quartz
Crystal Microbalance (EQCM) measurements during nickel deposition through
cyclic voltammetry, in the range between −0.799 and −1.099 V vs. MMSE a
cationic species is adsorbed on the working electrode. Thus, the behavior of
regime I, the first 10 to 100 ms depending on the applied current density, can
be attributed to the adsorption of the Ni2+ complex on the gold surface and
its reduction to Ni0 [21, 22]. The range of minima reached is also below the
critical potential necessary for the formation of nickel nanoparticles on ITO
in an electrolyte of similar composition, −1.243 V vs. MMSE, indicating that
Ni nuclei are formed on the Au surface in this regime [18].

As it can be seen in Figure2a, for the experiments performed in the sulfate
bath, the potential curve in regime II follows similar values regardless of the
applied current. This behavior is also observed in the chloride bath (Figure
2b). While it is likely that this stage corresponds to the growth of the nu-
clei formed in regime I, the occurrence of parallel processes such as hydrogen
evolution reaction (HER) on the surfaces of Au and the deposited Ni, the
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Figure 2: Potential transients recorded during a galvanostatic deposition of
Ni on a clean Au electrode at different applied currents pulses in different
plating baths: (a)50 mM NiSO4 + 500 mM Na2SO4 and (b) 50 mM NiSO4 +
500 mM NaCl.

formation and growth of new Ni deposits, and their contributing to a current-
independent polarization should not be discarded. For current pulses larger
than 2mA cm−2, a clear second potential drop followed by a slower poten-
tial decay can be observed. These regimes, III and IV respectively, indicate
a transition to new electrochemical processes once nickel reduction on gold
becomes unable to supply the current demand imposed by the galvanostat.
Commonly this behavior occurs due to diffusion limitation of the electroactive
species or quenching of the electrodeposition process by an adsorption process
[23, 24, 25]. Vampaemel et al. [24] observed similar potential curves on their
galvanostatic deposition experiments, which were carried out using an elec-
trolyte containing 5–30 mM NiCl2, 100 mM KCl at pH = 3. They assigned the
second potential drop to the beginning of H2O reduction, which was backed by
their Sand equation calculations. According to their work, HER changes the
local pH favoring the formation of Ni(OH)2, blocking the deposition process.
Figures 2a and 2b show how the onset of regime III shifts to shorter times as
the applied current intensity is increased, which is to be expected for a diffusion
limited process. Similarly, Wang et al. [25] showed that at high overpotentials,
Ni electrodeposition on gold is stopped by the formation of Ni(OH)2, resulting
in a Ni monolayer. In the presence of chlorides, the electrode potential under-
goes similar transitions, although they are significantly delayed. Interestingly,
the Sand equation fails to predict this transition, being off by a factor of 10 to
15, depending on the applied current density. Furthermore, inspection of the
derivatives of the potential transients, dE/dt, not shown here, suggests the
presence of two separate processes in regime III for the more intense current
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pulses. Thus, it seems reasonable to think regime III is triggered by electro-
chemical processes different than simple Ni2+ depletion. Finally, regime IV
shows a monotonic decay of the electrode potential, which has a strong de-
pendency on the intensity of the applied current pulse. For regimes I to III
the presence of chlorides in the plating solution shift the electrode potential
towards higher values, which is to be expected since the dominant species,
NiCl+, has a lower reduction potential [26]. However, this difference is less
noticeable for regime IV. A detailed discussion on nickel electrodeposition is
beyond the scope of this work, and will be addressed in an upcoming article;
however, it is important to bear all these facts in mind to interpret the results
from the electrocatalytic activity experiments. SEM analysis of the Au/quartz
electrodes show significant differences between the deposits generated in sul-
fate and chloride baths, see Figure 3. The Ni deposit generated in the sulfate
bath exhibit of two types of surfaces. EDX analysis revealed areas free of de-
posit as well as patches of Ni, indicating the deposition of a thin discontinuous
layer. When the deposition experiment was carried out in the chloride plating
bath, a uniform Ni layer was detected on gold, as confirmed by the constancy
in the signal observed in the EDX analysis. Representative results of EDX
elemental analysis are shown in Table 1.

Figure 3: SEM images of Ni deposited on a quartz/Au electrode at
3.5 mA cm−2 for five seconds. (a) 50 mM NiSO4 + 500 mM Na2SO4 (b)
50 mM NiSO4 + 500 mM NaCl. A, B and C denote surfaces with different
chemical composition as presented in Table 1.

These results agree with the bi-dimensional growth of nickel on recon-
structed Au(111) under potentiostatic control reported by Lachenwitzer et al.
[20, 27], and the thin layers obtained by Vampaemel et al. [23, 24] in absence
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Spot Atomic % Au Atomic % Ni

A 87.51 14.29
B 100.00 0.00
C 95.59 7.41

Table 1: EDX analysis of spots A, B, and C in Figure 3

of boric acid. It may be that ITO’s lower wettability compared to gold, favors
the formation of particles instead of thin films, as reported by Wang et al.
[25].

Once the working electrode with the nickel deposit is transferred to
1 MKOH, Ni(OH)2 is formed. This is electrochemically confirmed by the pres-
ence of a surface oxidation process corresponding to the formation of NiOOH.
Curve (a) in Figure 4 corresponds a voltammogram (the last of thirty cycles)
obtained in this electrolyte. Peaks Iaf and Icb correspond to a surface redox
process by which NiOOH is formed [28, 29] according to the reaction [30]:

Ni(OH)2 + OH− 
 NiOOH + H2O + e− (1)

As mentioned in the previous section, repeated cycling in KOH was per-
formed to improve the catalytic activity of the Ni film by increasing the sur-
face concentration of the NiOOH by a thickening of the NiOOH layer [29, 31]
and the exposure of the underlying metal by repeated lattice contraction and
expansion from oxidation and reduction [32], as evidenced by the gradual in-
crease of the area under the oxidation peak Iaf . Curve (b) in Figure 4 is the
last of thirty cycles obtained in 1 M KOH + 0.5M methanol; interestingly, the
Ni(II)/Ni(III) peaks are still present, although their potential is anodically
shifted, probably due to methanol adsorption [29]. Furthermore, Iaf ’s peak
current is significantly larger than the one observed in the last activation cy-
cle, which indicates a further increase of the NiOOH surface concentration,
despite the presence of methanol. The charge under peaks Iaf and Icb after
the cycling in methanol is around 1.5 times larger than after the previous
activation cycling in KOH.

At higher potentials, two anodic peaks, one in the forward and one in the
backward scan, appear. These peaks, IIaf and IIab, correspond to methanol
oxidation on fresh NiOOH and reactivated NiOOH by desorption of poisonous
species, respectively [33]. Contrary to what was reported by Rahim et al. [28],
the maximum current of these peaks also increases with the number of cycles,
indicating that the morphology of the Ni deposits obtained in this work have
better stability against the loss of activity. The potential difference between
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Figure 4: Typical cyclic voltammogram of electrodeposited Ni films at
50 mV s−1 in (a) 1 M KOH and (b) 1 M KOH + 0.5M methanol.

Iaf and Ibc, ∆Ep, serves as an indicator of the kinetics of the electron transfer
[34]. Chen et al. [29] and Casella et al. [35] found a clear influence of the
NiOOH thickness on ∆Ep; thicker layers would result in larger ∆Ep values,
ranging from 84 ± 9 mV to 199 ± 23 mV, which implies slower kinetics. For
the electrodeposited nickel films of this work, ∆Ep appears to be independent
of the applied current pulse; the average values were 62 ± 5 mV mV for the
sulfate bath, and 55±5 mV for the chloride bath. This suggests that regardless
of the applied current, the resulting film is thin enough to allow a reversible
electron transfer.

The surface concentration of NiOOH, Γ, was estimated using the following
equation [36]:

Γ =
Q

nFA
(2)

where Q is the charge under peak Iaf , F is Faraday’s constant, n the number
of electrons transferred during the redox process, and A is the geometric area
of the working electrode. The effectiveness of the nickel deposits to oxidize
methanol was evaluated though their electrocatalytic intensity (EI). This
parameter was introduced by Ding et al. [37]; it is defined as the sum of IIaf
and IIab peak currents. Both Γ and EI were taken from the last voltammogram
obtained in the presence of 0.5 M methanol.

Figures 5a and 5b show the dependence of Γ and EI (left and right axis) on
the applied deposition current for the sulfate and chloride baths, respectively.
It is interesting to see that in both electrolytes Γ reaches a maximum value
close to 4 mA cm−2; however, the surface concentrations, Γ, obtained for the
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Figure 5: Dependence of Γ (left blue axis) and EI (right green axis) on the Ni
electrodeposition current density for (a) sulfate bath and (b) chloride bath.

deposits from the sulfate bath were consistently larger than those from the
chloride bath. This difference is also observed for the EI values, i.e., the
sulfate bath deposits had significantly larger activity for methanol oxidation
than their chloride counterparts. Interestingly, the EI behavior of the sulfate
deposits is mirrored almost perfectly by the behavior of Γ, indicating a strong
dependence of the catalytic activity on the surface concentration of NiOOH. In
contrast, the chloride deposits do not show the same correspondence between
EI and Γ. The voltammograms in Figure 4, and the EI data in Figure 5,
were normalized with respect to the working electrode geometric area in order
to make comparisons with other works. The activity of the sulfate deposits is
similar, and in some cases even larger, than those reported under comparable
conditions (see Table 2).

Synthesis Scan Rate/mV s−1 EI/mA cm−2 Reference

Galvanostatic 50 90 This work
electrodeposition

Atomic layer 50 20 Tong et al.
deposition [15]

Ion implantation 50 8.5 Guo et al.
[16]

Electroless 100 20 Ferdowsi et al.
deposition [17]

Table 2: Comparison between the values of EI obtained in this work and other
with similar experimental conditions. 0.5 M methanol in 1 M KOH.
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Rahim et al. [28] evaluated the catalytic activity of their galvanostatically
generated deposits through potentiostatic polarization in 0.5 M methanol +
1 M KOH. Their deposits exhibit similar activity to the ones of this work,
even though the deposition times used by them are two orders of magnitude
longer. The larger activity of the electrodeposited Ni thin films may be ex-
plained by the work of Liao et al. [38]. They found that the electrocatalytic
activity of Au(111) supported Pt monolayer films towardss hydrogen oxidation
and evolution was larger than the electrocatalytic activity of Pt(111). This
was attributed to a larger interatomic spacing of the Pt monolayer film. This
phenomenon may well be extended to other metal monolayers and their oxides,
as the Ni deposits and resulting NiOOH presented in this work. Nonetheless,
it cannot be ignored the fact that the current measured during an electro-
catalyzed process is an extensive quantity, dependent on the electrocatalyst
surface area; thus, in order to evaluate the activity of a thin film or of a highly
porous material a precise knowledge of the active area is required. Therefore,
normalization to the effective surface area, Γ, would allow a better under-
standing of the intrinsic electrocatalytic properties of the produced NiOOH
films.

Figure 6: Dependence of Γ (left blue axis) and EI/Γ (right green axis) on the
deposition current. (a) sulfate bath (b) chloride bath.

Although the exact surface area of the nickel deposits is unknown and can-
not be measured in a simple, non-destructive manner, EI can be normalized
to Γ since it reflects the surface concentration the electrocatalytic species. The
dependence of the resulting quantity EI/Γ with respect to the applied current
density for the sulfate deposits is shown in Fig. 6a. While the film obtained by
applying 4.0 mA cm−2 remains the best catalyst, the 8.0 mA cm−2 film shows
a comparable electrocatalytic activity.

Moreover, when comparing the EI/Γ values between the 4.0 mA cm−2

film and other current densities, except for the 2.2 mA cm−2, is significantly
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smaller than for the non-normalized data. This results in the dependencies of
EI/Γ and EI on the deposition current density being qualitatively different.
On the contrary, the EI/Γ data for chloride deposits show more or less the
same dependency on the deposition current and the non-normalized EI, as
depicted in Figure 6b. These results indicate that the catalytic activity of the
chloride deposits is determined mainly by the intrinsic properties of the nickel
film, while for the sulfate deposits the intrinsic catalytic activity is significantly
increased by a large surface concentration of NiOOH.

4 Conclusions

Nickel films active towards the electrocatalytic oxidation of methanol were
electrodeposited on gold though galvanostatic control in a borate-free elec-
trolyte. Even with the short deposition time of two seconds the resulting
materials in alkaline medium showed good catalytic activity for methanol
electrooxidation in alkaline media. After 30 cycles the nickel films did not
show any degradation. The nature of the anion in the supporting electrolyte
had a strong effect on the NiOOH surface concentration, Γ and showed
a strong correlation with the electrocatalytic activity; sulfates lead to the
production of the most active materials, in particular those obtained with
a current density pulse of 4.0 mA cm−2 showed the best activity, while the
presence of chlorides caused significantly lower values of Γ, indicating that
this can be used as an important performance parameter for the optimization
of anode electrodes in DAFCs.
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