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Galvanostatic depositions onto Ni substrates from 0.2 M NiCl; in 2.0 M NH4Cl using a Pt counter electrode
are self-regulating, forming rough Pt-Ni deposits with ~1.8 mol% Pt. All or most of the Pt is on the surface
of these deposits. Use of added H,PtClg-6H,0 as a source of Pt(IV), or K[PtCl3(C;H4)]-H2O as a source of
Pt(1I), results in Pt-Ni deposits with the Pt dispersed throughout the deposit, with little Pt on the surface.
Ni promotes the electrooxidation of 2-propanol over Pt in alkaline electrolytes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

We report an unexpected electrodeposition of Ni-Pt deposits
that contain small amounts of Pt on or near the surface of the
deposit. We also report preliminary studies on the electrocatalytic
activity of these deposits in alkaline electrolytes. Alkaline fuel
cells (AFCs) typically operate between 60 and 90 °C with aqueous
potassium hydroxide as the electrolyte [1-3]. Perhaps the most sig-
nificant advantages of AFCs over acidic fuel cells are that the kinetics
of oxygen reduction are faster, and that non-precious metals can be
used as electrocatalysts [3]. For example, Ni is active as a hydro-
gen anode in base [4,5]. Also, Ni increases the activity of Pt and
Pt-Ru electrocatalysts towards MeOH oxidation and oxygen reduc-
tion [6-21]. Among these reports, the codeposition methods used
to prepare Ni-Pt catalysts include borohydride reduction [7,16-18],
electrochemical codeposition onto gold [8] and high surface area
carbon [13], decomposition of carbonyl complexes [10], and the use
of macrocyclic precursors [14,15]. There are also recent reports of
Pt depositions onto Ni substrates [22-25] and Ni depositions onto
Pt [26-28]. It is believed that Ni enhances the activity of Pt via
a bifunctional-type mechanism and/or by altering the electronic
properties of Ptin a manner that favors the electrocatalytic reaction.

Direct alcohol alkaline fuel cells (DAAFCs) are investigated as
alternatives to their acidic counterparts for the reasons listed above,
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and because the kinetics of alcohol oxidation are often faster in
base [3,29-31]. Further, the migration of ions from the cathode to
the anode reduces alcohol crossover in operating DAAFCs [32,33].
The major challenges to the development of DAAFCs are the lack
of readily available suitable alkaline membrane electrolytes, and
that CO, reacts with the electrolyte to form carbonates. We note
recent reports of good performance obtained from DAAFCs with
polybenzimidiazole membrane electrolytes [34-36]. We recently
reported that oxidation of 2-propanol over Pt and Pt-Ru elec-
trocatalysts in alkaline media is facile and does not appear to
produce CO, at low potentials [37,38]. We now report a code-
position of Ni-Pt from NH4Cl solutions that self-regulates after
small amounts of Pt form on the surface of the deposit. We
also report the activities of these deposits towards 2-propanol in
base.

2. Experimental

The following reagents were used as received from the sup-
plier: nitrogen (Praxair, prepurified), CO (Praxair, prepurified),
NaOH (Alfa Aesar, 99.99%, semiconductor grade), H, O, (EM Science,
ACS Grade), H,PtClg-6H, 0 (Alfa Aesar), K[PtCl3(CoHg)]-H,O (Strem
Chemicals), NiCl; (Aldrich), NH4Cl (EMD Chemicals), Pt gauze (Alfa
Aesar, 25 mm x 25 mm, 52 mesh woven from 0.1 mm diameter wire,
99.9% metal basis), nickel gauze (Alfa Aesar, 100 mesh woven from
0.1 mm diameter wire, 99.9% metal basis), nickel wire (Alfa Aesar,
1 mm diameter wire, 99.9% metal basis), KMnOy4 (Fisher Scientific),
and Toray carbon paper (untreated, Electrochem EC-TP2-060). The
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water was deionized, doubly distilled, and distilled again from alka-
line KMnO4 before use. 2-Propanol (Fischer Scientific, suitable for
electronic use) was freshly distilled. The Pt counter electrodes were
prepared as follows. A Pt gauze was cleaned in 1% H,0,, and then
blacked in 2 wt% H,PtClg-6H,0 in 1M HCIl at 50mV vs. SHE for
180 min.

Electrochemical experiments were carried out in a typical three-
electrode glass cell using a Solartron model SI 1287 Potentiostat
controlled with CorrWare version 2.3d software. A constant tem-
perature bath (IKA Labortechnik, RCT basic) equipped with a
temperature probe/controller (IKA Labortechnik, ETS-D4 fuzzy)
was used to maintain the cell temperature. Inductively Coupled
Plasma (ICP-MS) experiments were performed on a PerkinElmer
Elan 6000 quadropole ICP-MS equipped with a PerkinElmer AS-91
automated sampler.

Cyclic voltammetry and potentiostatic measurements were car-
ried out by bubbling nitrogen through the electrolyte for 10 min,
and then conditioning the working electrode at —0.4V vs. a ref-
erence hydrogen electrode (RHE) for 5min immediately prior to
each experiment. The RHE was made with the same alcohol-free
electrolyte. The counter electrode was a blacked Pt gauze behind a
10 wm glass frit. The potential limits, sweep rates, and conditions
are outlined in the figure captions and in the text. The potentio-
static electrooxidations were carried out by stepping to the desired
potential and holding for 15 min. CO stripping voltammetry was
carried out by bubbling CO through the electrolyte with the work-
ing electrode at —0.4V for 30 min, and then cycling the working
electrode three times between —0.1 and 1.1V at 10mVs~—1.

2.1. Galvanostatic deposition of Ni and of Pt-Nicon

The deposition apparatus consisted of two, 10 cm x 2.5 cm, glass
cylinders connected by a 10 wm glass frit. One cylinder contained
the Ni gauze working electrode, and the other a 2cm x 2 cm car-
bon felt counter electrode. The working and counter electrodes
were cleaned in 2% H,0, and rinsed with water before use. The
depositions were carried out with stirring at 100mA for 1h in
0.2 M NiCl,/2.0 M NH4CI (50 mL per glass cylinder). The electrode
potentials vs. a standard calomel electrode (SCE) in the working
electrode chamber were monitored with a multimeter. The conven-
tional depositions were carried out in the same manner with 250 L
of 0.014 M H,PtClg-6H,0 or 0.015M K[PtCl3(C;H,4)]-H,0 added to
the working electrode chamber.

2.2. Galvanostatic deposition of Pt-Nipscounter

The deposition was carried outina 10 cm x 2.5 cm glass cylinder
equipped with a stir bar, a Ni gauze working electrode, a blacked Pt
gauze counter electrode, and a SCE reference electrode. The working
and counter electrodes were cleaned in 2% H,0, and rinsed with
water before use. The depositions were carried out with stirring
at 100mA for 1h in 0.2M NiCl,/2.0 M NH4Cl (50 mL). The elec-
trode potentials vs. SCE were monitored with a multimeter. Aliquots
were taken at timed intervals for analysis using inductively coupled
plasma mass spectrometry.

After the electrochemical experiments, the Pt-Niptcounter
deposits were dissolved in 30 ml of 1:3 HNO3:HCI at 100°C. The
solution was then evaporated to dryness, the residue was dissolved
in 2% HNOs, and submitted for ICP-MS analysis to quantify Pt.

3. Results and discussion

We prepared high surface area Ni deposits for this investiga-
tion using a modification of the procedure developed by Marozzi et
al. [39]. Specifically, rough Ni was galvanostatically deposited onto
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Fig. 1. Working electrode potentials during the galvanostatic deposition of Ni
(dashed line) and Pt-Nipcounter (s0lid line) at 0.1 A onto Ni gauzes from 0.2 M NiCl,
in 2.0 M NH4ClI at 23 °C. The Pt counter electrode potential was ~1.4 mV during the
deposition of Pt-Nipcounter- Also shown is the [Pt] (squares) during the deposition of
Pt‘NiI’rCoumer-

Ni gauze from 0.2 M solutions of NiCl, in 2.0 M NH4Cl using a car-
bon paper counter electrode. The behavior of the deposition was
different when Pt was used as the counter electrode. Fig. 1 shows
plots of working electrode potential vs. time for the two deposi-
tions. All potentials are reported vs. SHE. The working electrode
potential stabilized near —760 mV with no observable H, evolution
with the carbon paper counter electrode. The working electrode
potential increased by ~650 mV over 500 s and then stabilized near
—160 mV with significant H, evolution with the Pt counter elec-
trode. Fig. 1 also plots the [Pt] vs. time during the deposition with a
Pt counter electrode. The [Pt] peaked after 100 s, and then decayed
over the remainder of the deposition. The peak in [Pt] occurred
when the working electrode potential increased, and when H; evo-
lution commenced. The average mass of the deposits made with
a Pt counter electrode (Pt-Nipcounter) Was 6.5 mg. The amount of
Pt in the deposit (determined by dissolution in acid and ICP-MS)
was 0.37 mg, corresponding to 1.8 mol% Pt. In contrast, the typical
mass of the pure Ni deposits (made with a carbon paper counter
electrode) was 100 mg, a value ~10 times that of the Pt-Niptcounter
deposits.

The lower mass of the Pt-Nipycounter deposits can be explained by
Pt ions from the counter electrode being preferentially deposited
onto the working electrode. The presence of Pt on the surface would
form a mixed-potential system between the further deposition of
metals and H, production. Indeed, the standard reduction poten-
tials for Ni%* and Pt?* (—0.257 and 1.180V) favor the deposition of
Pt, and H, evolution occurs over Pt but not over Ni under these
conditions [40]. Thus, as more Pt is deposited on the surface, an
increasing portion of the current would be diverted towards pro-
duction of Hy, and to this extent, the Pt-Nipicounter deposition would
be self-regulating.

This explanation would only hold if the majority of the 1.8 mol%
of Pt in the Pt-Nipcounter iS located on, or near the surface of
the deposit. A simple yes/no test confirmed that some of the Pt
was present at the surface. In dilute H,0,, rapid O, evolution
occurred over a blacked Pt gauze, moderate evolution occurred over
Pt-Niptcounter, and none over pure Ni. Fig. 2 shows the stabilized
voltammograms of Ptgj,ci Ni, and Pt-Nipicounter in NaOH electrolyte.
The voltammogram of Ptg, is typical of Pt in alkaline electrolytes
[41]. The voltammogram of Ni is typical when the upper sweep
potential (—380 mV) is below that for formation of 3-Ni(OH); [42].
The peak corresponds to a 2e~ oxidation of Ni to a-Ni(OH),. The
anodic peak was ~10% larger than the cathodic peak because some
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Fig. 2. Cyclic voltammograms of Ptyj,c (A), Ni black (B), and Pt-Nipicounter (C)in 0.5 M
NaOH, at 10mVs~! and 23°C.

hydrogen is formed at the low potential limit [43]. Fig. 2C shows the
stabilized voltammogram of the Pt-Nip¢counter deposit. The hydride
region of the anodic sweep as well as the peak for H, evolution in
the cathodic sweep are characteristic of Pt. Obvious peak charac-
teristics of pure Ni were absent: the most notable is the apparent
absence of the a-Ni(OH), peak. These observations indicate that
the majority of the ~1.8 mol% Pt is located on, or near the surface
of the Pt-Nipicounter deposit, and that the surface consists of Ni and
Pt.

For comparison, we carried out conventional galvanostatic code-
positions of Ni and Pt with a carbon paper counter electrode, and
with added H,PtClg-6H,0 as a source of Pt(IV), or with added
K[PtCl3(CyHy4)]-H,0 as a source of Pt(1I) [8,13,44]. The initial [Pt] was
similar to the maximum [Pt] during the deposition of Pt-Niptcounter-
Fig. 3 shows that during both depositions, the [Pt] decreased in a
manner similar to the deposition of Pt-Nip¢counter- IN all other ways,
however, the conventional depositions with added Pt ions behaved
as the deposition of pure Ni. There was no significant increase in
working electrode potential during the first 500s, and only traces
of gas evolution were observed during the deposition. The masses of
the conventional Ni-Pt deposits (Pt-Nicop ) were both ~104 mg, ~10
times that of Pt-Nipicounter- The yes/no H, 0, experiment showed no
observable O, evolution, and the voltammograms of the Pt-Nicq,
deposits (Fig. 4) were quite similar to Ni. We note that the anodic
a-Ni(OH), peak is larger, and there appears to be more hydro-
gen production at the cathodic limit over Pt-Nico,, suggesting that
more hydrogen is produced at the low potential limit. Regardless,
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Fig. 3. Working electrode potentials (solid lines) during the conventional galvanos-
tatic codepositions at of Ni and Pt at 0.1 A onto Ni gauzes using H,PtClg-6H,0 (A), or
K[PtCl3(C3H4)]-H,0 (B) as sources of Pt added to 0.2 M NiCl, in 2.0 M NH4Cl at 23 °C.
Also shown is the [Pt] (squares) during the depositions.

these results show that significantly less Pt is on the surface of Pt-
Nicon than on the surface of Pt-Nipecounter- ICP-MS experiments did
show, however, that ~75% of the added Pt ions were present in
both Pt-Nic,, deposits, presumably dispersed throughout the Ni.
Thus, the oxidation state of the added Pt alone does not instigate
the behavior obtained with a Pt counter electrode. The origins of
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Fig. 4. Cyclic voltammograms of Pt-Nic,, made with H,PtClg-6H,0 (A), or
K[PtCl3(C;H4)]-H20 (B) in 0.5 M NaOH at 10mVs~! and 23°C.
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Fig. 5. CO Stripping voltammetry over Ni (A) and Pt-Nipcounter (B) in 0.5 M NaOH at
10mVs~! and 23 °C). CO was adsorbed at —0.4 V for 30 min before the first sweep.

these intriguing differences between the conventional, and the Pt
counter electrode depositions are unknown. The most likely expla-
nation is that there are differences between the nature of the Pt ions
from the counter electrode and from the added Pt complexes. These
differences are responsible for the behavior of the depositions. Fur-
ther investigations are underway to understand the origins of this
phenomenon.

Fig. 5 shows the CO stripping voltammogram of Ni in base
[45-48]. The high upper limit that was required to fully oxidize
the adsorbed CO also irreversibly oxidized the Ni surface, render-
ing this procedure a one-time, destructive measurement. The first
sweep contained two peaks at —505 and —285 mV. Control experi-
ments without CO showed that the peak at —505 mV resulted from
the formation of a-Ni(OH),, and that the peak at —285 mV resulted
from CO stripping. Shervedani et al. observed similar peaks during
CO stripping experiments with porous Ni-Zn-P [49]. They proposed
that the first peak was primarily due to the oxidation of nickel
surfaces in pores that were inaccessible to CO. We found that the
total charge under both peaks in the CO-stripping voltammogram
was 2.6 times that under the a-Ni(OH), peak alone in the base-
line voltammogram recorded prior to CO stripping. Thus, similar
to Ni-Zn-P, it appears that a portion of the sites on Ni are active
towards CO adsorption, while the remainder are active towards for-
mation of a-Ni(OH);. Based upon these observations, we estimated
the electroactive surface area of the Ni deposits by multiplying the
a-Ni(OH), charge in the baseline voltammogram by 2.6. We regard
this method as only a rough estimate of the surface area of Ni until
it is confirmed by independent measurements.

Fig. 5 also shows the CO stripping voltammogram of a Pt-
Nip¢counter deposit. The first sweep contains two peaks at —550 and
—340mV that are shifted ~50 mV in the anodic direction relative
to their counterparts over pure Ni. Also in contrast to Ni, a peak at
—375mV remained in subsequent anodic sweeps, and the hydro-
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Fig. 6. Potentiodynamic oxidation of 1M 2-PrOH over Pt-Nipicounter (dashed) and
Ptpjack (solid) in 0.5M NaOH at 10mV's~! and 60°C. Currents are normalized to the
approximate surface areas of the electrodes.

gen peak in the cathodic sweep was larger. As was the case for Ni,
CO stripping over Pt-Nipicounter Was a one-time, destructive mea-
surement. The total charge under the two peaks in the CO stripping
voltammogram was 1.6 times the total anodic charge in the base-
line voltammogram recorded prior to the CO stripping experiment.
We used this factor to roughly estimate the surface areas of the Pt-
Niptcounter deposits. A Pt-Nipicounter deposit containing 1.8 pmol Pt
in total (from ICP-MS) had an estimated surface area ~3.3 wmol,
indicating that the upper limit to amount of Pt at the surface is
~55 mol%.

The high activity of Pt towards 2-PrOH in base is well doc-
umented [37,38]. Fig. 6 shows the normalized potentiodynamic
oxidations of 2-PrOH over Pt black and Pt-Nip¢counter in base. Ni
was inactive under these conditions. Pt was more active at low
potentials, but Pt-Nipicounter Was more active at high potentials.
Thus Ni promotes the activity of Pt towards 2-PrOH at high poten-
tials. The origins of this promoting effect are unknown, but like the
well-known promoting effect of Ru on Pt towards MeOH [50], they
likely arise from electronic effects and the formation of oxides over
Ni [8,9,11,13,16-18,51]. As expected, the Pt-Niptcounter deposit was
passivated after being swept to high potentials.

Fig. 7 shows the normalized potentiostatic oxidations of 2-PrOH
over Pt black and Pt-Nip¢counter- Ni was not appreciably active under
these conditions. For each measurement, the electrode was held at
—1200 mV for 5 min, then stepped to the desired potential, and the
current was recorded over 15 min. The current at 15 minis plotted in
Fig. 7. At low potentials, the normalized activity of the Pt-Niptcounter
was similar to that of Ptg),, except for the absence of the current
maximum at —650 mV [37,38]. The activity of the Pt-Nipycounter Was
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Fig. 7. Normalized currents at 15 min for the potentiostatic oxidation of 1 M 2-PrOH
over Pt-Nipicounter (dashed triangles) and Ptyjac (solid diamonds) in 0.5M NaOH at
60°C. The estimated surface areas of the Pt-Nipcounter and the Ptgj,c Were 3.3 and
9.2 wmol surface atoms, respectively.
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significantly higher than Ptg), at —450 mV and above, demonstrat-
ing again the promoting effect of Ni at higher potentials.

4. Conclusions

The dependence of the behavior of these depositions on the
source of Ptin the electrolyte is unexpected, as is the outcome of the
CO stripping experiments suggesting that only a portion of the sites
on Ni are active towards CO adsorption. Ni has a promoting effect
on the electrooxidation of 2-propanol over Pt that is larger at high
potentials. Experiments are underway in these laboratories to fur-
ther understand the origins of these observations and to determine
if this type of deposition has practical applications.
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