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A unique, self-limiting, galvanostatic deposition was used to synthesize co-deposits of Ni and Pt onto
nickel substrates from sonicated solutions of 0.2M NiCl, in 2.0M NH,4Cl, with a platinum blacked
counter electrode as the sole platinum source. Depositions of only Pt onto the nickel substrates were
also performed using this method. Cyclic voltammetry, chronoamperometry, carbon monoxide stripping
voltammetry, inductively coupled plasma mass spectrometry, scanning electron microscopy, energy-
dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy were performed on the deposits.

Ilflezi/t%(:rf: Results demonstrate that, due to the self-regulating nature of this deposition, the Pt-content of the co-
Nickel deposits does not exceed 8 mol% loading and most of the Pt resides at or near the catalyst surface. The
Co-deposition surface atom normalized activities of the co-deposits (Ni-Pt on Ni foam) and Pt-only deposits (Pt on Ni
2-Propanol foam) were up to 37 times higher than platinum black towards 2-propanol electro-oxidation in base at
Alkaline 500 mV vs. RHE; the order of activity is Pt on Ni foam > Ni-Pt on Ni foam > Pt black. The Ni-Pt and Pt

Direct alcohol fuel cell on Ni foam catalysts are more active than Pt black at >500 mV mainly via the bi-functional mechanism

and some electronic effects. The Pt on Ni foam was the most superior catalyst due to a combination of

geometric and bi-functional effects.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct alcohol fuel cells (DAFCs) are promising power sources
for portable devices due to their simple fuelling systems [1], rela-
tively low operating temperatures [2], and higher energy densities
than hydrogen [3]. DAFCs are also used as alcohol sensors [4,5]. Var-
ious alcohols including methanol (MeOH) [6], ethanol [7], ethylene
glycol [8], glycerol [9], and n-propanol [10] have been evaluated as
potential fuels for DAFCs. MeOH is the most studied due to its avail-
ability, lack of C-C bonds, and good electrochemical activity. The
interest in 2-propanol (2-PrOH) has recently increased [1,11-19]
because 2-PrOH is less prone to anode poisoning than MeOH at
moderate current densities, it has lower electro-oxidation onset
potentials over Pt and Pt-Ru [1,11], it is less toxic [20], and it has
a higher boiling point. For example, a Nafion®-based DAFC with a
Pt-Ru anode catalyst operated on 2-PrOH with ~200 mV higher cell
voltage at 120 mA cm—2 than MeOH [12]. The 2-PrOH cell, however,
lost activity from anode poisoning at higher currents. Similarly, a
liquid electrolyte alkaline fuel cell operated on 2-PrOH with higher
open-circuit voltage, and with markedly higher power outputs and
stability at cell voltages over 0.5V than MeOH [1].

* Corresponding author. Tel.: +1 780 492 9703; fax: +1 780 492 8231.
E-mail address: steve.bergens@ualberta.ca (S.H. Bergens).

0378-7753/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2011.05.011

The electro-oxidation of 2-PrOH in alkaline electrolytes has been
reported over Pd [12,13], Pd-Au [14], Au [15], Ru [16], Pt-Rh [13],
Pt-Ru [17] and Pt [17-19]. The mechanism of 2-PrOH oxidation
over Pt in base is proposed to change with potential as follows:

CH3CHOHCH; + 20H™ — CH3COCH; + 2H,0 + 2~ 1)
CH3COCH; + 160H™ — 3CO5 + 11H,0 + 16e~ 2)

The electro-oxidation to acetone (Eq. (1)) commences at lower
potentials (~—750mV to —600 mV vs. SHE, pH 14), and with higher
currents than the electro-oxidation of MeOH. This 2-electron oxi-
dation does not involve intermediates that strongly poison the
catalyst surface. As the potential is increased, however, acetone and
other intermediates do strongly adsorb to Pt, impeding the oxida-
tion of 2-PrOH until they are oxidised at high potentials (Eq. (2))
[17].

Our group has shown that both ruthenium [17] and nickel
[21] promote 2-PrOH electro-oxidation over Pt. Ru promotes the
electro-oxidation over a wide range of potentials, while Ni primar-
ily promotes at higher potentials. These enhancements in activity
are likely due, in part, to the well-known bifunctional mecha-
nism [2,22-25]. Indeed, small amounts CO were detected during
the electro-oxidation of 2-PrOH [26], although the nature of the
strongly adsorbed intermediates in acetone electro-oxidation are
still under investigation. Some authors also suggest that oxidised
nickel surfaces catalyze alcohol electro-oxidations [27].
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To our knowledge, we are the only group that has reported the
electro-oxidation of 2-PrOH over Ni-Pt [21]. Ni-Pt systems have
been mostly studied as catalysts for the MEOH oxidation reac-
tion (MOR) [27-33], and for the oxygen reduction reaction (ORR)
[33-42]. The synthetic method, pre-treatment, structure and com-
position of theses catalysts all heavily influence their activity. For
example, Ni-Pt catalysts with Pt-rich surfaces and Ni-rich sub-
surfaces are very active towards the ORR. Typical syntheses of
these structures include atomic layer deposition [34], sequential
chemical reduction of metal salts [35], and transmetalation [36].
Pre-treatments such as annealing [37] or potential cycling in acid
[36,38] also form Pt-rich surfaces by surface segregation or by Ni
dissolution. Theoretical [39] and experimental [40] results sug-
gest that Ni shifts the Pt d band center away from the Fermi level
and/or shifts the binding energy of Pt core electrons to lower val-
ues [43]. Early reports also suggested that the high activity of Pt3Ni
alloys towards the ORR resulted from weaker adsorption of OH and
related species on Pt sites bordered by oxide-covered Ni [44-46].
Markovi¢ and Ross later demonstrated that sub-surface nickel
weakened OH adsorption on Pt by an electronic effect [38,47]. They
also provided strong evidence that adsorbed OH blocks the sites
required for O, adsorption. Tegou et al. found that Pt-Ni struc-
tures prepared by transmetallation operated with high coverages
by oxygen-containing species and with high ORR activity [36]. They
suggested that the ORR is not controlled by the surface oxide cov-
erage but by the dissociative adsorption of O,, which is more facile
on Pt-Ni due to electronic effects. Mu et al. reported that Ni-Pt
catalysts with Ni oxide nano-islands on Pt (11 1) with subsurface
Ni were very active towards both O, activation and CO oxidation
[48]. These authors asserted that the Ni oxide islands are the sites
for O, dissociation, and that the subsurface Ni enhanced CO oxida-
tion over Pt. Antolini and co-workers found that the ORR activity
of their carbon-supported Ni-Pt catalysts, synthesised by boro-
hydride reduction of Ni and Pt salts, depended on the amount of
alloyed Ni and not the composition of Ni [33].

The relationship between structure and MOR activity over Ni-Pt
is less studied. Yang et al. asserted that the chemisorption of
MeOH is facile when at least three neighbouring Pt atoms are
in the correct crystallographic arrangement on the surface [28].
Such arrangements are more likely in Pt-rich surfaces. The bifunc-
tional mechanism, however, is more likely to operate on alloy-type,
bimetallic surfaces with more Ni-Pt contacts (synthesised, e.g. by
chemical co-reduction of metal salts [27,29,30,33] or by co- and
step-impregnation [31]). Papadimitirou et al. synthesised Ni-Pt
coatings on Ni cores by galvanic displacement of Ni by Pt [32]
followed by potential cycling between the limits of H, and O, evo-
lution in acid, resulting in surfaces that were enriched in Pt. They
concluded that surfaces with less than 50% Ni have low activity
towards the MOR. This trend was also observed by Yang et al. on
Ni-Pt catalysts made without deliberate surface enrichment in Pt
by segregation or by potential sweeping in acid [28]. In contrast,
Mathiyarasu et al. found that maximum activity towards the MOR
occurred with 8% Ni in smooth films of Ni-Pt [49]. They proposed
that higher percentages of Ni at the surface decreases the num-
ber of Pt sites required for MeOH adsorption. The influence of the
structural differences between these catalysts on their activities
requires further investigation [50,51]. Finally, Antolini et al. found
that the activity of their carbon-supported Ni-Pt catalysts increased
with increasing amounts of unalloyed NiO species [33], and sug-
gested that the oxidised nickel aids the MOR by supplying Pt-CO
with oxygen species.

The literature demonstrates that the structure and composition
of Pt-Ni catalysts strongly influence their activities. We previously
reported a novel galvanostatic, self-limiting co-deposition of Ni and
Pt onto nickel gauze [21] using a Pt black counter electrode (CE) and
a Ni gauze working electrode (WE) in aqueous solutions of NiCl,

and NH4CL. Briefly, the deposition of Ni onto the WE, and the for-
mation of Pt ions in solution from partial dissolution of the CE, are
the dominant processes during the initial stages of the deposition.
Subsequently, Pt and Ni are both deposited onto the WE until H;
evolution over Pt becomes the dominant process, resulting in a sud-
den rise in Ewg above the Ni(0)/Ni(Il) redox potential [21]. The Pt
black CE is also passivated by the formation of surface oxides, pre-
venting further dissolution of Pt into solution. The deposition is
thereby self-limiting with respect to both metals, and it produces
milligram-scale deposits with as low as 1.8 mol% of Pt. The major-
ity of the Pt is on, or near the bimetallic surface of the deposit. As
detailed in the previous paragraphs, such a structure is desirable
as it not only allows for efficient utilization of the Pt, but it also it
allows for bi-functional and/or electronic effects that can enhance
the catalytic activity of these surfaces.

In this report, we extend the self-limited deposition to nickel
foam as a substrate under ultra-sonification. We also achieved
self-limiting depositions of only Pt, via exclusion of the nickel salt
from the deposition solution. Ni foam was chosen due to its inher-
ent high surface area and porosity and because it could function
as catalyst substrate, current collector, and mechanical support
[52-54]. We used ultra-sonification to increase mass transport to
the electrode surface [55] and to create more durable deposits
with relatively high surface areas [56]. We also present a more
thorough characterisation of the deposits via scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDX) and
X-ray photoelectron spectroscopy (XPS). The results of these char-
acterizations are employed to interpret the relative activities of our
catalysts towards 2-PrOH electro-oxidation in base.

2. Experimental
2.1. Preparation of electrodes

The support for the depositions consisted of eithera 1 cm x 1 cm
nickel foam (Goodfellow Cambridge Limited, 95% porosity, 95%
purity) or nickel gauze (Alfa Aesar, 100 mesh woven from 0.1 mm
wire, and 99.9% metal basis) with a 3mm x 3mm tab. The tab
allowed insertion into a graphite rod handle protected from the
electrolyte with Teflon tape. Prior to the deposition, the substrates
were cleaned in 1% hydrogen peroxide (Fischer Scientific) followed
by triply distilled water. The electro-deposition and all other elec-
trochemical experiments were performed using an EG&G Princeton
Applied Research Potentiostat/Galvanostat Model 273 controlled
with EG&G PARC M270 software. The deposition apparatus con-
sisted of a 10 cm x 2.5 cm diameter glass cylinder immersed in a
sonicator bath (Core-Palmer Model 8890). The Ni-Pt depositions
were carried out as described elsewhere [21], but with sonication
instead of stirring. Briefly, a constant current of —0.1 A was applied
between the substrate and the counter electrode in a 3-electrode
cell with 30 mL of 0.2 M NiCl, Baker & Adamson) in 2.0 M NH4Cl
(Caledon). The 3-electrode cell comprised an Aldrich saturated
calomel or Ag/AgCl, double junction reference electrode, a plat-
inum blackened gauze as the counter electrode, and the pre-treated
substrate as the working electrode. The counter electrode was a
2cm x 2 cm Pt gauze (Alfa Aesar, 52 mesh woven from 0.1 mm wire,
99.9% metals basis) blackened in 1wt% K,PtClg (Aithaca Chemi-
cal Corp.) in 1M HCIO4 (Anachemia) or 2 wt% H,PtClg-6H,0 (Alfa
Aesar) in 1M HCI (EMD Chemicals). No difference in results was
observed with the different blackening methods. The real surface
area of the gauze, calculated from the hydrogen under potential
deposition peak in 1M H,S04, was more than 25,000 cm? assum-
ing the charge associated with adsorbing a monolayer of hydrides
is 210 wCcm—2 with 77% efficiency. The potential of the counter
electrode during the deposition was monitored by a Radio Shack
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multimeter using Scope View version 1.08 software. The Pt deposi-
tions on nickel foam were performed in the same manner with the
exclusion of NiCl, from the electrolyte.

The Pt blacked gauze used for activity comparisons was a
1cm x 1cm Pt gauze with a 3mm x 3 mm tab for insertion into
a graphite handle wrapped in Teflon tape to shield from the
electrolyte. The gauze was blackened in 1wt% K,;PtClg in 1M
HClO4 for 2 h, that is, the time for the solution to lose its yellow
colour.

2.2. Characterization and activity of electrodes

SEM was performed on a Zeiss EVO MA 15 scanning electron
microscope equipped with a Bruker Silicon Drift Detector for EDX.
A Kratos Analytical Axis Ultra X-ray Imaging Photoelectron Spec-
trometer was used to run XPS. Both techniques were executed on
freshly prepared samples rinsed with triply distilled water, then
copiously with ethanol, and dried in a dessicator under vacuum
overnight. XPS data fitting was performed using CASA XPS Software
File version 1.0.0.1, and the binding energies of the peaks were cal-
culated from the background-subtracted spectrum using an applied
Shirley background. The spectra were calibrated to adventitious
carbon at 284.8 eV. The intensity ratios of the Pt 4f;, and 4f5, peaks
were set to the theoretical value of 4:3 and spin-orbit coupling was
3.3 eV, The Ni3p3p; and 3py, peaks were set to have intensity ratios
of 2:1 and separation of 1.9eV [57]. The Pt peaks were assigned
10% asymmetry to account for the experimental line shape,
while all other peaks were fitted with 30% Gaussian-Lorentzian
curves.

Cyclic voltammetry and chronoamperometry were carried out
under nitrogen (Praxair pre-purified) in 90 mL of 0.5 M NaOH (Alfa
Aesar 99.99% semi-conductor grade) that was deaerated with nitro-
gen bubbling in the electrolyte for 10 min. The system comprised
a 3-neck flask sealed with toluene-extracted septa punched with
holes to support the electrode handles. The platinum blacked
counter was isolated behind a glass tube with a 10 um glass frit. A
static reversible hydrogen electrode (RHE) in the supporting elec-
trolyte was used as a reference point. All potentials are versus
this reference unless stated otherwise. The working electrode was
conditioned for 5 min at —400 mV prior to each experiment. The
stabilised voltammogram (3rd cycle) of the working electrode was
obtained between —100 and 425mV at 10mVs~! at room tem-
perature (22 °C). For the alcohol oxidation experiments, 6.9 mL of
freshly distilled 2-PrOH (Fischer Scientific, ACS plus grade) was
added to the 90 mL of the electrolyte at 60°C and the mixture
purged a further 5 min with N,. A dry ice/acetone condenser was
used to minimize evaporation loss of the alcohol. Cyclic voltam-
mograms in the presence of 2-PrOH were collected as above but at
60 °C. Chronoamperometric responses were collected by stepping
to the desired potential for 15 min. Sampled current voltammo-
grams were obtained by calculating the average current in the
last 5 of the chronoamperometric steps and plotting against the
potential.

Carbon monoxide stripping analysis was performed by bub-
bling CO (Praxair, technical grade) vigorously onto the working
electrode in the deoxygenated electrolyte for 30 min while hold-
ing it at a potential of —400 mV. The solution was then purged
for 5min with N, at a potential of 0.05V followed by immediate
cycling under N, between —100 and 1100 mV for 7 complete cycles
at10mvVs-1.

For inductively coupled plasma mass spectrometry (ICP-MS)
analysis, the entire electrode, minus the tab for inserting into a
handle, was dissolved in aqua regia and evaporated to dryness on
a hot plate. The residue was made up in 2% HNOs3 solution (EMD
Chemicals) and submitted for analysis.

3. Results and discussion

Fig. 1 shows the potential responses of the WE (Ewg ) and CE (Ecg)
during the sonicated deposition of Ni-Pt on Ni gauze, Ni-Pt on Ni
foam and Pt on Ni foam. Similar to our previous report [21], the
changes in Ewg show that deposition of Ni occurs initially, and Ecg
is sufficiently positive for Pt dissolution. Subsequently, Ewg rises
from H, evolution over the deposited Pt to a value that is far above
the redox potential of the Ni(0)/Ni(Il) couple [21], and shortly there-
after, CE becomes passivated by surface oxides [58] (Ecg ~ 1.44 V vs.
SHE, pH 5.1). In general, the rise in Ewg with H, evolution was faster
and more pronounced over the Ni gauze than the Ni foam. It is likely
that the differences in Ewg between the gauze and foam substrates
arise from either the higher real surface area of the foam or a longer
induction period for Pt deposition on the foam. On the other hand,
for all of the depositions, the CE remained at a constant potential of
1340-1440 mV vs. SHE. For simplicity, only the Ecg during a Ni-Pt
on Ni foam deposition was shown in Fig. 1. Based on these poten-
tial profiles we believe the mechanism of the deposition does not
change significantly with the type of Ni substrate.

The average mass of eight representative Ni-Pt on Ni foam
deposits was 29.8 mg with ~0.56 mg Pt (from ICP-MS). This equates
to 6.0 atomic percent Pt (at.% Pt) in the Ni-Pt on Ni foam deposit,
excluding the Ni inherent to the foam substrate. Six Pt on Ni foam
deposits had an average mass of 0.23 mg which is consistent with
~0.21 mg Pt found from ICP-MS. These low masses are expected
given the self-limiting nature of the deposition.

Fig. 2 shows SEM images of Ni gauze, Ni foam, Ni-Pt on Ni gauze,
Ni-Pt on Ni foam and Pt on Ni foam. At this scale the surface of Ni-Pt
on gauze (Fig. 2c) consists of thick, globular deposits while Ni-Pt
on Ni foam (Fig. 2d) appears to consist of multiple thick layers. Pt
on Ni foam has the thinnest deposit with the surface features of the
foam substrate still visible (Fig. 2b vs. e). The Pt deposit also has a
very textured surface with ridges that likely arise from the effects
of H; evolution and sonication during the deposition. The relative
roughness of the Ni-Pt deposits to the Pt only deposit is accordant
with their relative masses.

Fig. 3 shows EDX mapping of Ni-Pt and Pt on Ni foam at lower
magnification with ~1 wm sampling depth. At this scale, the distri-
bution of Pt (red regions) appears uniform. ~10 at.% Pt was found in
Ni-Pt on Ni foam (Fig. 3a). Given that the ICP results for Ni-Pt on Ni
foam (6 at.% Pt) is less than the 10 at.% detected by EDX, then most
of the Pt is at the surface of the co-deposit. This finding is consis-
tent with the proposed self-limiting nature of the deposition. The
proportion of Pt detected in the Pt on Ni foam deposit was less
than 2 at.% (Fig. 3b). EDX results also showed Ni was present. This
indicates that the thickness of the deposit is less than the sampling
depth (1 wm) as Ni foam was detected, which is consistent with the
SEM results, or parts of the Ni foam substrate remain uncovered
by Pt. For both deposits a large amount, ~20-50 at.% of oxygen is
present after exposure to air.

Fig. 4 shows the first and third (stabilised) cycles of baseline
CVs of Ni-Pt on Ni foam and Pt on Ni foam in 0.5M NaOH at a scan
rate of 10 mVs~1. We also include the stabilised CVs of the Ni foam
substrate under the same conditions and the Ni blacked electrode
described in Ref. [21] for comparison. The potential limits of the CVs
were kept below 450 mV to prevent deeper oxidation to [3-Ni(OH),
(a phase of 2 or more monolayers), which reversibly oxidises to
NiOOH but does not readily reduce to zero-valent nickel [59]. (As an
aside, 3-Ni(OH); has also been associated with a passivated surface
that could inhibit MeOH oxidation in base [60]).

Firstly, we note the superlative increase in electro-active sur-
face area upon comparison of bare nickel foam and the deposits.
Secondly, when we compare the first cycles of the deposits to the
stabilised cycles, it is evident that there is an extensive reorgani-
zation of the surface concomitant with a decrease in surface area.
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Fig. 1. Potential profiles of the electrodes during the galvanostatic deposition at —0.1 A for 1h. (a) Ni gauze WE in 0.2 M NiCl,/2.0 M NH4Cl with a Pt CE, (b) Ni foam WE in
0.2 M NiCl;/2.0 M NH4Cl with a Pt CE, (¢) Ni foam WE in 2.0 M NH4Cl with a Pt CE, and (d) Pt blacked gauze CE in 0.2 M NiCl,/2.0 M NH4Cl with a Ni foam WE.

The charge in the first cycle is large due to the incorporation of
hydrogen into the Ni during conditioning under hydrogen evolu-
tion conditions [61 and references therein].

Most interestingly, we find that the stabilised CV of Ni-Pt on Ni
foam features two broad peaks between 0 and 200 mV whereas Pt
on Ni foam only has one broad peak. We infer that the broad peak
at about 200 mV in the Ni-Pt on Ni foam CV is due to the reversible
oxidation of deposited Ni to a-Ni(OH), (as opposed to Ni inherent
to the foam substrate) despite the fact that our previous report [21]
showed that this anodic peakin a Nion Ni gauze CV appears at about
280mV (see inset of Fig. 4a). We believe this lower overpotential
for oxidising Ni is due to the presence of Pt in the deposit, that is,
Pt promotes the transformation of Ni to a-Ni(OH),. In fact, if we
assign the peak potential for the reduction of Ni(OH), at ~100 mV
in the stabilised CV of Ni-Pt on Ni foam (Fig. 4a), we find that the
separation of the redox peaks is much larger for Ni on Ni gauze
than Ni-Pt on Ni foam indicating the apparent reaction rate must
be higher in the latter. Promoter activity of small amounts of Pt in
Ni-Pt catalysts is not novel; for example, Pt is thought to catalyze
the reduction of nickel oxide surfaces [62,63].

The anodic peak visible at ~50mV in stabilised CVs of both
deposits is attributed to hydrogen desorption over Pt. The peak
is broad and we cannot discern between weakly and strongly
adsorbed hydrogen desorption peaks. Intriguingly, this peak was
also observed by Hu and Liu [64] in the first cycle of the CVs of their
“Type-1" Pt deposits onto titanium substrates. Like our deposits,
Type-I deposits are prepared under conditions of H, evolution. Hu
and Liu attributed their broad anodic peak between 0 and 200 mV
to the hydrogen desorption peaks on Pt as well.

The anodic charge of the Pt on Ni foam deposits was consis-
tently smaller than that of Ni-Pt on foam. Thus the presence of
deposited Ni (as opposed to Ni inherent to the foam substrate)
results in a larger specific surface area deposit. This is consistent

with the rougher surfaces observed in the SEM of the Ni-Pt on Ni
foam co-deposits.

Fig. 5a and b shows stabilised CVs in 0.5M NaOH and 0.5M
NaOH/1M 2-PrOH. Both deposits are active towards 2-PrOH
electro-oxidation. Fig. 5¢ shows the un-normalized sampled cur-
rent voltammograms (SCVs) for Ni-Pt on Ni foam, Pt on Ni foam and
Pt black. These were constructed from the stabilised current at the
end of 15-min chronoamerometric electro-oxidations at various set
potentials. The Pt black gauze SCV features an activity maximum
between 100 and 250 mV. This maximum was minor for the Pt on
Ni foam catalyst and absent for the Ni-Pt and Pt on foam catalysts.
However, at potentials above 300 mV the deposits were very active
towards the electro-oxidation, with Pt on Ni foam being the most
active above 400 mV. We note that neither Ni black (synthesised
by our deposition with a Ni gauze WE and a carbon CE) nor Ni
foam are active towards 2-PrOH oxidation and accordingly were
not included in Fig. 5c.

Specific activity of the deposits was determined by using ICP-MS
data for the Ni-Pt and Pt on foam catalysts. The Pt mass-normalized
currents are shown in Fig. 6. The mass-normalized data for Pt black
was not included due to its mass being more than 5 orders of mag-
nitude larger than our deposits. The results show that, above 60 mV,
Pt on Ni foam was consistently higher in activity than Ni-Pt on Ni
foam and therefore utilizes the mass of Pt present more efficiently.
This trend is expected, in part, because some Pt would be covered
by Ni during the Ni-Pt deposition.

Normalization of the current by the number of surface atoms
was also attempted. The number of Pt atoms (4.47 p.mol) on the Pt
blacked gauze surface was calculated using the standard method
of hydrogen underpotential deposition [65]. The number of surface
atoms on Ni-Pt and Pt on Ni foam was estimated using CO adsorp-
tion/stripping. Fig. 7 shows the first, second and seventh stripping
cycles in 0.5 M NaOH.
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Fig. 2. Scanning electron micrographs of (a) Ni gauze, (b) Ni foam, (c) Ni-Pt on Ni gauze, (d) Ni-Pt on Ni foam, and (e) Pt on Ni foam. The scale bar is 10 wm in all images.

s
2 3 T
-

Fig. 3. EDX mapping of Pt (red) on the surface of the deposits: (a) Ni-Pt on Ni foam, scale bar 300 wm and (b) Pt on Ni foam, scale bar 70 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 4. Cyclic voltammograms in 0.5M NaOH at 22 °C with a scan rate of 10mVs~"'. (a) Ni foam, 3rd (stabilised) cycle (dotted line), Ni-Pt on Ni foam, 1st cycle (dotted line)
and Ni-Pt on Ni foam, 3rd (stabilised) cycle (solid line); inset: Ni on Ni gauze as prepared in Ref. [21]. (b) Ni foam, 3rd (stabilised) cycle (dotted line), Pt on Ni foam, 1st cycle

(dotted line) and Pt on Ni foam, 3rd (stabilised) cycle (solid line).

Given the evolution of the voltammograms we propose
the following: the anodic charge of the 1st cycle is the com-
bined charge of the 2 electron oxidation of adsorbed CO
to CO,, the irreversible 2 electron oxidation of Ni to [3-
Ni(OH);, and double layer capacitance; the anodic charge
of the 2nd cycle results from double layer capacitance and
further oxidation of Ni to [B-Ni(OH); until the Ni surface
is mostly, if not entirely passivated; finally, the 7th cycle
is purely capacitative current. Therefore, the combined
charge due to CO stripping and the Ni surface oxida-
tion, Qror, represents a 4 electron process and is given

by Eq. (3):

Qror = [CO4qs 0xidation charge + Ni surface oxidation charge]
= [(anodic charge of cycle 1) + (anodic charge of cycle 2)]
— 2(anodic charge of cycle 7) 3)
The number of surface atoms would therefore be given by
Qrotr/4F where F is Faraday’s constant, 96,485 Cmol~!. Assum-

ing that CO is adsorbed on both Ni and Pt surface atoms, and
that Ni oxidation is likely for many surface layers, we acknowl-
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Fig. 5. (a) Cyclic voltammograms of Ni-Pt on Ni foam in 0.5M NaOH at 22°C (black line) and in 0.5M NaOH/1.0 M 2-PrOH at 60°C (grey line) at 10mVs~!; (b) cyclic
voltammograms of Pt on Ni foam in 0.5M NaOH at 22 °C (black line) and in 0.5M NaOH/1.0 M 2-PrOH at 60°C (grey line) at 10 mV s~'~; (c) un-normalized sampled current
voltammograms in 0.5M NaOH/1.0 M 2-PrOH at 60 °C for Ni-Pt on Ni foam (solid squares), Pt on Ni foam (solid circles) and Pt blackened gauze (+).

edge that our calculation would be an over-estimate as the
number of surface atoms of Ni is likely accounted for multiple
times.

We did not use a particular sample for both CO stripping and
2-PrOH electro-oxidation because the catalyst surface will be per-
manently changed at the potential limits used in CO stripping.
Therefore, we assumed that two of the same type of electrode with
similar anodic charge, Qcy, in their stabilised base CVs (as seen in
Fig. 4) should have similar activity towards 2-PrOH. As a result, we
combined raw activity data of a particular electrode (denoted A)
with CO stripping data of another electrode (denoted B) using Eq.
(4):

f - Qror

No. of moles of surface atoms = T (4)
where the standardization factor, f, is defined as the ratio of Qcy
of electrode B to electrode A. Table 1 summarizes the data used to
produce the surface-atom normalized SCVs for Pt black, Ni-Pt, and
Pt on Ni foam shown in Fig. 8.

The normalized activities of the Ni-Pt, and Pt on Ni foam towards
2-PrOH were not significantly greater than Pt black between 50 and

250 mV. This result is similar to or previous results for the Ni-Pt on
gauze catalyst. However, our catalysts were markedly more active
than Pt at potentials higher than 250 mV. The improvement ranged
from 9 to 37 times at 500 mV. Pt on Ni foam had the highest sur-
face atom normalized activity above 50 mV, followed by Ni-Pt on
Ni foam; Pt black had the worst performance in this potential range.
These results confirm that Ni promotes 2-PrOH electro-oxidation,
particularly at high potentials where the oxidation of the interme-
diate acetone also occurs.

The electronic influence of the Ni on Pt was investigated by XPS.
Fig. 9 shows the Pt 4f XPS spectra of Ni-Pt and Pt on Ni foam. The

Table 1
Summary of surface atom calculations for normalization of activity data by number
of surface atoms.

Electrode Qcv (C)  Qror(C) AR No. of surface atoms (pmol)
Ni-Pt on Ni foam B 0.087 0.286 0.65 0.480
Pt on Ni foam B 0.074 0.090 0.74 0.173

2 The anodic charges of the base cyclic voltammograms of Ni-Pt on Ni foam A and
Pt on Ni foam A were 0.134 and 0.100 C respectively.
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Fig. 6. Pt-mass normalized sampled current voltammograms in 0.5M NaOH/1.0 M
2-PrOH at 60 °C for Ni-Pt on Ni foam (solid squares) and Pt on Ni foam (solid circles).

general shape of both spectra have the following features: (i) a Pt 4f
doublet with peaks at ~71 and 74 eV, (ii) asymmetric tails on these
doublets at higher binding energies, and (iii) a large Ni 3p shoulder
at ~69eV. The asymmetric tails in the spectra indicate the pres-
ence of metal atoms with nearly zero charge [66]. To fit the other
two features we used four pairs of peaks representing metallic Pt,
Pt(OH);, NiO and Ni(OH), based on reported data [57]. The choice
of these peaks is based on the position of the experimental peaks
(Table 2) and upon the presence of a large amount of oxygen on the
surface of our catalysts as seen in a survey spectrum.

The XPS area ratios indicate that Ni-Pt on Ni foam has >30%
Pt. Given that XPS probes depths of 3-9 nm, and comparing these
results to those from EDX (10 at.% Pt), and ICP-MS (6 at.% Pt), then
most of the deposited Pt is on or near the surface. With this in
mind we believe the best model for the Ni-Pt on Ni foam catalyst

a 6
Ni-Pt on Ni foam

""
.
Seem"€—Cycle 7

600 800

Current/mA
o

1000

4 -

6 - Potential/mV vs. RHE

1200

7477

Table 2
Calculated average and experimental binding energies and standard deviations.

Chemical state and
spectral line

Binding energy (eV)

Reference Ni-Pt on Ni foam Pt on Ni foam
Pt? 4f7), 71.1(0.1)° 70.8 713
Pt(OH), 4f7> 72.7 (0.1) 72.7 73.2
Pt(I1) 4f7)2 73.8 - -
Pt(IV) 4f7> 74.6 - -
NiO® 3p3; 68.0 (-) 67.2 67.6
Ni(OH); 3ps;2 69.0 (-) 69.2 69.3

2 Specimens were either Pt crystals or sputtered platinum samples.

b Numbers in brackets denote the standard deviation of the data set for values in
the reference column. In all other columns experimental error was +0.1 eV. Dashes
in brackets signify that no standard deviation has been recorded as only one value
for the spectral line has been reported in the database.

¢ Specimens were pelletized crystals or films.

Table 3
Chemical states and area ratios of Ni-Pt and Pt on Ni foam catalysts by XPS.

Chemical state XPS area ratio (%)

Ni-Pt on Ni foam Pt on Ni foam

Pt 32.08 29.96
NiO 25.65 33.61
Ni(OH), 31.12 24.04
Pt(OH), 11.13 12.40

is gradually decreasing proportions of platinum in a bimetallic Pt
and Ni shell with a nickel foam core.

With respect to Ni-Pt on Ni foam, the Pt metal 4f;;, peak
appeared at 70.8 - 0.1 eV. The peaks shifted to a slightly lower bind-
ing energy (BE) compared to the expected experimental BE for Pt
bulk, 71.1 eV, given in Table 2. Given the absence of Pt 4f peak val-
ues for Pt(II) (excluding Pt(OH), ) and Pt(IV) species [48,57], and the
relative areas of the Pt metal peaks to the Pt(OH), peaks, shown in
Table 3, the majority of the Pt exists in an oxidation state closer to
0 than to +2. We note that the magnitude of the shift is within the
range of 3 standard deviations of the bulk value making the effect
observed small.

In the case of the Pt on Ni foam catalysts, the Pt metal 4f;,
peak appeared at 71.3 £ 0.1 eV, a slightly positive shift with respect

b 47

Pt on Ni foam

Cycle 7

Current /mA

8

-10 - Potential/mV vs. RHE

Fig. 7. Cyclic voltammogram cycles 1, 2 and 7 of carbon monoxide stripping in 0.5 M NaOH at 10 mV s~!. Prior to stripping, the carbon monoxide was adsorbed at —400 mV
vs. RHE for 30 min followed by purging with nitrogen for 5 min at 500 mV vs. RHE. (a) Ni-Pt on Ni foam and (b) Pt on Ni foam.
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Fig. 8. Surface area normalized sampled current voltammograms in 0.5 M NaOH/1.0 M 2-PrOH at 60 °C for Ni-Pt on Ni foam (solid squares), Pt on Ni foam (solid circles) and

Pt blackened gauze (+). Inset is the same within the range of 100-200 mV vs. RHE.

to bulk Pt and opposite in direction of the Ni-Pt on foam catalyst.
However, we point out that the shift is within 2 standard deviations
of the Pt bulk value, so it is either very small or inconsequential.
The interpretations of previously reported XPS analyses of Ni-Pt
systems vary. For example Toda et al. observed positive BE shifts
with respect to pure Pt in their Ni-Pt alloys with Pt-rich sur-
faces [41]. They suggested that the shift originated from either an
increase in the d vacancies in the d orbitals of the surface Pt as a
result of alloying with Ni which has more 5d vacancies than Pt,
or a lowering of the Fermi level on Pt. In contrast, both Papadimi-
tirou et al. [32] and Park et al. [27,40] reported negative shifts in BE

Counts per second

Binding energy / eV

in their Ni-Pt coatings and thin films/nanoparticles respectively.
Papadimitirou and his peers attributed the observed shift to the
lowering of the d band center and not to the occupation of states
or proportion of d vacancies at the Fermi level on Pt in the pres-
ence of Ni. They suggested further that if the alloying metal was
less electronegative than Pt, it would donate electron density to Pt
and cause a lowering in the energy of the d band center. Park and
co-workers attributed their negative shifts to an electron transfer
from Ni to Pt and proposed that the higher the degree of alloying in
their catalysts the larger the absolute XPS shift. Both groups associ-
ated the lowering of the d band center with lowered affinity of Pt for

b r 500

- 400

Counts per second

83 81 79 77 75 73 71 69 67 65 63
Binding energy / eV

Fig. 9. Pt 4fX-ray photoelectron spectra for (a) Ni-Pt on Ni foam and (b) Pt on Ni foam deposits. Fitting lines are Pt (purple), Pt(OH), (red), Ni(OH); (green) and NiO (orange).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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adsorbates such as CO. The commonality amongst these reports is
that the authors did not account for observed activity trends solely
with electronic effects.

With respect to Ni—-Pt on Ni foam catalyst, we suggest a few pos-
sibilities for the origin of the observed shifts to lower BE. Based on
the Allred-Rochow electronegativity (EN) scale [67], Pt is less elec-
tronegative than Ni [68]. We believe this scale is more appropriate
for the XPS experiment as it describes the attraction between the
electron and the nucleus of the bonded atom. As Pt is less elec-
tronegative, it is possible that Ni is donating 5d vacancies to Pt as
suggested by Toda et al. [41] or Pt is donating electron density to
Ni. The Fermi level of the Pt would lie closer to the center of the
valence band, analogous to the effect of p-doping in a semiconduc-
tor [69]. It follows that the observed BE would be smaller than that
of bulk Pt.

This shift to lower BE is correlated to weaker bond strength
between Pt and different adsorbates as suggested independently
by Papadimitirou et al. [32] and Park et al. [27,40] and in general by
Norskov and co-workers [43]. This would imply that the adsorption
of species onto Ni-Pt on foam is weaker than onto Pt on Ni foam or
Pt black. In fact, we did find that CO may be more weakly adsorbed
on Ni-Pt on Ni foam than Pt on Ni foam as it had a lower CO strip-
ping onset potential than the latter (Fig. 7). Furthermore, the onset
potential of CO stripping on Pt (100) and Pt (11 1) is at least ~200
and 450 mV higher than on our Ni-Pt on Ni foam and Pt on Ni foam
deposits [70,71].

On a similar notion, this trend in BE could account for the low
potential current maximum attributed to acetone inhibition seen
in the SCVs (Figs. 5¢c and 6 and especially the inset of Fig. 8); this
feature was almost absent for Ni-Pt on Ni foam. At these potentials
the activation of 2-PrOH as well as acetone inhibition would be
reliant on the autonomous adsorption of the two molecules on the
catalyst surface. Ni-Pt should therefore have the weakest adsorp-
tion properties according to the XPS and this is consistent with the
lowest current maximum (that is the absolute difference between
the current at 100 and 160 mV). This concept is, to some extent,
related to that seen in Ref. [32] wherein both MeOH fuel and CO
poison adsorption was affected by the lowering of the energy of
the d band center. Depending on the time-scale of the experiment
independent adsorption of the molecules was affected to different
degrees, such that at short times, when MeOH activation was the
major pathway, Pt was more active than Ni-Pt and at long times,
when CO poisoning was prominent, Ni-Pt was more active than Pt.

If the positive XPS shift observed in our Pt on Ni foam is not
significant, then the Pt in this deposit is electronically similar to
bulk Pt. Consequentially, electronic effects would not sufficiently
explain the activity enhancement of this catalyst especially at
potentials above 250 mV where Pt black is the worst performer and
Pt on Ni foam is the best performer.

We generated Tafel plots from the mass-normalized data in
Fig. 6 and found that the Tafel slopes above 200 mV were 263, 227
and 250 mV dec~! on Pt black, Pt on Ni foam and Ni-Pt on Ni foam
respectively. The values are all comparable, indicating the mech-
anism of 2-PrOH/acetone oxidation over the three electrodes are
likely similar. We also remind the reader that neither Ni foam nor
Ni black appreciably catalyze this reaction. In light of these findings,
we believe that the presence of Ni in both of our catalysts improves
the activity of Pt at high potentials mainly via the bi-functional
mechanism and less by an electronic effect. The mechanism of 2-
PrOH oxidation discussed in Section 1 is such that addition of Ni to
Ptenhances the current observed only at potentials >250 mV [21]. It
is apparent, therefore, that Ni promotes the electro-oxidation only
after it is converted to Ni(OH), and OH is provided to commence
the bi-functional mechanism. This is similar to suggestions by Park
et al. that oxides on Ni can act as oxygen donors in a surface redox
process that removes CO poisons during methanol oxidation at long

times [27,40]. We also wish to reiterate that the onset potentials in
our CO stripping experiments were lower than what was observed
for Pt [70,71] which provides further evidence that a bi-functional
mechanism is indeed probable on our electrodes.

Itisinteresting that Pt on Ni foam is more active than Ni-Pt on Ni
foam at potentials above 250 mV despite the latter having a higher
Ni content and likely a greater bi-functional effect. Perhaps a geo-
metric effect similar to the one described by Yang et al. in Ref. [28]
is existent for Pt on Ni foam. Given it is not co-deposited, the proba-
bility of having enough Pt sites in the correct orientation for 2-PrOH
adsorption is much higher than in Ni-Pt on Ni foam. It is therefore
highly likely that this additional geometric effect makes Pt on Ni
foam so much more active than Ni-Pt on Ni foam, and the combi-
nation with the bi-functional effect makes it superior to Pt black.
We also should not discount the possibility that the deposition itself
creates a highly active form of Pt.

4. Conclusions

We present a microscopic, spectroscopic and electrochemical
study of Ni-Pt and Pt supported on Ni foam for 2-PrOH electro-
oxidation in base. We have shown that our unique galvanostatic
self-limiting co-deposition of nickel and platinum occurs under
conditions of sonication and produces deposits with ultra-low plat-
inum loadings on nickel foam. We have also demonstrated that our
technique can be used to deposit small amounts of Pt onto nickel
foam substrates. Most of the Pt in the Ni-Pt on Ni foam was found
to reside near the deposit surface.

The co-deposits, Ni-Pt on Ni foam and Ni-Pt and Ni gauze, had
rougher surfaces than Pt on Ni foam. This reflected the relative
masses of the deposits as well as the relative charges in their CVs in
base. CVs also revealed that Ni-Pt on Ni foam had both nickel and
platinum characteristics, while only Pt peaks were identified for
Pt on Ni foam. Both deposits were active towards 2-PrOH electro-
oxidation in base and showed higher activity than Pt black when
normalized to the estimated number of surface atoms; the order of
activity at 500 mV was Pt black < Ni-Pt on Ni foam « Pt on Ni foam.

Electronic effects were more apparent on the Pt in Ni-Pt on
Ni foam while any XPS shift for Pt on Ni foam was negligible.
The observed activity at potentials between 50 and 250 mV were
attributed to electronic effects in the Ni-Pt on Ni foam catalysts. We
believe that the enhanced activity at potentials >250 mV for Ni-Pt
on Nifoam was a combination of electronic and bi-functional effects
and for Pt on Ni foam a combination of geometric and bi-functional
effects. Further investigations are underway in this laboratory to
gain some insight on these phenomena. Future work also includes
using these deposits as oxygen reduction catalysts and to promote
other alcohol oxidations.
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