J Solid State Electrochem (2010) 14:175-184
DOI 10.1007/s10008-009-0879-1

ORIGINAL PAPER

A rotating disc electrode study of oxygen reduction
at platinised nickel and cobalt coatings

Andromahi Tegou - Sofia Papadimitriou -
Georgios Kokkinidis - Sotirios Sotiropoulos

Received: 30 December 2008 /Revised: 16 April 2009 / Accepted: 2 June 2009 /Published online: 23 June 2009

© Springer-Verlag 2009

Abstract Platinized nickel and cobalt coatings, Pt(Ni)
and Pt(Co), have been prepared on glassy carbon, GC,
rotating disc electrode substrates by a two-step room
temperature procedure that involved the electrodeposition
of nickel and cobalt layers and their spontaneous partial
replacement by platinum (“transmetalation”) when im-
mersed into a chloroplatinic acid solution. By tuning the
quantity of initially deposited nickel and cobalt, Pt(Ni)
and Pt(Co) bimetallic coatings having a 26% atom Ni
and 30% atom Co composition have been prepared. For
both materials typical Pt surface electrochemistry was
recorded during fast voltammetry in deaerated acid,
pointing to the existence of a continuous Pt skin over a
Pt-Ni and Pt—Co core. Oxygen reduction at the Pt(Ni)/
GC and Pt(Co)/GC electrodes was studied by means of
steady-state voltammetry at a rotating disc electrode and
the construction of Tafel plots from corresponding
voltammetric data. It was found that, when the initial
potential of the voltammetric sweep allowed the forma-
tion of a complete Pt oxide monolayer, then oxygen
reduction was hindered for low overpotentials at Pt(Ni)
and Pt(Co), compared to pure bulk Pt. On the other
hand, when the initial potential was less positive (thus
leading to the formation of a fraction of surface oxide
monolayer) the presence of Ni and Co enhanced the
kinetics of oxygen reduction. The former behaviour is
attributed to a decrease in oxide reduction ability of Pt in
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the presence of Ni and Co, while the latter to an increase
in dissociative oxygen chemisorption due to Ni and Co.
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Introduction

Bimetallic Pt-Ni and Pt—Co catalysts have been extensively
studied as improved cathodes for the oxygen reduction
reaction (ORR) both in carbon-supported forms (see for
example [1-13]) and as films or bulk alloys [4, 14-22]. The
beneficial effect of the early-transition metals on Pt could
either be due to changes in the Pt—Pt distance that favour
dissociative oxygen chemisorption, or to the formation of
surface oxides on the second metal instead of Pt (where
they would inhibit ORR) [3, 4, 23-25], or to an electronic
effect (attributed either to an increase of the Pt d-vacancy
character) [1, 2, 6, 12, 15, 24-28] or to a d-band energy
level, €4, lowering [17-20, 22]. Depending on the prepa-
ration of the catalysts and their resulting surface composi-
tion the contribution of the above effects may vary. If Ni
and Co are exposed to the reaction medium then the first
two effects are expected to be dominant. If, however a Pt
skin is formed around the catalyst particles (either due to
annealing-induced segregation [29] during preparation or
transition metal leaching during electrode operation in an
acid medium [2, 3, 13-20]), then only the electronic effect
of the underlayers can be operative.

The preparation of platinum-based alloy or bimetallic
catalysts is usually carried by impregnation of high-surface-
area carbons with the metal ions which are then reduced
either by high temperature hydrogen treatment [1—4] or by a
room temperature reducing agent in solution phase (such as
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borohydride, glycols, formic acid etc.) [5-9, 11, 12]; in the
microemulsion method variant of the room temperature
techniques the metal particles are formed first (by mixing
the metal salt and reducing agent microemulsions) and then
adsorbed onto the carbon powder support (see for example
[10]). Well-defined films of these catalytic materials
prepared for fundamental studies can be produced by
metallurgical [4, 16] or sputtering processes [14, 15].
During the last decade an alternative room temperature
method has been proposed for the preparation of bimetallic
(and multi-metallic) catalyst materials. The method (termed
as “transmetalation”) is based on the spontancous replace-
ment reaction of surface layers of a non-noble metal (e.g.
Cu, Pb, Co, Ni etc.) by a noble metal (e.g. Pt, Au, Pd etc.)
when particles or layers of the first metal are immersed into
a solution of the noble metal complex ions. Two variants of
the technique have been established. In the first one,
introduced and followed by Adzic and co-workers (see for
example [30-38]), a Cu UPD monolayer that has been
electrodeposited on a precious metal substrate (e.g. Pd, Au,
Ru or Pt), is fully replaced by one or more of other noble
metals (e.g. Au, Pt, Pd, Ir, Ru, Rh, Re, Os), resulting in
noble—noble metal interactions in the outer catalyst layers
and significant decrease in the second noble metal loading.
In the other one, introduced by Kokkinidis and co-workers
[39, 40] and further developed by Sotiropoulos and co-
workers [41-44], the substrate consists of electrodeposited
non-noble metal multilayers (e.g. Pb, Cu, Fe, Co, Ni) and
its surface layers are replaced by the noble metal (e.g. Pt,
Au). The latter catalysts are characterised by noble—non-
noble metal interactions in the outer layers. In our previous
studies of ORR at platinized Pb, Cu, Fe, Co and Ni layers
(Pt(M), with M being the substrate metal) we found that
although the catalytic activity of Pt(Pb) and Pt(Cu) electro-
des was similar or better than that of pure Pt (at low or high
overpotentials respectively), that of Pt(Fe), Pt(Co) and Pt
(Ni) was inferior at all polarizations [42, 44]. These results
were unexpected since there is extensive experimental and
theoretical literature pointing to enhancement of ORR (to
various extents) at Pt—-Co and Pt—Ni electrodes [1-28]. This
has prompted us to critically review those results and
investigate the possible reasons of the observed different
behaviour. There are at least three differences in the
experimental conditions between our studies and those in
the literature. First, our Pt(Ni) and Pt(Co) catalysts had a
low Ni and Co content, less than the 25% atom concentra-
tion typical of the Pt;Ni and Pt;Co formulations mainly
studied. Second, the initial potential of the voltammetric
scans we used to access the ORR activity was more positive
(+1.20 V vs. Ag/AgCl (3 M NaCl) in 0.1 M HCIO,) than
the rest potential of the system (ca. +0.85 V) and the
majority of initial potential values used in the literature (in
the +0.75—+0.85 V vs. SCE range in 0.1 M HCIO,). Finally,
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unlike our catalysts, in many of the studies of the kind the
degree of alloying had been improved by a final annealing
step. In view of the above, we thought it was worth revisiting
the performance of the Pt(Ni) and Pt(Co) layers prepared by
transmetalation, under composition and voltammetric con-
ditions closer to those of the relevant literature.

The aim of this work has therefore been to study the
effects of (a) an increased Ni and Co atomic percentage
composition of the Pt(Ni) and Pt(Co) deposits and (b) a
decreased anodic limit of steady-state voltammetry on the
ORR electrocatalytic activity of these electrodes. Specific
objectives have been: (1) to tune the composition of the Pt
(M) systems by varying the quantity of initial M deposited,
(2) the comparison of ORR voltammetric data from acid
solutions, obtained at Pt(M) layers deposited on a glassy
carbon (GC) rotating disc electrode (RDE) with two
different initial anodic potential limits and (3) the identifi-
cation of optimum preparation and appropriate evaluation
conditions for improved Pt(Ni) and Pt(Co) ORR catalysts
prepared by the transmetalation method.

Experimental
Preparation of Pt(Ni)/GC and Pt(Co)/GC electrodes

Electrodeposition of Ni on GC disc electrodes (5 mm
diameter) was carried out from 0.01 M Ni sulfamate +
0.227 mM NiCl, + 0.025 M H3BO; deaerated solutions
at —1.1 V vs. SCE. The plating current efficiency was found
to be 97-99%. The charge density passed was varied in the
157-787 mC cm 2 range, producing the equivalent of 300—
1,500 flat Ni monolayers (assuming a 98% current efficiency,
a FCC crystal structure and a 0.1246 nm atomic radius [45]
for Ni). Co was electrodeposited from 5 mM CoCl,*6H,0 +
0.1 M MgSO,47H,0 + 0.1 M H3BO; deaerated solutions
at —1.00 V vs. SCE with current efficiency in the 93-97%
range. The total charge density was varied between 176 and
878 mC cm 2, resulting to the equivalent of 300—1,500 flat
Co monolayers (assuming a 95% current efficiency, an
equimolar mixture of HCP and FCC crystal structures, and a
0.1253 nm atomic radius [45] for Co). Taking into account
the density of bulk Ni and Co metals [45], the thickness of
the coatings is estimated to have been varied in the 54—
268 nm range for Ni and 61-303 nm for Co. The Ni/GC and
Co/GC electrodes were then immersed in a 0.1 M HCI +
10—3 M K,PtClg solution for 30 min so that spontaneous Ni
and Co replacement by Pt occurred:

2 Ni/GC + PtCIZ~ — Pt(Ni)/GC + 2Ni*" + 6CI1~ (1)

2 Co/GC + PtCI2~ — Pt(Co)/GC + 2Co*" +6C1~  (2)
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Microscopic and spectroscopic characterisation of coatings

Scanning electron microscopy (SEM) was carried out using
a JEOL JSM-5510 microscope and elemental analysis of
the coatings was performed by the accompanying EDS
(EDAX) system.

Electrochemical characterisation of coatings

Potentiostatic deposition and voltammetry was carried out
using the Autolab 100 (EcoChimie) system, in small three-
compartment cells equipped with a luggin capillary at the
end of the reference electrode (Saturated Calomel Elec-
trode, SCE, Radiometer) chamber. The counter electrode
was a Pt coil. Experiments were carried out in three
different cells to ensure minimum contamination. In the
first one the core Ni or Co metal elecrodeposition was
carried out. In the second cell the Pt(Ni)/GC and Pt(Co)/GC
electrodes were activated-etched by repetitive potential
cycling at 1 V s' in 0.1 M HCIO,4 solution between
hydrogen and oxygen evolution (i.e. between —0.35 and
+1.25 V vs. SCE) with any particles containing uncovered
Ni and Co dissolving away during potential excursion to
anodic values. In the third cell Pt surface electrochemistry
and oxygen reduction at the fully Pt-covered Pt(Ni) and Pt
(Co) layers were studied in clean acid solutions.

Electrode materials and chemicals

The electrode substrate consisted of a glassy carbon (3 mm
diameter) RDE controlled by a Taccusel EDI101T motor.
After each set of experiments, the electrode was treated for
30 s with aqua regia to ensure complete etching of the Pt(Ni)
and Pt(Co) deposits and then polished on emery paper and
finally on alumina powder of 0.1 and 0.01 pum particle size
(Buehler). The pure Pt (2 mm diameter) RDE employed in
comparative experiments was fabricated from metal rods
(Goodfellow; 99.95%). The electrode substrates used for
SEM/EDS characterization were fabricated from glassy
carbon 1-mm thick plates (Alfa Aesar) that were cut into
3-mm diameter discs. They were sealed to a glass tube body
with a shrinkable thermoplastic tube and electrical contact
between the disc and a commercial wire inserted from the
open end of the glass tube was achieved with mercury.
HCIO4 from Riedel, (puriss p.a., ACS reagent, >70%)
was employed in the preparation of electrodeposition
solutions and in ORR experiments. CoCl,*6H,O and
MgS0,4¢7H,0 from Merck (p.a. 99%) and H3BO; (puriss
98%) from Aldrich were used for the preparation of the Co
deposition solutions and Ni sulfamate (p.a. 99%) from
Fluka, NiCl, (puriss >97%) from Merck and H;BO; (puriss
98%) from Aldrich for Ni deposition solutions. H,PtClg
hexahydrate from Sigma-Aldrich (ACS reagent, >37.50%

as Pt) was used for the preparation of the Pt exchange
solution.

Results and discussion
SEM/EDS characterisation of Pt(Ni) and Pt(Co) deposits

Figure la, c show SEM micrographs of the electrodeposited
Ni and Co layers (equivalent of 300 flat monolayers,
300 eq-ML) on the GC substrate. Relatively smooth
deposits can be seen, similar to those corresponding to
thicker layers (1,000-1,500 eq-ML) presented in [43, 44].
Figure 1b, d show the corresponding micrographs after
immersion of the above samples into chloroplatinic acid for
30 min and subsequent treatment of the resulting Pt(Ni)/GC
and Pt(Co)/GC electrodes in perchloric acid by potential
cycling between hydrogen and oxygen evolution. As a
result of uneven deposit transmetalation and subsequent
electrochemical etching of unreacted particles, the plati-
nized and electrochemically treated layers exhibit now a
more roughened texture. They still consist however of
continuous and relatively smooth films when compared to
their analogues prepared by thicker initial deposits [43, 44].
Supplementary grazing incidence XRD measurements
allowed the estimation of Pt crystallite size in the 9—
12 nm range. To study the effect of deposit thickness on the
final composition of the catalytic layers, a detailed EDS
analysis of coatings produced from the transmetalation of
initial electrodeposits of varied thickness was carried out.
Its results are presented in Table 1 from which it follows
that the relative percentage of Ni and Co increases as the
thickness of the original electrodeposits decreases.

Both the composition and morphology trends with
deposit thickness variation can be rationalised as follows.
The transmetalation process is a surface exchange reaction
(etching of the non-noble metal by the depositing noble
metal) and is terminated when all Ni and Co surface
locations are either covered by Pt or inaccessible to the
exchange solution (e.g. by being deep inside a porous film).
At the same time, it is not expected to occur either at the
same rate at all locations or by the formation of an ideal Pt
monolayer; for example, Pt atoms may deposit on already
deposited Pt nuclei while Ni and Co are further etched from
nearby locations, resulting in an etched three-dimensional
network. This means that Pt and Ni (or Co) are well-mixed
even inside the core of the resulting layers, as has been
experimentally verified by sputter-etch Auger electron
spectroscopy for Pb and Cu [43, 44]. As thicker deposits
undergo the tansmetallation process this is prolonged since
the deposit can be etched deep inside the initial layer,
supporting more Pt deposition at surface locations and thus
increasing the Pt-to-non-noble metal ratio. Also, the
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Fig. 1 SEM micrographs of: a a
300 eq-ML thick Ni electrode-
posit on a GC electrode; b the
resulting Pt(Ni) coating prepared
by 30 min immersion of (a) in a
0.1 M HCI+10-3 M K,PtClg
solution, followed by electro-
chemical treatment between hy-
drogen and oxygen evolution
potentials; ¢ a 300 eq-ML thick
Co electrodeposit on a GC elec-
trode; d the resulting Pt(Co)
coating prepared from (c) by a
procedure identical to that fol-
lowed for (b)

existence of a three-dimensional porous structure within the
deposit may give rise to unreacted non-noble metal areas,
shielded from Pt due to mass transfer limitations but prone
to anodic dissolution during electrochemical treatment, thus
leading to further increase of the above-mentioned ratio as
well as to sparser deposits. Note, that similar behaviour,
namely prolongation of the transmetalation process and
incomplete non-noble metal protection (as inferred by
persisting high anodic currents despite multiple potential
scans), was observed in attempts to platinize pure compact
Ni and Co disc electrodes. On the contrary, at thin Ni and
Co films the deposit is quickly etched at locations down to

Table 1 Relative atomic percentage composition of Pt(Ni) and Pt(Co)
deposits as obtained from EDS analysis

Number of initially
electrodeposited Ni
or Co monolayers

Atomic percentage composition of Pt(Ni) and
Pt(Co) deposits in Pt, Ni or Co/%

Pt(Ni) Pt(Co)

Pt Ni Pt Co
300 74 26 70 30
600 81 19 78 22
1,000 84 16 93
1,500 92 8 98

Samples were prepared by the transmetalation of electrodeposits of
varied initial thickness (expressed as the number of initially deposited
equivalent flat monolayers of Ni or Co)
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the substrate and the rest of the metal is rapidly protected
by thin Pt layers. This would explain both the higher non-
noble metal content and the continuity of the resulting
Pt(Ni) and Pt(Co) films prepared from thinner initial
deposits.

It is important to note that, whatever the origin of these
initial electrodeposit thickness effects may be, they allow
the control of catalyst composition to levels comparable
with those of bimetallic catalysts prepared by other tech-
niques (i.e. in the 20-30% Ni and Co atomic percentage
range).

Surface electrochemistry of Pt(Ni)/GC and Pt(Co)/GC
electrodes in acid

Figure 2 presents potential sweep voltammograms for Pt
(N1)/GC and Pt(Co)/GC electrodes in clean deaerated 0.1 M
HCIlO4 solutions, after having been cleaned by potential
cycling in a separate solution (see “Experimental”).
Figure 2a, b correspond to situations where the anodic
potential limit was +1.20 V vs. SCE (i.e. just prior to
oxygen evolution and corresponding to the formation of a
complete Pt oxide monolayer) and +0.90 V (corresponding
to the formation of a partial Pt oxide monolayer). The
voltammetric picture obtained is similar to that of bulk Pt
and typical of polycrystalline Pt surface electrochemistry
(characterised by hydrogen adsorption/desorption peaks
and oxide formation/stripping wave/peak), indicating full
surface platinization of the catalyst. The slight asymmetry
between the cathodic and anodic H adsorption/desorption
conjugate peaks is not likely to be due to the re-deposition
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Fig. 2 a Cyclic voltammograms of Pt(Ni), Pt(Co) and Pt electrodes
in a deaerated 0.1 M HCIO,4 solution with a +1.20 V vs. SCE
positive potential limit (at a scan rate of 1 V s™' ). b Same as in (a)
but with a +0.90 V vs. SCE positive potential limit

of Ni or Co ions (produced by the dissolution of uncovered
surface quantities of these metals during the excursion of
the potential to positive values). First of all, as already
stated in the “Electrochemical characterisation of coatings”,
before the recording of the voltammograms of Fig. 2, the
electrodes had been repeatedly scanned into the oxygen
evolution potential range in a separate cell, so that any
uncovered/unprotected surface Ni and Co was removed by
transpassive dissolution. Second, the voltammetry pre-
sented here was stable in time, opposite to what it would
be expected if parts of the deposit were continuously
dissolving away due to Ni or Co dissolution at locations;
that would lead to gradual Pt(Ni) and Pt(Co) disintegration
and would be reflected in a changing voltammetric picture.
Hence, the origin of the observed asymmetry has to be
traced elsewhere. We believe that it is due to ohmic
distortion of the high currents observed at the relatively
high potential sweep rates (1 V s ') used to improve the
accuracy of H adsorption/desorption charge estimation (see
below). It has been found (both in this and our previous

work [42]) that this asymmetry is removed at lower sweep
rates. In all cases, however, the trends observed for the Pt
oxide stripping peaks remained unchanged.

An estimate of Pt electroactive surface area, 4., was
made by calculating the charge associated with hydrogen
adsorption and assuming that 210 uC e¢m 2 correspond to
the formation of a H monolayer [46]. The ratio 7=Acs/Asga,
where A, is the substrate geometric area, can be used for
the quantification of Pt electroactive surface area and was
found =3.41, 1.31 and 1.10 for the Pt(Ni)/GC, Pt(Co)/GC
and bulk Pt electrodes of Fig. 2. The small electroactive
areas are in line with the continuous deposits depicted in
the SEM micrographs of Fig. 1. The higher roughness
factor of the Pt(Ni) deposits, although within the experi-
mental variation of » factors calculated for this type of
deposits [43], may be ascribed to finer Pt(Ni) particles as
inferred from Fig. 1b, d.

A significant feature of Fig. 2a, b is the shift of the Pt
oxide cathodic stripping peak to more negative potentials as
one passes from pure Pt to Pt(Ni) and Pt(Co) (a trend
present irrespective of the scan rate used), since the position
of the Pt oxide cathodic may provide macroscopic evidence
for the modification of the Pt—O bond strength or/and the
rate of Pt surface oxide reduction due to the presence of the
second metal. Depending on whether the initial potential
was +1.20 or +0.90 V vs. SCE, this cathodic shift was —
40 mV and —30 mV, respectively. Note that we observed
similar cathodic shifts (indicating a retardation of surface
oxide reduction) for Pt(Co) and Pt(Ni) catalysts prepared by
thicker initial deposits (as well as for Pt(Cu), Pt(Fe) and Pt
(Pb) catalysts) and for various potential scan rates in the
100-1,000 mV s™' range [41-44]. This finding is in
contrast with some findings and the overall views of Ross,
Markovic, Stamenkovic and co-workers [3, 4, 16-20] who
show some voltammetric evidence for difficult surface
oxide formation and facile stripping at Pt;Ni and Pt;Co
electrodes prepared and/or treated at high temperatures.
They use these results to support the claim for a lower
coverage by Pt surface oxides, in line with the theoretical
predictions for a weakening of Pt-O and Pt-OH bond
strength [47], which is in turn based on the more general
DFT theory of Nerskov and co-workers [48, 49] that
predicts a Pt d-band centre (¢4) down-shift in the presence
of early-transition metal underlayers. However, a careful
inspection of the surface voltammetry of Pt—-M (where M:
Fe, Co, Ni) electrodes that appear in the relevant literature
reveals the following. A clear shift of the Pt oxide stripping
peak to more positive potentials is indeed presented by
Stamenkovic et al. for Pt3Fe in [19] and for Pt;Ni(111) in
[20] as well as for carbon-supported Pt;Ni and Pt;Co by
Paulus et al. in [3, 4]. However, no clear shift can be
observed in some of the above references for Pt3Ni(100)
and Pt;Ni(110) [20] as well as for unsupported Pt;Ni and
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Pt;Co [4]. Furthermore, there are voltammetric data in the
literature that point to an opposite shift of the oxide reduction
peak (i.e. to more negative potentials, as our results suggest),
namely for Pt;Fe [15] and Pt,Co, electrodes [21].

Summarising, our results suggest that, at Pt(Ni) and Pt
(Co) electrodes prepared by the room temperature trans-
metalation method, the reduction of Pt surface oxides
(corresponding to both a complete and a partial oxide
monolayer) is hindered when compared to pure Pt,
indicating a higher coverage of oxygenated species. Note
that Watanabe and co-workers has recently provided direct
experimental evidence (using X-ray photoelectron spectros-
copy (XPS)) that the surface of Pts3Fes; electrodes has a
similar coverage of OH,4s and a higher coverage of O,q4
species than pure Pt [22].

Oxygen reduction reaction in acid at Pt(Ni)/GC
and Pt(Co)/GC RDEs

Figure 3a, b show voltammograms for Pt(Ni)/GC and Pt(Co)/
GC RDEs, respectively in oxygen-saturated 0.1 M HClO,4
solutions, recorded for various rotation speeds at 20 mV s~
in the cathodic direction. The corresponding Koutechky—
Levich plots at —0.1 V vs. SCE are shown in the insets. Using
the values of Dy, =1.90x107° cm? s ' and Cpp=1.22x10"°
M for oxygen diffusion coefficient and concentration in an
oxygen-saturated 0.1 M HCIO, solution [39, 40] the number
of electrons found for oxygen reduction at Pt(Ni) and Pt(Co)
was n=4.1 and 4.2, respectively. These values are in
accordance with the extensive literature for oxygen reduction
at Pt electrodes from acid solutions (see for example [39, 40])
and indicate that at these bimetallic electrodes too, ORR
follows the 4e~ pathway.

Figure 4a—c presents slow potential sweep voltammograms
(at5mVs ' and 500 rpm) in oxygen-saturated 0.1 M HCIO,
solutions at pure Pt, Pt(Ni)/GC and Pt(Co)/GC RDEs,
respectively, with two different initial potential values. The
first is +1.20 V vs. SCE where, according to the surface
voltammetry in acid shown in Fig. 2a, a complete Pt oxide
monolayer is formed (same potential as the one used for the
evaluation of thicker Pt(M) electrodes in our previous studies
[41-44]). The second one is +0.90 V vs. SCE corresponding,
according to Fig. 2b, to a partial oxide monolayer (closer to
the measured rest potential of ca. +0.80 V and to the values
used in most of the voltammetric studies in the literature).
One can see that although the limiting current is not
significantly affected by the choice of the initial potential,
there are differences in the currents recorded in the kinetic
and mixed control regions. Despite the fact that for pure Pt,
the foot of the voltammetric wave remains practically
unchanged whether the start potential is +1.20 or +0.90 V
vs. SCE, for Pt(Ni) and Pt(Co) electrodes the excursion of the
potential to more positive potentials (and the resulting

@ Springer

a
2x10*
Voltammetry at Pt(Ni)/GC RDE in
oxygen-saturated 0.1 M HCIO,
0 § —500 rpm
=750 rpm
~——1100 rpm
1500 rpm
s 2x10% b —2100 rpm
- 6000 =
R®=0.9992
40004 =«
4x10* | 20004 *
f-1/2/ Hz-112
0 T T T
6x 10 0 01 02 03 04
-0.50 0.00 0.50 1.00 1.50
E/V vs. SCE
2x10*
Voltammetry at Pt(Co)/GC RDE in
§ 500 rpm oxygen-saturated 0.1 M HCIO,
750 rpm
oFr 1100 rpm
1500 rpm
2100 rpm 6000 -
< " R® = 0.9975
Loxw'} 3000 rpm
- 4000 | .
< /
4x10* 200
[ f-112 / Hz-|/2
0 . . .
. 0 01 02 03 04
-6x10 N N N
-0.60 -0.10 0.40 0.90 1.40

E/V vs. SCE

Fig. 3 Voltammograms (negative going scan at a 20 mV s ' potential
scan rate) of a a Pt(Ni)/GC RDE and b a Pt(Co)/GC RDE, at various
rotation speeds (as indicated in the graph), in an oxygen-saturated 0.1 M
HCIO;, solution. Insets: Koutecky-Levich plot at —0.1 V vs. SCE

formation of a complete Pt oxide monolayer) retards ORR
until the oxides are reduced to a significant extent. The
difference of the effect of the anodic limit to ORR between
pure Pt and Pt(Ni), Pt(Co) electrodes can then be explained
by the difference in their activity towards Pt surface oxide
reduction, as discussed in the previous section.

From the voltammetric data of Fig. 4, the mass transfer-
corrected log(iy)esa VS E plots for the Pt, Pt(Ni) and Pt(Co)
were constructed and are presented in Fig. 4a, b for initial
potentials of +0.90 V and +1.20 vs. SCE, respectively. The
mass transfer-corrected (kinetic) current density, (i)esa, 1S
given per Pt electroactive surface area (esa) and is thus
representative of the inherent catalytic activity of the
electrodes. Figure 5a shows that Pt(Co) and Pt(Ni) electro-
des prepared by the transmetalation method, with Co and Ni
compositions that are in the optimum range reported in the
literature (30% and 26% atomic concentration, respectively)
and which are evaluated under similar voltammetric con-
ditions to those of relevant studies, show superior behaviour
to that of pure Pt over the entire polarisation range. For
example, ca. threefold and twofold enhancements of ORR
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Fig. 4 Voltammograms (negative going scan at 5 mV s ' potential scan
rate) of a Pt, b Pt(Ni)/GC and ¢ Pt(Co)/GC RDEs at 500 rpm in oxygen-
saturated 0.1 M HCIO, solutions, recorded from two different start
potentials (+1.20 V and +0.90 V vs. SCE, as indicated in the graphs)

catalytic activity are obtained for Pt(Co) and Pt(Ni) electro-
des at +0.60 V vs. SCE (i.e. at low overpotentials, relevant to
fuel cell research), within the enhancement range of many
previous reports [3, 4, 13, 17-19, 21]. Figure 5b shows that
when the more positive potential of +1.20 V was chosen
as the initial potential for the voltammetry experiments
then at low overpotentials (down to a potential of
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Fig. 5 Mass transfer-corrected log(iy)esa Vs. E (Tafel) plots from data
of Fig. 4. The start potential was +0.90 V vs. SCE (a) or +1.20 V vs.
SCE (b)

ca. 0.48 V vs. SCE) the catalytic activity of Pt(Ni) and
Pt(Co) appears lower than that of pure Pt. This is
because at these potentials the surface of the electrode
is still covered to a large extent with Pt surface oxides
that are more difficult to reduce at the Pt (Ni) and Pt(Co)
electrodes (see Fig. 2a). Once these oxides start to reduce at
potentials lower than ca. 0.48 V vs. SCE then the superior
behaviour of the bimetallic electrodes shows up. In the case of
the lower starting potential +0.90 V, a lower oxide coverage
pertains even at low overpotentials (since only a part of oxide
monolayer is initially present—see Fig. 2b) and its stripping
is not crucial for ORR to commence at appreciable rates. The
above findings highlight the importance of the choice of the
initial anodic potential limit when comparing the ORR
catalytic activity of Pt(M) electrodes based on slow
potentiodynamic methods.

Two different interpretations of the higher ORR catalytic
activity of Pt(M) electrodes (M: Fe, Co, Ni) can be found in
the literature, one proposed by Ross, Markovic, Stamenkovic
and co-workers [3, 4, 16-20] and one recently suggested by
Watanabe and co-workers [22]. They both start from the
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well-documented downward shift in Pt d-band energy centre,
€4, In the presence of the early-transition metal underlayers;
the shift has been theoretically predicted by Nerskov and co-
workers (based on DFT calculations and taking into account
stress and ligand effects) [48, 49] and has also been
experimentally verified by direct d-band energy centre
measurements with high-resolution ultraviolet photoelectron
spectroscopy [18, 19] and core electron level down-shifts
measured by XPS [50].

However, the first group of researchers accepts as the
rate determining step of ORR at Pt surfaces that of
the reductive removal of Pt—O and Pt—-OH formed from
fast oxygen dissociative adsorption. Based on theoretical
predictions of Pt—-O bond weakening at Pt(M) catalysts
[47], they then attribute the high ORR activity of the latter
on reduced surface oxide coverage. On the other hand,
Watanabe and co-workers, based on their recent direct
experimental finding of increased Pt—O coverage at Pt(Fe)
electrodes, they interpret the enhancement of ORR by
proposing as rate determining step that of electron uptake
occurring immediately after dissociative oxygen chemi-
sorption [22]. According to that scenario, the d-electrons of
a higher lying Pt(M) Fermi level (with respect to the down-
shifted core electron and d-band electron energy levels
[50]) take part in increased electron back-donation to
oxygen 7t* orbitals. This in turn favours O-O bond
scission, increases adsorbed O surface concentration and,
as a result, increases the rate of electron transfer to it. Since
in our results Pt surface oxides seem to be formed even
when a less positive initial potential was chosen (+0.90)
and these oxides were harder to reduce at Pt(M) electrodes
(see Fig. 2b), then the observed ORR enhancement
(Fig. 5a) can only be understood by means of Watanabe’s
approach: the reduction of low coverage surface oxides is
not rate determining for ORR at Pt(M) electrodes but
instead the, reaction is controlled by oxygen bond scission
followed by electron uptake.

Conclusions

1. With appropriate control of the initial thickness of Ni
and Co layers, platinized Pt(Ni) and Pt(Co) catalysts of
25-30% atomic concentration in Ni and Co could be
obtained by means of the recently introduced room
temperature transmetalation process.

2. The surface electrochemistry of Pt(Ni) and Pt(Co)
electrodes as studied by fast cyclic voltammetry in
deaerated acid solutions, indicates that these materials
retard the reduction of Pt surface oxides.

3. The above-mentioned trend together with the pro-
nounced negative effect that large quantities of surface
oxides have on ORR kinetics, make the choice of the

@ Springer

positive limit of potentiodynamic experiments crucial
in accessing the catalytic activity of these bimetallic
systems. When a complete Pt oxide monolayer is
allowed to form at a sufficiently positive start potential,
then ORR is hindered until a significant part of the
oxides is reduced.

4. Pt(Ni) and Pt(Co) layers prepared by transmetalation,
with a composition similar to the optimum reported in
the literature and evaluated by voltammetry with a start
potential close to the system’s rest potential (a situation
relevant to fuel cell operation), showed a moderate
enhancement of ORR activity with respect to that of Pt.
This enhancement was attributed to the effect of the
second metal on Pt activity towards O—O bond scission
followed by electron uptake.

5. The proposed alternative room temperature preparation
method for improved Pt(Ni) and Pt(Co) catalysts for
ORR may be of practical interest for fuel cell or sensor
catalysts since it may result in lower Pt loadings and
could also be used in connection with Ni, Co (and Cu)
electroless deposition microfabrication techniques to
prepare micro-fuel cells and sensors.
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