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Cyclic voltammetry (CV) and X-ray photoelectron spectroscopy (XPS) have been used to characterise novel PtRh
mixedmetal and surface alloyed active phases supported on 5% Pt/graphite catalysts (5% Pt/G). The active phases
could be prepared using forced deposition or a combination of forced deposition and thermal annealing in a
flowing 5% hydrogen in argon gas mixture at 700 K. The protocols employed originate directly from previous
single crystal studies of Rh on Pt{100}whereby Rh overlayers (either singly adsorbed or as a ‘sandwich structure’
of alternate Pt/Rh/Pt layers) could be transformed into surface PtRh alloys by careful thermal annealing. We
demonstrate that this method is also successful for the preparation of active supported catalysts for CO
electrooxidation whereby a peak potential as low as 0.60 V (Pd/H) for the CO oxidation is reported (0.12 V
lower than that on 5% Pt/G). Moreover, the onset potential for CO stripping is lowered to 0.33 V (Pd/H). The
presence of alloyed PtRh phases gives rise to a small but reproducible 0.1–0.2 eV shift to higher binding energy
of the Pt 4f7/2 XPS peak together with strongly modified Pt and Rh electrosorption features in the CV which
correlate with changes in surface composition. Unusual kinetic behaviour in the CO stripping peaks from the
PtRh catalyst as a function of CO coverage is ascribed to competition between electrochemical oxide on Rh and
CO-induced blocking of electrochemical oxide formation sites at the highest CO coverage. For PtRh alloys, the
onset of electrochemical oxide formation shifts to more positive potentials relative to Rh overlayers and so a
different behaviour towards CO electrooxidation is observed.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Twenty years ago, we submitted two papers to the IUVSTA confer-
ence in San Benedetto del Tronto concerning the electrochemical and
UHV characterisation of metal deposition on single crystal electrodes
[1,2]. One of these systems was Rh on Pt{111} whereby strong devia-
tions from Frank-van der Merwe growth were observed together with
surface alloying at elevated temperatures [2]. More importantly at that
time however, correlations between the potentials at which various
electrosorption states occurred and first/second layer/bulk Rh (as mea-
sured using Auger electron spectroscopy) were noted. This meant that
certainly, for Rh in a monolayer directly bonded to the Pt{111} surface,
a specific electrochemical response could bemeasured that was propor-
tional to surface coverage. Since then, many groups have used the vari-
ation in single crystal CV peak positions and intensity to characterise
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both clean and surface-modified nanoparticles and supported catalysts
in exquisite detail [3–10]. In the present study, we utilise such measure-
ments to characterise a series ofmixedmetal and alloyed PtRh supported
catalysts and investigate their behaviour towards CO electrooxidation for
potential fuel cell applications. (See Table 1.)

The challenge of ever decreasing fossil fuel supplies together with
ongoing global climate change has initiated a resurgence of interest in
the use of fuel cells for efficient and clean sources of electrical power.
By far the most important materials presently used include PtRu alloys
for the anodic reaction (hydrogen oxidation) and Pt alloys for the ca-
thodic reaction (oxygen reduction) since bimetallic catalysts exhibit
good activity and CO tolerance in relation to low-temperature fuel
cells [7,11–29]. PtRu electrodes have been used as commercial catalysts
for hydrogen oxidation in fuel cells for some time now because of their
high intrinsic electrocatalytic activity during hydrogen oxidation
and marked tolerance towards CO poisoning [14–19]. Nevertheless,
leaching of Ru under operating conditions together with ambiguity
concerning the actual “location” of the Ru within Pt nanoparticles of
the electrocatalyst is still a controversial issues for the anodic reaction.
Hence, a considerable research effort has been expended on another
promising bimetallic system, namely PtRh [2,30–35]. More recently, a
novel approach for the synthesis of PtRh{100} surface alloys supported
the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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on Pt{100} single crystal based on controlled thermal annealing of
PtRhPt and Rh adlayers has been reported by ourselves [5]. In this
work, it was found that flame annealing in the presence of oxygen is
crucial in order to generate Rh-rich PtRh{100} alloys. So-called PtRhPt
sandwich structures were concluded to be the best strategy to form
well-defined PtRh surface alloys. The CO stripping potential on PtRh
alloys on Pt{100} was 170 mV lower than on a pure Pt{100} surface,
which was quite similar to the value reported for PtRu alloys [12,14,
19] indicating that certain PtRh{100} alloysmay be considered as prom-
ising electrocatalyst in CO tolerant hydrogen fuel cells.

Pt–Rh nanoparticles for anode catalysts in fuel cells have been re-
ported recently [36–38]. Lima et al. studied carbon-dispersed Pt–Rh
(1:1) nanoparticles for ethanol electrooxidation and it was found that
the electrochemical stripping of CO and the electrochemical ethanol
oxidation were slightly faster on the Pt–Rh electrocatalysts compared
to Pt/C [37]. Using FTIR and DEMS measurement, they ascribed C\C
bond breaking by Rh to the higher activity of PtRh electrocatalysts in
ethanol oxidation. Gupta and Datta demonstrated a comparative study
concerning the catalytic activity for ethanol oxidation of electrodeposit-
ed Pt and Pt–Rh alloys on graphite plates [36]. They found that PtRh
alloys with atomic composition Pt74Rh26 showed the best behaviour to-
wards ethanol oxidation, and they also ascribed the enhancement in
electrocatalytic activity to an improvement in C\C bond dissociation
rather than to a bifunctional mechanism. More recently, Kowal et al.
synthesised carbon supported Pt, PtRh, Pt–SnO2 and Pt–Rh–SnO2

nanoclusters using the polyol method and characterised the catalysts
by TEM, XRD and cyclic voltammetry [38]. In this work, they found
that Pt and Rh were deposited directly on SnO2 in the ternary catalyst
Pt–Rh–SnO2 which showed better activity than either PtRh/C or Pt/C
due to a tri-functional mechanism, i.e. Pt for adsorption of the ethanol
molecule, Rh for facilitating C\C bond dissociation and SnO2 for the
oxidative removal of COads produced from C\C bond splitting.

In the present study, we endeavour to take protocols for producing
well-defined PtRh alloys and bimetallic surfaces on single crystal elec-
trodes and apply these to facilitate synthesis of high surface area cata-
lysts thus bridging the materials gap between single crystal studies
and ‘real’ supported catalysts. A combination of CV and XPS allows for
detailed analysis of the surface of the catalysts and highlights the crucial
role of electrochemical oxide phases during the electrooxidation of CO.

2. Experimental

5% Pt/graphite powder (Johnson Matthey, Assay 4.92%, labelled as
5% Pt/G)was heated in 5%H2/Ar at 700 K for 4 h before use. This catalyst
had been fully characterised previously using BET and TEM after
this treatment [39] and gave rise to a Pt metal surface area of 1 m2/g to-
gether with an average particle size of 9 ± 3 nm. The Pt nanoparticles
were strongly facetted after this treatment forming predominantly
hexagonal structures. The deposition of rhodium was carried out
Table 1
Calculated monolayer equivalents for the fresh catalysts.

Volume of
RhCl3/ml

5% Pt/G area/m2

A
Rh adlayer area/m2

B
Rh coverage/ML
B/A

0.2 0.4255 0.0638 0.15
0.4 0.3645 0.1277 0.35
0.8 0.3928 0.2554 0.65
1.2 0.3429 0.3830 1.12
1.5 0.3628 0.4788 1.32
1.8 0.3467 0.5746 1.66
2.0 0.3345 0.6384 1.91
4.0 0.3425 1.2768 3.73
6.0 0.3880 1.9152 4.94
12.0 0.3309 3.830 11.57

c (Rh3+): 0.0094 mol/l, ML = monolayer equivalent radius of Rh 1.34 × 10−10 m, 5% Pt/G
surface area is 2.1 m2/g for fresh and 1.0 m2/g after heating in 5% hydrogen/95% argon
mixture at 700 K for 4 h.
using RhCl3 solution (0.01 M) which was prepared by dissolving
RhCl3 powder (Johnson Matthey, Assay 42.4%) in ultra-pure water
(Millipore-MilliQ, resistivity not less than 18.2 MΩ·cm). Rhx/Pt/G
samples (x = number of monolayer equivalents — see later) were
prepared by adding a fixed amount of 5% Pt/G powder (approximately
0.3–0.4 g) into a hydrogen bubbler but with different volumes of rhodi-
um solution and bubbling for 40 min to ensure that all Rh was reduced
and deposited. This process of adsorbing metal is called the ‘forced
deposition’ method [20,40–42]. After drying in an oven at 350 K, the
catalysts are referred to at this stage as ‘fresh’. The following equation
was used to generate a ‘monolayer equivalent’ of Rh deposited on Pt
given the molarity and volume V of Rh solution added together with
a Pt surface area of 1 m2/g of catalyst and assuming all Rh ions are
reduced (see Table 1):

Area of Rh atoms : 0:0094� V � 10−3 � 6:02� 1023 � 3:1416

� 1:34� 10−10
� �2 ¼ 0:3192Vð Þm2

:

All the surface alloys were prepared using our recently devel-
oped “sandwich structure annealing” methodology [5–7]. Both Rh
and PtxRhyPtz sandwich-like deposits were prepared by means of
the so-called forced deposition method referenced above, where
x, y and z are the amounts of Pt and Rh in each of the sandwich
layers in terms of monolayer equivalents [5]. Chloroplatinic acid
(Johnson Matthey, Assay 46.6%) was used for Pt deposition (2 mM). A
similar method to that for Rh was used to calculate the monolayer
equivalents of Pt in the layer. Using the same method, Pt, Rh and Pt
adlayers were deposited in turn to prepare PtxRhyPtz/5% Pt/G samples
as well. The catalyst particle suspensions were then washed with
ultra-pure water several times and vacuum filtered in order to remove
all traces of chloride ions. Chlorine atoms could not be detected in sub-
sequent XPS analysis of the washed catalysts. All the obtained ‘fresh’
sandwich layer catalysts were then dried at room temperature and sub-
sequently in 5% H2/Ar at 700 K for 4 h.

The cyclic voltammograms (CVs) of the catalysts were obtained
using a conventional three-electrode cell described previously [43]
using a potential sweep rate of 10 mV·s−1. A small quantity of the cat-
alyst powder (0.002 g approximately) was pressed onto a platinum
mesh to form the working electrode. All the CV experiments were per-
formed at ambient temperature (around 25 °C) and a palladium wire
charged with hydrogen and contained within the electrolyte was used
as a reference electrode. The working electrolyte (0.5 M H2SO4) was
deaerated by bubbling nitrogen through the solution for at least 30
min before running CV. CO adsorption was carried out by placing the
working electrode in a CO bubbler for set periods of time to vary CO
coverage. The electrodewith CO adsorbed was then immediately trans-
ferred into the electrochemical cell (protected by a CO saturated droplet
of water) and contacted with the electrolyte at a potential of 0.05 V
versus Pd/H and a CV of the CO stripping peak collected.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on anESCA300 (Scienta) spectrometer based at the Synchrotron
Radiation Source at Daresbury Laboratories, UK. For Pt and Rh element
surveys, the pass energy was set as 150 eV, the step energy was set as
0.05 eV and the time per step was 0.1 s.

3. Results and discussion

3.1. Growth of rhodium adlayers on 5% Pt/G substrates and CO oxidation

3.1.1. CV characterisation of Rhx/5% Pt/G (not annealed)
Fig. 1 shows CVs of the freshly prepared Rhx/5% Pt/G catalysts (the x

value varying from zero to approximately 2 monolayer equivalents).
The potential ranges around the principal Rh hydrogen underpotential
deposition (H UPD) (Fig. 1(a)) and Pt H UPD (Fig. 1(b)) peaks are
expanded for clarity. It is seen that on the positive-going scan, a peak
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Fig. 1. (a) and (b) are expanded CV profiles of fresh Rhx/5% Pt/G for 0 b x b 2 monolayer
equivalents. Test solution: 0.5 M H2SO4. Sweep rate: 10 mV·s−1.
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Fig. 2. CV profiles of fresh Rhx/5% Pt/G (1.9 b x b 12 monolayer equivalents). The insert is
the expansion of the Pt(100)x(111) step H UPD region. Test electrolyte: 0.5 M H2SO4.
Sweep rate: 10 mV·s−1.
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first appears at 0.10 V ascribable to first layer Rh followed quickly
(x N 0.65) by the appearance of a second Rh feature at 0.042 V associat-
ed with the commencement of second and third layer Rh growth [5]. It
is also apparent that the second Rh peak appears before the first reaches
its maximum intensity consistent with multilayer growth of Rh occur-
ring before all Pt sites are covered by Rh. The attenuation of the Pt
{100}x{111} step peak at 0.2 V by only 30–40% at this stage also
supports this assertion that Rh does not wet completely the Pt catalyst
surface but rather forms microcrystallites at submonolayer equivalents
of Rh loading. This growth behaviour is consistent with previous single
crystal studies of Rh on Pt [5,24,33,34,44] and the Rh coverage at which
deviation from Frank-van der Merwe growth occurs is also remarkably
consistent with previous studies [2]. Hence, our coverage estimations
based on “equivalent monolayers” appear sound andmoreover suggest
that all Rh (at least initially) is deposited onmetal sites only. If Rh depo-
sitionwas occurring on graphite, themagnitude of the RhHUPDpeak at
0.042 V together with its peakwidthwould have to bemuch larger than
reported here. Later, XPS will be used to show that bulk Rh on graphite
is unlikely to be forming at submonolayer Rh coverages. In addition to
the relative areas of the RhH UPD peaks, inspection of the electrochem-
ical oxide states (Fig. 1(b)) shows that the initial deposits of Rh lead to
the generation of two Rh oxide stripping features on the negative-
going scan and a regular increase in total oxide peak area as Rh loading
is increased systematically. The first oxide stripping peak at 0.5 V is
rather narrow and is larger in magnitude than the shoulder situated at
more negative potential (0.4 V). The ratio of intensities between the
two peaks changes as Rh loading increases such that in Fig. 2, it is
evident that the sharp peak at 0.5 V becomes theminority species com-
pared to the shoulder. Hence, we ascribe the shoulder peak at more
negative potentials to stripping of electrochemical oxide from “rough,
defective” Rh microcrystallites (Rh coverage N 1 monolayer) which
clearly increase in number as Rh coverage increases (see also Fig. 2 Rh
H UPD peak at 0.042 V which grows in intensity at the expense of the
H UPD peak associated with first layer Rh). We estimate that the Rh
1st layer peak goes through a maximum at 1.9 monolayer equivalents
just as the last Pt sites become occupied (see Fig. 1(b) Pt H UPD peak
at 0.2 V which is attenuated completely at this coverage).

The ratio of total H UPD charge at x = 0 compared to x = 12 indi-
cates a roughness factor of 4–5 for the highest Rh loading catalyst com-
pared to the pristine 5% Pt/G catalyst.

3.1.2. XPS characterisation of Rhx/5% Pt/G (not annealed)
X-ray photoelectron spectra of the Rh 3d and Pt 4f regions for fresh

Rhx/5% Pt/G catalysts are presented in Fig. 3(a) and (b) respectively to-
gether with a 5% Rh/G catalyst (curve f in Fig. 3(a)) prepared by reduc-
tion of RhCl3(aq) onto graphite in a hydrogen bubbler (identical to the
method used to prepare PtRh bimetallic catalysts). The XP spectrum of
the 5% Rh/Gmaterial showed Rh3dpeaks at 309.4 and 314.1 eV (strong,
attributed to Rh3+ in un-reduced Rh2O3) and at 307.3 and 312.0 eV
(weaker, for Rh0 in Rh metal). XPS survey scans confirmed the absence
of chlorine at 199 eV binding energy although strong peaks did appear
(in addition to Rh peaks) at binding energies of 530 eV (oxygen) and
284 eV (graphite) and thus confirmed that the Rh deposit was largely
present as the oxidised phase on graphite. By contrast, all samples of
Rh/Pt/graphite and (Pt+Rh+ Pt)/Pt/graphite (see later) provide spec-
tra containing peaks at 307.3 and 312.0 eV for metallic Rh0 and a weak
peak at 308.4 eV for Rh1+. Hence, Rh on graphite is readily distinguish-
able from Rh adsorbed on 5% Pt/G in that Rh3+ XPS peaks associated
with “bulk” Rh are completely absent. We suggest that the loadings of
Rh used in the present study are sufficiently low to prevent deep oxida-
tion of Rh due to the proximity of the more noble Pt component.

The relative areas of the Rh 3d5/2 and Pt 4d5/2 peaks as a function of
metal loading (for 0 b x b 1) are in good agreement with previous XPS
coverage determinations by Tanaka et al. [45] who studied evaporated
Rh films on Pt{100} by LEED/XPS. The only difference between the
XPS peaks reported in our study and those by Tanaka and co-workers
is that both Rh1+ and Rh0 species are present in the Rh modified 5%
Pt/G catalyst in comparison with pure metallic Rh, the XPS features of
which were reported in the earlier UHV study. We also simulated vari-
ations in XPS peakmagnitudes for Rh 3d, Pt 4d and Pt 4f as a function of
depositing complete 1st, 2nd and 3rd Rh layers using the NIST Database
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for the Simulation of Electron Spectra for Surface Analysis (SESSA)
software [46]. It was evident from these simulations that the predicted
attenuation in Pt 4d and 4f peaks after 3 monolayers of Rh did not
match experiment in that an almost 55% decrease in Pt 4f signal
would be predicted whereas for a x = 4.94 equivalent monolayers,
the 4f peak is only attenuated to approximately 60% of its original
value. Hence, XPS also confirms deductions from CV that the Rh is not
growing via a simple layer-by-layer mechanism but rather is deviating
strongly from this growth mode at high metal loadings. Nonetheless,
the congruence between Rh coverage determined using CV/XPS/
equivalent monolayers (at least for 0 b x b 1) and growth mode using
CV and XPS supports the notion that very little Rh is nucleating at the
graphite support and that most is adsorbing at the Pt metal sites when
using hydrogen as the reducing agent. From Fig. 3(b), the binding energy
of the Pt 4f7/2 peak remains unchanged as x increases indicating emission
from the underlying Pt phase is not influenced by Rh deposition. Later, it
will be demonstrated that changes in the binding energy of the Pt 4f7/2
peak occur when alloying with Rh takes place. Hence, we assert that no
intermixing of Rh with Pt takes place at room temperature consistent
with both our earlier studies [2] and Tanaka et al. [45]. The changes in rel-
ative intensity between the 3d5/2 307.2 eV and 308.4 eV peaks as a func-
tion of increasing Rh loading are consistent with corresponding changes
in the ratio of surface to bulk rhodium atoms. At low values of x, it is
expected that for small microcrystallites, the number of surface sites to
bulk is similar. However, as these microcrystallites grow in volume, the
ratio of surface atoms to bulk atoms would decrease. Hence, we ascribe
the Rh 3d5/2 308.4 eV peak at higher binding energy to surface Rh
atoms bonded to chemisorbed oxygen and the feature at 307.2 eV to
bulk, fully reduced rhodium.

3.1.3. CO electrooxidation on fresh Rhx/5% Pt/G
Fig. 4 presents CO stripping profiles of freshly prepared Rhx/5% Pt/G

samples with x values of 0, 0.35, 0.65, 1.6 and 4.94 respectively. For the
different samples, CO oxidation has been studied for different initial CO
coverages by holding the electrode in a CO bubbler for greater and
greater exposure times. For the 5% Pt/G catalyst, a single CO stripping
peak is observed at 0.71 V when 60% of H UPD sites are blocked by
CO. As CO initial coverage increases to 90% of H UPD sites blocked,
a second shoulder peak begins to appear. At full blocking of H UPD
sites, this small shoulder peak develops still further but the majority
peak shifts to 0.72 V. All CO stripping peaks lie within the envelope
defined by the highest CO coverage. When Rh is deposited onto the
catalyst (Fig. 4(b–d)), increasing the CO dosing leads to both CO
electrooxidation onset potential and peak potential shifting to
more positive values whilst the leading edge of the stripping peaks
does not overlap, i.e. a portion of the low potential CO stripping
peak always lies outside of the envelope defined by the highest cov-
erage CO electrooxidation peak. We suggest that this phenomenon
which evidently distinguishes Rh sites from Pt sites is associated with
competition for sites between CO and electrochemical Rh oxide forma-
tion, the onset of which occurs negative of the onset of CO stripping at
the highest CO coverage but almost coincides for low CO dosing. Hence,
high coverage of CO inhibits Rh electrochemical oxide formation. This be-
haviour is not foundwith Pt since its electrochemical oxide formation po-
tential lies at amore positive potential than Rh and therefore competition
with CO for adsorption sites is much reduced. Later, it will be shown that
PtRh alloys disfavour electrochemical oxide formation at these low po-
tentials and thus all CO stripping peaks lie within the envelope of the
highest CO coverage stripping peak as found with pure Pt. In addition
to changes induced in the overall CO stripping profile by Rh, the number
of stripping peaks is closely correlatedwith the amount offirst layer/mul-
tilayer Rh adsorbed. For example, looking at Fig. 4(b–c) it is evident that
as the intensity of the Rh H UPD peak at 0.042 V increases, so too does a
CO electrooxidation peak situated at 0.6 V, some 80 mV negative of
CO stripping from first layer Rh. Another distinguishing feature of CO
electrooxidation on 5% Pt/G compared with Rhx/5% Pt/G is the marked
increase in peak fullwidth at half maximumwhich changes from 60 mV
in the former to 110mV for the latter. Hence, the electrocatalytic activity
for CO electrooxidation may readily be distinguished on Pt and Rh sites
and follows the order:

Rh multilayer0:60Vð ÞNRh monolayer0:68Vð ÞNPt 0:72Vð Þ:

The shift in CO stripping peak potential as a function of increasing CO
coverage may be interpreted within a “bi-functional mechanism” [47]
whereby Rh initially adsorbs OH at a lower potential than Pt thus CO is
preferably oxidised firstly on the 1st Rh monolayer or the edge of Rh
small islands at low CO dosings. At higher CO coverages, diffusion of ei-
ther CO or OH is inhibited thus leading to an increase in the overpotential
for CO electrooxidation.

3.2. Thermally treated Rhx/5% Pt/G, CO oxidation and XPS characterisation

3.2.1. CO stripping on thermally treated Rhx/5% Pt/G
In a previous study, it was found that gentle flame annealing of a Rh

deposit on a Pt{100} single crystal electrode led to the formation of PtRh
surface alloys [5]. Therefore, in order to replicate this procedure and
hopefully generate alloyed surfaces, two Rh on Pt samples (Rh1.5/5%
Pt/G and Rh4.94/5% Pt/G) were heated in a flow of 5% H2/Ar at 700 K for
4 h (Fig. 5(a) and (b) respectively) and their voltammetry compared
with the unannealed samples. The data corresponding to the unannealed
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samples are also shown in Fig. 5. It is evident that thermal annealing leads
to a decrease in total H UPD charge suggesting that the overall roughness
factor (relative to 5% Pt/G) is decreased significantly. In addition, from
Fig. 5(a), the 0.09 V Rh peak is reduced to approximately 5% of its original
value although a new peak appears at 0.05 V, just positive of the Rhmul-
tilayer state. Although the potential of the 0.09 V peak is similar towhere
the clean Pt{111}x{111} step feature is expected,we discount this being a
purely Pt peak because Fig. 5(b) shows that this peak reaches a much
greater magnitude than expected for clean 5% Pt/G (see Fig. 4(a)), partic-
ularly in relation to the Pt{100}x{111} peak at 0.2 V. Rather, we ascribe
the changes highlighted above to intermixing of Rh into the selvedge
of the 5% Pt/G surface with a commensurate increase in surface Pt
population. From UHV studies [2,45] it is fully expected that Rh should
diffuse into the bulk upon annealing and we suggest that this is where
the “lost” overlayer Rh resides. Another striking feature of the annealed
samples is the substantial loss of Rh oxide charge and the shift to more
positive potentials in its onset after thermal treatment. This is particularly
pronounced in Fig. 5(b) where Rh oxide formation commences at 0.35 V
for unannealed catalyst but shifts to 0.57 V after thermal treatment. That
Rh is still present in the surface of the catalyst may be gleaned from the
magnitude and position of the oxide stripping peak at 0.48 V and the
residual H UPD peaks at 0.09 V (much sharper than in the unannealed
surface but here assigned to Rh overlayer on top of either Pt or Pt-rich
PtRh surface alloy) at 0.05 V (a new peak which we ascribe to H UPD
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on Rh-rich alloy due to its proximity to the Rhmultilayer peak potential).
The corresponding CO stripping peaks from the thermally treated cata-
lysts are in line with expectations in that because the electrochemical
oxide phase now forms atmore positive potentials than before, CO oxida-
tion (removal) does not inhibit oxide formation so all CO stripping peaks
fall within the envelope of the highest coverage stripping peak. The peak
potential from the intermixed PtRh phase lies between 0.62 and 0.65 V
depending on CO coverage but clearly lies significantly more negative
in potential than for clean Pt. In the next section, we use XPS to interro-
gate changes in the Rhx/5% Pt/G catalysts when heated in the presence
of flowing hydrogen gas and compare these changes with CV.

3.2.2. XPS characterisation of PtRh phases prepared by heating Rhx/5% Pt/G
Fig. 6 shows XPS data for a Rh4.94/5% Pt/G sample before and after

thermal treatment in flowing 5% H2/95% Ar at 700 K. Comparing the
Rh 3d peaks for both catalysts, it is apparent that a diminution in peak
intensity occurs following annealing consistent with the earlier CV re-
sults highlighted in Fig. 5(b). This behaviour together with the increase
in the magnitudes of the Pt 4f XPS peaks is consistent with diffusion of
Rh into the underlying Pt phase. Further support for intermixing of Rh
and Pt may be obtained from consideration of a small, but reproducible
shift of 0.1 eV to higher binding energies of the 4f Pt XPS peaks upon an-
nealing the Rh adlayer. It should be remembered that no shift in binding
energywas recorded for the unannealed adlayer, irrespective of Rh cov-
erage. Another facet of the thermally treated catalyst is the very low
intensity afforded by the Rh1+ XPS feature after heating compared to
fresh Rh4.94/5% Pt/G. This indicates that the surface is more resistant to
oxidation, i.e. it is more noble (like Pt) in agreement with findings ob-
tained using CV. Hence, it is concluded based on the loss of Rh from
the X-ray photoemission spectrum, the inhibition of surface oxidation
and especially the shift in Pt 4f binding energy that a RhPt alloy phase
has been formed following thermal treatment [5].

3.3. PtRh surface alloy prepared by heating PtxRhyPtz/Pt5/C sandwich
structures

It was demonstrated in Ref. [5] that heating a sandwich structure
containing alternate layers of Pt/Rh/Pt adsorbed on Pt{100} afforded
the most efficient generation of PtRh alloy phases. In what follows, this
procedure is used to generate PtRh alloys having various compositions.

3.3.1. CVs of PtRh surface alloy phases derived from PtxRhyPtz/Pt5/C
sandwich structures

Fig. 7 shows the CVs of a series of PtxRhyPtz/5% Pt/G sandwich struc-
tures that have been thermally annealed at 700 K in hydrogen/argon
with different amounts x, y, and z of Pt and Rh. According to the growth
in the intensity of the electrochemical oxide phase, the amount of Rh in
the surface after annealing varies as follows:

Pt0:38Rh1:91Pt0:38 Að Þ b Pt2:4Rh11Pt2:4 Bð Þ b Pt1Rh11Pt1 Cð Þ b Pt0:38Rh8Pt0:38 Dð Þ



0.0 0.2 0.4 0.6 0.8

-300

-200

-100

0

100

200

 Pt0.38Rh1.91Pt0.38/5% Pt/G

 Pt0.38Rh8Pt0.38/5% Pt/G
 Pt2.4Rh11Pt2.4/5% Pt/G
 Pt1 Rh11 Pt1/5% Pt/G
 5% Pt/G

C
ur

re
nt

 / 
m

A
.g

-1

Potential/V vs Pd/H

Fig. 7. CVs of PtxRhyPtz/5% Pt/G sandwich-like catalysts annealed at 700 K in H2/Ar where
x, y and z are amounts of Rh or Pt in monolayer equivalents. The continuous line corre-
sponds to 5% Pt/G. Electrolyte solution: 0.5 M H2SO4. Sweep rate: 10 mV·s−1.

335 330 325 320 315 310 305 300

 a. Pt0.38Rh1.91Pt0.38/5% Pt/G

 b. Pt0.38Rh8Pt0.38/5% Pt/G

 c. Pt2.4Rh11Pt2.4/5% Pt/G

 d. Pt1Rh11Pt1/5% Pt/G

In
te

ns
ity

/a
.u

.

Binding Energy/eV

a

Rh(0)3d
5/2

307.2

Rh3d
3/2

312

Rh(I)3d
5/2

308.3

Pt4d
5/2

314.7
Pt 4d

3/2

331.7

b
c
d

a) Rh 3d and Pt4d

80 78 76 74 72 70 68

 5% Pt/G
 a. Pt0.38Rh8Pt0.38/5% Pt/G

 b. Pt0.38Rh1.91Pt0.38/5% Pt/G

 c. Pt1Rh11Pt1/5% Pt/G

 d. Pt2.4Rh11Pt2.4/5% Pt/G

Binding Energy / eV

In
te

ns
ity

 / 
a.

u.

74.65
74.45

71.33
71.13

a

d

a

d

b)

Fig. 8. X-ray photoelectron spectra of (a)—Rh 3d and (b)—Pt 4f regions for catalysts
derived from heating sandwich-like deposits of PtxRhyPtz at 700 K in 5% H2/Ar.

264 L. Fang et al. / Surface Science 631 (2015) 258–266
where A–D is used as a shorthand for the different bimetallic phases
formed.

It is noteworthy that in comparison with simple Rh overlayers, the
electrochemical oxide region exhibits both a lower overall magnitude
and the onset of oxidation takes place at more positive potentials.
Both of these aspects suggest that surface alloys have been produced
since the surface of the electrode now resists surface electrochemical
oxidation. However, it is when detailed analysis of changes in the H
UPD region is undertaken that it becomes apparent that electrosorption
peaks characteristic of neither clean Pt nor Rh adlayers are now
observed. For example, for alloy A, although ostensibly very similar to
the 5% Pt/G CV profile, subtle shifts to more negative potentials in
both of the Pt step peaks at approximately 0.05 and 0.2 V indicate the
presence of Rh. For alloys B–D, the H UPD region between 0 and 0.1 V
corresponds to Rh rich phases. As found in Fig. 5, two peaks are ob-
served, one very narrow situated at 0.09 V reminiscent of excess Rh
adlayer bonded to Pt and a slightly broader peak at more negative po-
tentials (0.05 V) that we ascribe to a Rh-rich alloy phase. Between 0.1
V and 0.2 V is seen a very broad H UPD region that should be associated
(by virtue of its potential range) with Pt rich sites. Therefore we ascribe
this potential range to Pt-rich PtRh alloy phase. According to CV, this
range of potential is most intense for alloy B and this is consistent
with using the highest amount of Pt in the sandwich structure (2.4
monolayer equivalents in each layer). In fact the ratio of Pt/Rh in
terms of equivalent monolayers laid down for catalysts A–D is 0.4,
0.44, 0.1818 and 0.095 respectively and so it is interesting to compare
this broad “prediction” of changes in the ratio of Pt/Rh and the actual
experimental results. Clearly catalyst A is largely a Pt like surface so
most of the Rh has diffused into the bulk. Yet for catalysts B–D, the
trend in the ratio of Pt/Rh predicted above agrees well with the se-
quence of decreasing Pt-rich alloy H UPD charge between 0.1 and 0.2
V and increasing magnitude of the H UPD peak associated with the
Rh-rich alloy phase at 0.05 V going from B to D.

3.3.2. XPS characterisation of PtRh surface alloys derived from PtxRhyPtz/5%
Pt/G sandwich structures

In Fig. 8, both the ratio of peak intensities between the Pt 4d5/2 and
the Rh 3d3/2 XPS peaks and the relative decrease in 4f intensity indicate
that the amount of Rh in the surface follows the order (using the same
‘shorthand’ nomenclature above for each of PtxRhyPtz sandwich struc-
tures above) A b B b C b D. This is in exact agreement with predictions
made using CV and the ratio of Pt/Rh comprising the sandwich struc-
ture. A remarkable result is clearly observed whereby the Rh1+ 3d5/2
peak at 308.3 eV is hardly visible for any of the heated sandwich struc-
tures. Rather, the surface of the metal particles consists almost entirely
of Rh in its zero oxidation state as revealed by the relative magnitude
(compared to the 308.3 eV signal) of the 307.2 eV Rh 3d5/2 peak. This
again confirms that the rhodium–platinum selvedge region is much
more resistant to oxidation once annealed (as found also with CV anal-
ysis). In a paper by Somorjai et al. [48], XPS was used to analyse the
composition of a series of well-defined PtRh alloy nanoparticles. Using
their data and calibration curve whilst observing changes in the relative
intensities of the Pt 4d, Rh 3d and Pt 4f XPS peaks as a function of com-
position, we find that our alloy compositions are approximately:

A 10%Rhð Þ b B 30%Rhð Þ b C 40%Rhð Þ bD 50%Rhð Þ:

This evaluation of alloy composition has to be taken with some caution
however because the calibration work upon which composition deter-
mination was based assumed a homogeneous distribution of Pt and
Rh in the non-thermally equilibrated nanoparticle alloy whereas in
our case, it may be that some heterogeneity in the selvedge region asso-
ciatedwith preferential segregation of one or other component is occur-
ring [49]. Pt 4f3/2 and Pt 4f5/2 peaks are seen to shift to approximately
0.2 eV higher binding energies for two of the sandwich structures,
namely Pt1Rh11Pt1 (C) and Pt2.4Rh11Pt2.4 (B) suggesting an alloy has
formed here sufficient to perturb themajority of Pt atoms in the selvedge
away from their pure Pt binding energy values. This finding would sup-
port our contention that the H UPD electrosorption charge between 0.1
and 0.2 V discussed in Fig. 7 is consistent with a Pt-rich PtRh surface
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alloy phase. It is interesting however that both the Pt0.38Rh1.91Pt0.38
(A) and Pt0.38Rh8Pt0.38 (D) bimetallic surfaces show no shift in Pt 4f
binding energy. Both show the weakest H UPD charge contribution be-
tween 0.1 and 0.2 V in their CV suggesting that the BE shift is associated
only with a Pt-rich PtRh alloy phase.

3.3.3. CO stripping on PtRh surface alloys derived from PtxRhyPtz/5% Pt/G
sandwich structures

As discussed in Section 3.2.1, CO electrooxidation on PtRh surface al-
loys displays quite different stripping peak behaviour compared with
simple Rh adlayers due to variations in their propensity to form electro-
chemical oxides. After heating PtxRhyPtz sandwich structure deposits in
5% H2/Ar at 700 K for 4 h, CO electrooxidation behaviour is consistent
with the presence of more oxide resistant adsorption sites as shown in
Fig. 9(a, b, c and d) for Pt0.38Rh1.91Pt0.38/5% Pt/G, Pt0.38Rh1.85Pt0.38/5%
Pt/G, Pt2.4Rh11Pt2.4/5% Pt/G and Pt1Rh11Pt1/5% Pt/G, respectively.

A close inspection of the CV results (Fig. 9) reveals that the most
negative shift from the clean Pt value of the CO stripping peak corre-
sponds to the two Pt-rich surface alloy phases Pt1Rh11 Pt1/5% Pt/G and
Pt2.4Rh11P.2.4/5% Pt/G with the former being the most active with a
potential centred at 0.59 V some 120 mV lower than clean Pt. In addi-
tion, the onset of CO electrooxidation on both of these bimetallic sur-
faces is found to be approximately 0.25–0.3 V which is much lower
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than for any of the Rh overlayers discussed in Fig. 4 and suggests a useful
role for such alloys as CO-tolerant alloys for use as fuel cell anodes.
These findings are in accord with previous measurements of CO
electrooxidation on PtRh{100} surface alloys [5].

4. Conclusion

CV and XPS have been used to study novel bimetallic RhPt phases
supported on 5% Pt/G. For freshly prepared Rh adlayers, both CV and
XPS characterisations show that Rh does not grow in a simple layer by
layer fashion. Rather, the second and subsequent Rh monolayers com-
mence growing before first Rh monolayer is complete. It is concluded
that preferential deposition of aqueous Rh3+ ions on platinum takes
place compared to graphite when hydrogen is used as the reducing
agent. For CO monolayer electrooxidation experiments on Rh adlayers
as a function of increasing CO dosing, both CO onset potential and
peak potential shift to more positive values whilst the leading edges
of the stripping peaks do not overlap. At highest Rh loadings, CO
electrooxidation gives rise to two independent CO oxidation peaks,
one at more positive potential for CO oxidation on first monolayer Rh
and one atmore negative potential onRhmultilayers on Pt. PtRh surface
alloys formed by heating Rhx/5% Pt/G catalysts in 5% H2/Ar at 700 K dis-
play a remarkably different CO electrooxidation response compared to
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fresh Rh deposits in that all CO stripping peaks, irrespective of CO cover-
age, lie within the stripping envelope defined by the maximum CO
coverage.

It has also been shown that PtRh surface alloys may be prepared by
heating either the fresh Rh adlayer deposit or a sandwich structure
consisting of alternate Pt/Rh/Pt layers in hydrogen. The presence of a
PtRh alloy was deduced using CV and XPS and in particular, the Pt rich
bimetallic phase resulted in a small but reproducible binding energy
shift to larger values in the Pt 4f XPS peaks. Alloys that gave rise
to this binding energy shift also proved to be the most active for CO
electrooxidation. A nominal optimal alloy composition between 30
and 40% appears best for electrocatalytic oxidation of COusing a calibra-
tion curve first published in Ref. [48]. The results are consistent with
those obtained for PtRh{100} and previously reported [5].

Future studies will employ still higher Rh loadings since single crys-
tal studies indicate a potential electrooxidation capability of surface
PtRh alloys (upon which are deposited Rh islands) as low as 0.45 V
Pd/H, comparable with certain Ru alloys. More importantly, Rh is less
susceptible to leaching than Ru.
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