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’ INTRODUCTION

Direct methanol fuel cells (DMFCs) are currently the subject
of extensive interest due to their promise as high efficiency power
sources free of the problems of hydrogen storage and transport.1�3

However, one of the limiting factors for DMFCs currently in
development is the rate of methanol oxidation reaction (MOR)
at the anode. Pt is currently the catalyst of choice for MOR in
acidic media, although the two primary drawbacks of platinum,
its high cost and low poisoning resistance, have yet to be
completelymitigated. Therefore, one of themain goals of catalyst
development for DMFCs is to modify the Pt catalyst in order to
decrease its cost while increasing robustness and efficiency.4�6

Surface area and electronic conductivity can be increased in order
to achieve this goal.7,8 Additionally, attempts have been made to
decrease the amount of Pt required through the use of mono-
layer/submonolayer Pt catalyst films.9,10 Finally, attempts to
develop bimetallic Pt compounds in order to reduce Pt loading
while increasing poisoning resistance have been reported for
systems such as Pt�Ru11,12 and Pt�Au.1,13�15

Methanol electro-oxidation, the reaction central to the direct
methanol fuel cells (DMFCs), exhibits difficulties when per-
formed onmonometallic Pt catalysts because of poisoning effects
caused by adsorption of intermediates such as carbon monoxide
(CO) produced during the multistep reaction process. These
surface poisons can be difficult to remove at low temperatures,
leading to a catalyst surface that is inactive towards the MOR
until specialized poison removal steps are undertaken. This
phenomenon is one of the primary causes of performance loss

from the Pt-catalyzed DMFC system. This problem has recently
been addressed by the addition of an oxophilic metal alloyed with
the Pt catalyst to enhance its CO tolerance. The increased
tolerance is generally accepted to arise from the increased
presence of OH� groups on the alloy surface as compared that
of the monometallic Pt surface, leading to a decrease in potential
required to oxidatively remove CO from the surface. Ru is the
most frequently employed oxophilic metal used in this role, but it
suffers from poor electrochemical stability.3,11 Recently, alloying
of Pt with Au has been shown to be of interest due to the strong
electronic interaction between Pt and Au and the possible slight
expansion in the lattice parameter.16 It is also well known that Au
also has a stabilizing effect on Pt even under high oxidizing
conditions and thus can suppress Pt dissolution during MOR,
resulting in improved durability of the Pt�Au catalysts.14,17

These properties have led to investigation into the catalytic
activity of Pt upon Au-alloying, which may promote the metha-
nol oxidation reaction (MOR).1,18

This paper focuses on determining the ultimate low-loading
limit of Pt and the effect of the near-surface architecture on the
electro-catalytic performance as dictated by the low-dimensional
atomic/electronic structure of Pt atoms. We explore the effect of
the Au�carbon fiber paper (CFP) morphology on the structural
and chemical properties of Pt catalyst films and determining how
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ABSTRACT: Pt monolayers were grown by surface-limited redox replacement
(SLRR) on two types of Au nanostructures. The Au nanostructures were
fabricated electrochemically on carbon fiber paper (CFP) by either potentiostatic
deposition (PSD) or potential square wave deposition (PSWD). The morphol-
ogy of the Au/CFP heterostructures, examined using scanning electron micro-
scopy (SEM), was found to depend on the type of Au growth method employed.
The properties of the Pt deposit, as studied using X-ray photoelectron spectros-
copy (XPS), X-ray absorption spectroscopy (XAS), and cyclic voltammetry
(CV), were found to depend strongly on the morphology of the support.
Specifically, it was found that smaller Au morphologies led to a higher degree of
cationicity in the resulting Pt deposit, with Pt4+ and Pt2+ species being identified
using XPS and XAS. For fuel-cell catalysts, the resistance of ultrathin catalyst
deposits to surface area loss through dissolution, poisoning, and agglomeration is
critical. This study shows that an equivalent of two monolayers (ML) is the low-loading limit of Pt on Au. At 1 ML or below, the Pt
film decreases in activity and durability very rapidly due to presence of cationic Pt.
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changes in these properties influence the electrochemical per-
formance and durability of the catalyst architecture as a whole.

In this study, the ultrathin platinum overlayers were prepared
on two types of Au structures grown onCFP. A series ofmicro-scale
Au nuclei were grown using potentiostatic deposition (PSD) for
one series of samples, while the second series of samples, featuring
nanoscale Au particles, employed potential square-wave deposi-
tion (PSWD). Layer-by-layer Pt growth on the Au�CFP surface
was conducted by surface limited redox replacement (SLRR), by
which Pt replacement of an underpotentially deposited (UPD)
Cu adlayer resulted in a submonolayer-equivalent of deposited
Pt. This growthmethod not only greatly reduces the Pt loading as
compared to bulk potentiostatic or galvanostatic Pt growth but
also provides high dispersion of Pt which is very critical to obtain-
ing high electroactivity and power density for DMFC systems.
SLRR is a very versatile technique in that it can be performed
with a variety of different metals as sacrificial layers, including
UPD Pb or overpotentially grown Ni.9,19,20 For this work, the
authors have elected to employ Cu UPD to fabricate the
sacrificial layer, as it is less toxic than Pb and has also been more
widely employed by other researchers for Pt SLRR fabrication.
Furthermore, a large body of fundamental work has been
published on SLRR of Cu.21,22

The SLRR process, which relies on the difference in reduction
potentials between Cu and Pt to use Cu as a reducing agent for
Pt, is traditionally assumed to follow the stoichiometry outlined
in eqs 1 and 2 but is currently under investigation to determine if
this stoichiometry is accurate.23,24

Cu2þ þ 2e� f Cu ð1Þ

Pt4þ þ 2Cu f Pt þ 2Cu2þ ð2Þ
While eqs 1 and 2 outline the most commonly accepted

reaction pathway for Pt SLRR, it will be shown here that eq 2 is
not always accurate for the reduction of cationic Pt species and

that sometimes Pt is deposited in cationic, or oxidized, form.
Furthermore, we show in this work that the propensity for
cationic Pt formation depends on the number of monolayers
of Pt and on the underlying Au morphology.

CFP supports were chosen due to their affordability, high
surface area, and efficiency as current collectors for fuel cells. Au
nanostructures were electrodeposited on the CFP directly. The
direct use of CFP as opposed to graphite coated on CFP leads to
improved electrical conductivity and stability.25 Using CFP, we
can also exclude the presence of organic binder agents and other
nonconductive materials while efficiently preventing the aggre-
gation of nanoparticles.8,26 It will be shown that the morphology
of the Au�CFP structure as substrate for the ultrathin Pt layers
can be well controlled by tuning the deposition parameters. It will
also be shown that these changes in the Au morphology are
integral to the surface chemical state as measured by X-ray
photoelectron spectroscopy (XPS), atomic structure as mea-
sured by X-ray absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES), electrochemical per-
formance, and stability of the ultrathin Pt catalyst.

’EXPERIMENTAL SECTION

In all cases, deionized water from a Barnstead NanoPure system (18.2
MΩ) was used. Chemicals were purchased from Sigma-Aldrich and Alfa
Aesar. Commercially available CFP was used directly for all substrates.
Reference electrodes were Ag/AgCl electrodes, and all potentials are
reported relative to Ag/AgCl. Pt wire was used for all auxiliary elec-
trodes. All electrodeposition and galvanic replacement reactions were
conducted at room temperature in glass cells. All solutions were
deaerated by bubbling with ultrahigh purity dry nitrogen before the
chemical processes.

Prior to usage, the CFP electrodes were cleaned by cyclic voltam-
metry (CV) at 50mV/S in a 0.5MH2SO4 solution. The Aumodification
was performed by either PSD at 0 V for 30 minutes or by PSWD
alternating between 0 V and 0.6 V in 2.5 mM AuCl3 solution. The
resulting Au�CFP structures were cleaned and activated by cycling the

Figure 1. Voltage�time and current�time transients for fabrication of Au�CFP electrodes by (a) PSD and (b) PSWD methods. Typical Cu UPD
voltammetry (c) employed for SLRR modification of Au�CFP with Pt.
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potential between 0 and 1.5 V in 0.5 M H2SO4 solution until a stable
voltammogram was obtained.
The Cu UPD on Au/CFPs was performed in 50 mM H2SO4

containing 10 mM CuSO4. Pt replacement was conducted in deaerated
1 mM H2PtCl6 for a minimum of 5 min. Scanning electron microscopy
(SEM) was conducted in a Hitachi VP-SEM systerm, while X-ray
photoelectron spectroscopy (XPS) was performed in Thermo K-Alpha
system. The CV data were collected using a Solartron 1287 potentiostat
and a Pine WaveNano potentiostat. EXAFS and XANES data were
collected at beamlines X18B and X23A2 at the National Synchrotron
Light Source, Brookhaven National Laboratory.

’RESULTS AND DISCUSSION

1. Electrode Fabrication.Modification of the CFP electrodes
with Au nuclei of varying sizes was conducted by electrodeposi-
tion using 30 minutes of either PSD at 0 V or PSWD alternating
between 0 V and 0.6 V. The voltage waveforms and current�
time transients for the initial time period of both deposition
methods can be seen in Figure 1a,b, respectively. It can be seen
for the PSD curve that the electrodeposition current drops off
markedly in a short period of time. It is worth noting in the
PSWD curve that the electrodeposition current is renewed with
each current pulse, indicating that the desired effect of replenish-
ing the depletion zone around the electrode was achieved.
After preparation of the Au�CFP electrodes, the resulting Au

surfaces were modified by iterative growth of submonolayer cover-
ages of Pt grown via SLRR of Cu UPD films. This modification is
illustrated in Scheme 1. The Cu UPD process was conducted by
sweep voltammetry in which a bulk deposit of Cu was grown,
then stripped, leaving behind only the UPD partial monolayer. A
representative voltammogram of the Cu UPD process is shown
in Figure 1c, by which the bulk deposition and stripping process
can be seen. By stopping the voltage sweep at a potential between
the bulk removal and the UPD removal features in the positive-
going sweep, the surface coverage of the CuUPD layer on Auwas
specified to 0.67 monolayers (ML). This value is obtained from
previous STM studies for Cu UPD on pure Au electrodes.27 The
bulk-stripping method has the advantage of providing a cohesive
UPD deposit as well as ensuring that no overpotentially depos-
ited Cu remains on the CFP surface.
As a result of the SLRR process, Pt is nominally deposited on

the Au surface in a 1:2 Pt/Cu ratio. This ratio arises from the ratio
of the valencies of the solvated species (Pt4+ and Cu2+). As a
result, each iteration of Pt replacing 2/3 ML Cu nominally yields
1/3 ML-equivalent (ML-EQ) of Pt. Thus, one replacement

iteration is denoted 0.3 ML-EQ, while 3 growth iterations would
be denoted 1 ML-EQ.
2. Characterization. a. SEM.Themorphologies of the Au�CFP

and Pt�Au�CFP nanostructures were characterized by scan-
ning electron microscopy (SEM). It was found that there is
no appreciable difference detectable in SEM imaging between
the Au�CFP and Pt�Au�CFP electrodes. This is to be
expected due to the extremely small scale of the Pt deposition
being conducted. Thus, only the images of Au�CFP prior to Pt
deposition are shown in Figure 2. For PSD at 0 V, the Au deposit
takes on the morphology of nanoneedles aggregated into large
urchin-like clusters with an average diameter of several micro-
meters (Figure 2a).
It was found that, for the PSWD-grown Au (Figure 2b), there

are two types of Au nanostructure coexisting on the CFP surface.
First, the urchin-like structures noted earlier are once again
present, this time smaller in size. In addition to these larger
structures, we see the addition of highly dispersed Au nanopar-
ticles with sizes in the tens of nanometers as a result of the PSWD

Scheme 1. Representative Schema Demonstrating (a) Metallic Pt Growth on Carbon Paper Containing Large Au Structures and
(b) Oxidic Pt Growth on Carbon Paper with Smaller Au Structures

Figure 2. SEM images of the Au�CFP electrodes: (a) PSD at 0 V for 30
min; (b) PSWD for 30 min.
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treatment. These particles are seen to coat the remainder of the
exposed CFP. This type of morphological difference between the
two growth modes is to be expected based on a simple model for
diffusion-limited nucleation and growth. Here, we make the
reasonable assumption of diffusion-limited growth (that is, the
rate-limiting step for Au3+ f Au is the arrival of solution-phase
Au3+ at the CFP surface). During the PSD growth step, a
depletion zone of Au3+ in the solution is formed after initial Au
nuclei formation. Once this zone is formed, the arrival of further
Au3+ ions to the Au�CFP surface will occur primarily at the
nucleated Au nanoneedles, since they protrude into the depletion
zone further than the (locally flat) CFP surface. This leads to
large needle-like structures extending from initial Au nucleation
sites, which also leads to increased electric fields near the surface
sites. On the other hand, if we perform a pulsed deposition such
as that used for the PSWD samples, we allow this depletion zone
to repopulate with solution-phase Au3+ during the pulse relaxa-
tion, such that new nuclei formation, rather than existing nuclei
growth, is the primary reaction during the subsequent voltage
pulse.
b. CV. In addition to morphological characterization using

SEM, the surface coverage of Pt on the Au deposits was examined
by CV in acidic media and comparison of the relative currents
associated with Au or Pt surface oxide reduction. Figure 3 shows
CV curves for Au�CFP with and without varying coverages of
Pt. The CV presented here were recorded in 0.5M H2SO4 at
20 mV/s. By examining the decrease in the Au reduction feature
at 1.0 V with increased deposition iterations, we can track the
amount of Au surface area lost due to masking by Pt deposits.
Similarly, increases in Pt surface area can be tracked by studying
the Pt oxide reduction feature near 0.47 V or the hydrogen
adsorption/desorption curves in the 0 V region of the voltam-
mograms. It can clearly be seen that, with increasing amounts of
Pt, the Pt surface area increases at the expense of the Au surface
area, indicating that Pt deposition at Au sites is dominant. This
method of tracking Pt coverage on Au has been employed
successfully in the past.28,29

c. X-ray Photoelectron Spectroscopy. XPS analysis was em-
ployed to determine the oxidation state of the platinum. The Pt
4f photoemission region for Pt catalysts grown by SLRR on PSD
and PSWDAu�CFP is presented in Figure 4a�c, and the results
after peak fitting are summarized in Table 1. A representative plot
of the peak-fitting performed is shown in Figure 4d, and a
comparison of the Pt4f/Au4f ratio (Au4f spectra not shown) is

plotted in Figure 4e as a means to track the total Pt content. The
Pt4f photoemission exhibits a spin-orbit-split doublet, with two
peaks (4f7/2,5/2) exhibiting a known spacing of 3.3 eV. In this
case, three pairs of peaks were observed in the Pt4f region. This
indicated the presence of three types of Pt in differing oxidation
states. Each pair of peaks has a similar full-width at half-maximum
(FWHM) and a separation of 3.3 eV as expected. The peaks
located at 71.19 and 74.49 eV are undoubtedly due to Pt0, which
is found to be the predominant species inmost Pt catalysts.30 The
features located at 72.46 and 75.76 eV are due to Pt2+, and the last
pair at 74.67 and 77.97 eV originate from Pt4+ species.1,3 The
percentage of Pt0, Pt2+, and Pt4+ for Pt on Au�CFP grown by
PSD and by PSWD are summarized in Table 1. While the
oxidation states for the PSD and PSWD samples are virtually
identical for 0.3 ML-EQ of Pt on Au, the Pt4+ state disappeared
completely after 1 ML-EQ of Pt deposition for the PSD-grown
Au�CFP supports. In comparison, some Pt4+ species remained
present in the film for all iteration numbers of Pt on PSWD-
grown Au�CFP.
Even though the percentages of Pt4+ decrease along with the

Pt thickness for both sets of samples, the rate of this decrease is
much lower for the PSWD series than for the PSD series.
Although the optimum ratio of these three states is unclear, it
is clear from the literature that the existence of Pt oxides in
catalysis plays a significant role in performance.9,26 Thus, it is of
critical importance that the influence of support particle size be
considered when growing ultrathin noble metal deposits for
application. On the basis of the evidence for cationic Pt forma-
tion, we present here an alternate reaction pathway to eq 2.

Pt4þ þ 2Cu þ L� f xPt þ y½Pt2þð2=δÞL�δ�

þ ð1� x� yÞ½Pt4þð4=δÞL�δ� þ ð2� yÞCu2þ ð3Þ

eq 3 indicates the coexistence Pt0, Pt4+, and Pt 2+ species on
the surface, coordinated with an as-yet unidenfitied anionic
ligand L�δ. We will see in later sections that the use of EXAFS
analysis allows us to tentatively identify this complexing ligand
species based on interatomic bond lengths measured for the
cationic Pt. The determination of a new reaction mechanism for
the growth of SLRR layers is not unheard of; in fact, a recent
study by Brankovic et al. has shown that anionic species such as
Cl� may act as complexing agents with the dissolving Cu,
resulting in only partial oxidation of the Cu adlayer leading to

Figure 3. (a) PSD and (b) PSWD: cyclic voltammograms (CVs) of Pt�Au�CFP electrodes in 0.5MH2SO4 solutionwith a potential scan speed of 20mV/s.
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a 1:4 Pt/Cu replacement ratio.22 While the previous work by
Brankovic et al. focused on the effects of complexing anionic
species interacting with the dissolving UPD layer, it is apparent
from the XPS data presented here that these anionic species may
also incorporate themselves into the deposited Pt layer leading to
incomplete reduction of the Pt species. The possibility of co-
existence of the effect reported here in addition to the effect
reported by Brankovic merits further investigation, but a direct
comparison between the two studies cannot be made at this
moment due to slight differences in bath composition and
growth protocols.
A possible explanation of the Pt oxidation state change,

whereby this effect was caused by partial oxidation of the Au
particles grown by the PSWD method, was disproved by XPS
analysis of the Au 4f photoemission (not shown), which

indicated that the Au deposits were metallic. This leaves two
alternative effects that could be responsible for this phenomenon,
the existence of a size-dependent effect in the Pt�Cu replace-
ment reaction and/or the influence of Au�CFP boundary sites
on the Pt4+ reduction reaction. The fact that the 0.3 ML-EQ
deposits are virtually identical for both series of samples seems to
suggest that the size effect is more likely, as the difference in size
would only become an issue once near-full coverage of Pt on Au
was reached.
In addition to quantifying the portion of Pt present by valence

state, it was possible to quantify the overall amount of Pt present
on the surface relative to the Au support. By analyzing the peak
area ratios of the Pt4f and Au4f photoemissions, a relative
quantification of the Pt deposit can be achieved. These peak
area ratios are shown as a function of Pt coverage in Figure 4e.

Figure 4. Pt4f XPS for Pt�SLRR on Au�CFP grown by PSD and PSWD. (a) 0.3ML-EQ, (b) 1ML-EQ, (c) 2ML-EQ. (d) Representative peak-fitting
of the PSWD 2 ML-EQ curve. (e) Plot of the Pt/Au peak ratios resulting from peak-fitting of Pt and Au 4f features.

Table 1. Binding Energy (BE) and Relative Intensities for Pt 4f Photoemissionsa

peak area percentage

binding energy (eV) PSD PSWD

Pt species 4f7/2 4f5/2 0.3 ML-EQ 1 ML-EQ 2 ML-EQ 0.3 ML-EQ 1 ML-EQ 2 ML-EQ

Pt0 71.19 74.49 10.2 65.7 65.1 9.8 55 48.7

Pt2+ 72.46 75.76 14.5 34.3 34.9 15.3 15.6 17.9

Pt4+ 74.67 77.97 75.3 0 0 74.9 29.4 33.4
a Estimated error in peak-fitted areas is +/� 5%. The resolution for binding energy measurements here is estimated to be 0.3 eV.
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For both groups of catalysts, the relative intensity of Pt compared
to Au increases along with increasing replacement iterations, as
expected.
d. X-ray Absorption Measurements. In order to better under-

stand the phenomenon of cationic Pt formation, EXAFS and
XANES studies of the Pt�Au�CFP electrodes were conducted
to investigate the local atomic structure and d-band occupancy of
the Pt film, respectively. Figure 5 presents the EXAFS data for
both the PSD and PSWD series of samples along with reference
data, while Figure 6 presents the XANES data.
In Figure 5, we see the r-space spectra, which are proportional

to the radial distribution function around an average Pt atom.
The EXAFS data allow us to analyze the immediate atomic
vicinity of the Pt atoms within the Pt film. By comparison of the
location of the first peak with the reference spectra, we can begin

to identify the type of bonding present around the average Pt
atom. It is clear from examination of the reference spectra that
Pt�Pt metallic bonding exhibits a peak near 2.2 Å, while the
Pt�Cl and Pt�O bonds show significantly shorter bond lengths
(1.9 Å and 1.7 Å, respectively). It is important to note that
backscattering phase shifts have not been corrected for this
analysis in either the sample spectra or the reference spectra.
This allows for meaningful comparison between the reference
and sample, although exact determination of bond length is not
achieved. It is clear that the 0.3 ML-EQ curves for both sets of
samples in Figure 5 exhibits bond lengths characteristic of Pt�O,
with a first coordination shell at 1.7 Å lining up nearly exactly with
the reference spectra for PtO2.We see a small shift in the location
of the first coordination shell for 0.3 ML-EQ on PSD compared
with 0.3 ML-EQ on PSWD, which suggests that the Pt�O sur-
face lattice exhibits some small amount of strain-induced distortion.
When examining the 1ML-EQ and 2ML-EQ films in Figure 5,

we see that each film exhibits two coexisting components of the
first neighbor shell; one located at 1.7 Å, and one located at 2.2 Å.
This holds true for both the PSD and PSWD series of curves and
indicates a mixed oxide-metallic structure, with the addition of
metallic species upon increased deposition iterations appearing
as increased intensity at 2.2 Å. It is worth noting that by the time 2
ML-EQ of Pt on PSD-grown Au�CFP has been reached, the
metallic Pt�Pt contribution at 2.2 Å is noticeably larger than the
Pt�O at 1.7 Å. In contrast to this, the Pt�Pt contribution for the
same 2 ML-EQ PSWD sample is significantly weaker than its
corresponding Pt�O contribution. This confirms the finding in
XPS that indicated that the PSWD samples had increased oxide
content compared to the PSD samples. Furthermore, we are able
to tentatively identify the complexing ligand for the cationic Pt
surface oxides as oxygen based on these bond lengths. Thus, it is
possible to revise eq 3:

3Pt4þðaqÞ þ 3CuðadsÞ þ 3O2�
ðaqÞ f PtðadsÞ

þ PtO2ðIVÞðadsÞ þ PtOðIIÞðadsÞ þ 3Cu2þðaqÞ ð4Þ

Note that eq 4 still indicates the presence of Pt of all three
valencies observed in XPS and that the ratio of the two species is
difficult to determine using EXAFS data. One final point to
address in the EXAFS data analysis is the question of why the
metal/oxide ratio appears higher in XPS than in EXAFS. This
discrepancy results from the ordering dependence of the r-space
EXAFS data.While XPS is only sensitive to the chemical bonding
and the raw amounts of a given Pt species, EXAFS features will
become more intense as a given phase increases in local ordering.
Since we observe higher ratios of cationic species to metallic
species in EXAFS than we do in XPS, we can conclude that the
cationic/oxidic phases formed by the Pt SLRR process are more
ordered than the metallic phases.
In the XANES spectra in Figure 6, we see a series of plots for

reference spectra and Pt SLRR on PSD and PSWD samples. By
tracking the intensity of the white line absorption, which is
proportional to the density of unoccupied d-band states in the
material, we find another marker for the oxidic character of the
Pt film. Since oxides tend to display more intense white line
resonances (because of the d-state holes), we expect the thinner
Pt deposits to exhibit large peaks in R than the thicker Pt
deposits. This trend is found to hold true exactly for the PSD
series of samples, with each successive increase in Pt deposit
thickness leading to a further decrease in XANES white-line

Figure 5. EXAFS spectra for reference compounds, PSD, and PSWD
samples. Vertical lines mark the location of first-neighbors for reference
PtO2 and PtCl, and arrows mark the location of common features
between the metal foil reference and the metallic components of the
Pt films.

Figure 6. XANES spectra for the SLRR-fabricated samples and refer-
ence compounds. Reference spectra are shown for both PSD and PSWD
series.
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intensity. However, if we examine the PSWD series of samples,
we see that while the 1ML-EQ sample shows a weaker white-line
intensity than the 0.3 ML-EQ sample (indicative of reduced
cationic content); the 2 ML-EQ sample is virtually identical to
the 1 ML-EQ sample. This observation serves as a third inde-
pendent confirmation of the result initially found in XPS: that the
PSWD series of samples exhibits a marked increase in cationic
Pt content compared to the PSD series of samples, particularly
for Pt deposits of 2 ML-EQ.
A second important observation of the XANES spectra is

found by comparison of the PSD 0.3 ML-EQ curve with the
PSWD 0.3 ML-EQ curve. Compared to the PtO2 reference,
which is the same in both sets of spectra, the PSD 0.3 ML-EQ
sample exhibits a more intense white line than the PSWD sample
of similar coverage. This difference suggests that some degree of
electron donation from the PSWD Au substrate is leading to
decreased d-band vacancies in the Pt film. This is congruent with
the smaller deposits arising from the PSWD fabrication process,
which should exhibit a higher degree of Au�Pt interaction due to
their higherAu surface/volume ratios compared to thePSDdeposits.
3. Methanol Electro-oxidation. In order to test the electro-

catalytic activity of the electrodes for MOR, samples were cycled
from 0 to 1.0 V up to 300 times in 0.5M CH3OH + 0.5MH2SO4.
This data is presented in Figure 7, with plots a and c showing
maximum peak currents for different SLRR treatments of the
PSD and PSWD-grown Au�CFP electrodes, respectively. Plots
b and d of Figure 7 show the decay in methanol oxidation current
over multiple cycles, in both cases for 2ML-EQ of Pt on PSD and
PSWD samples, respectively. This type of multi-cycle oxidation
test allows for relatively simple characterization of catalyst
deactivation processes arising from poisoning or Pt dissolution.
By tracking the peak oxidation current for any given cycle, a
measure of the remaining electrochemically active Pt surface area
can be obtained. Since Au does not appreciably catalyze the
MOR compared to Pt, the entire oxidation current (and corre-
sponding decreases in that current) can be ascribed to Pt sites. At

the same time, since the MOR does not provide a method for
testing for re-exposure of Au sites, it is difficult to determine
whether the decreases in Pt oxidation current presented here
arise from poisoning, agglomeration, or corrosion effects. Even
though this determination cannot be performed exactly, we
suggest that the majority of Pt current loss is due to Pt agglom-
eration and removal effects, since the surface poisons created
during methanol electro-oxidation should be desorbed during
the low-potential segment of each oxidation cycle.
All Pt�Au�CFP electrodes exhibited some degree of cleaning

phase at the beginning of MOR cycling, during which the peak
currents increased until reaching a maximum before decreasing
once again. These cleaning stages are omitted from the plots
here, with the initial cycle being ascribed to the maximum
oxidation current observed. Increases in methanol oxidation
currents are apparent from 0.3 ML-EQ coverage to 2 ML-EQ
coverage in both groups of catalysts. The peak currents of the 1
ML-EQ (3 iterations) and 2ML-EQ (6 iterations) catalysts are 3
and 6 times as high as the 0.3 ML-EQ (1 iteration) catalyst,
respectively. This indicates that the thicker deposits (which
exhibited more metallic-type behavior in XPS and X-ray absorp-
tion spectroscopy (XAS)) are in all cases more active for the
MOR than the thinner deposits. While some portion of the effect
may be attributable to increases in total Pt surface area, the
oxidation state of the Pt film also make a definite contribution to
the activity towards the MOR. This contribution can be seen by
comparing maximum currents exhibited in Figure 7a with those
in Figure 7c. It is apparent from direct comparison that the PSD-
grown Au support leads to higher MOR currents than the
PSWD-grown support. In the absence of any concerns regarding
cationic Pt, one would expect the nanostructured architecture
arising from PSWD growth to exhibit larger surface area than the
micrometer-scale architecture arising from PSD growth. Thus,
we can attribute the decrease in activity shown by the PSWD
samples to the increased cationicity already observed in XPS
and XAS.

Figure 7. CV in 0.5MH2SO4 + 0.5MCH3OH at 50mV/s for Pt SLRR grown on Au�CFP electrodes. (a) First cycle voltammetry for PSD samples and
(b) durability over multiple cycles for 2 ML-EQ Pt on PSD-grown Au�CFP. (c) First cycle voltammetry for PSWD samples and (d) durability over
multiple cycles for 2 ML-EQ Pt on PSWD-grown Au�CFP.
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The authors have extrapolated the mass activity of Pt (in terms
of peak oxidation current per unit mass) by calculating the
nominal Pt mass based on a 1:2 Pt/Cu replacement ratio and
themeasured Au surface areas.We find thatmass activities (taken
as methanol peak current per unit Pt mass) for 1 ML-EQ Pt
deposits are 2 mA μg�1 for the PSD case and 1.75 mA μg�1 for
the PSWD case. These values lie within the realm of acceptability
when compared to other well-cited studies.31 It should be noted,
however, that XPS and XAS results presented in this work
indicate that the 1:2 replacement ratio is good as a first order
approximation but, in fact, the actual replacement reactions
deviate slightly from this ratio.
Further evidence for the detrimental effect of cationic Pt on

the MOR is apparent in Figure 7c,d, in which a positive potential
shift for the peak current of the MOR at early cycles of 2 ML-EQ
Pt can be seen. This type of shift is only seen for PSWD samples
and not for PSD samples, indicating that the decreased size of the
Au support particles (and the corresponding increase in cationic
Pt) is correlated with this positive shift. It has already been shown
that lower reaction potentials for the MOR are indicative of a
more active Pt catalyst. Thus, it is clear that the positive shift in
peak potential arises from a detrimental accumulation of cationic
Pt, leading to deactivation of the catalyst surface. It is important
to remember from the quantitative XPS analysis that, even
though the proportion of cationic Pt remains roughly equal
between 1 ML-EQ and 2 ML-EQ of Pt on the PSWD samples,
the overall platinum content is increasing, leading to large
quantities of cationic Pt in the 2 ML-EQ film relative to the 1
ML-EQ or 0.3 ML-EQ films. In Figure 7d, we see that, as the Pt
loses active surface area, this positive shift is eventually elimi-
nated, with theMOR curve after 20 reaction cycles having shifted
to a potential more characteristic of the other Pt electrode
surfaces.
In addition to the potential of maximum current and the total

electro-oxidation peak current itself, the long-term stability of an
ultrathin Pt film is a very important property for this type of fuel
cell electrocatalyst. Even though voltammograms for all cov-
erages of Pt on Au�CFP were collected, it is not practical to
attempt to plot all of the voltammograms, so only the long-term
stability results of 2 ML-EQ Pt on PSD and PSWD Au�CFP are
presented in Figure 7b,d. We see here clearly that the peak
current obtained from the forward CV scans gradually decreases
along with the successive CV scans. We can see clearly that for
the 2ML-EQ PSWD sample in Figure 7d after 200 CV scans, the
peak current density is 1.2 mA 3 cm

�2, which is 40% of the value
of the peak current density at first cycle (3.0 mA 3 cm

�2). The
decrease of the peak current density could result either from Pt

degradation by agglomeration/corrosion processes or from the
poisoning of the catalyst by the intermediates (such as (CO)
adsorption) of methanol oxidation.2,29 It is also worth noting that
the peak current for the PSWD catalyst (Figure 7d) decays
significantly more quickly than for the PSD catalyst (Figure 7b)
in the first 20 cycles. This increased rate of decay corresponds
with a return to lower MOR electro-oxidation potentials and
suggests that the cationic Pt is quickly attacked and compromised
during the initial cycles of MOR reaction.
The MOR peak current histogram as a function of cycle

number for the remaining coverages studied (0.3 ML-EQ
through 2 ML-EQ on both PSD and PSWD) is plotted in
Figure 8. From this data, we can clearly see that, after about
100 cycles, there is almost no remaining electro-oxidation
current for 0.3 ML-EQ and 1 ML-EQ on both PSD and PSWD,
which indicates that the Pt deposit has been mostly deactivated
through either dissolution or poisoning. Additionally, the peak
currents decay faster during the first 20 cycles for PSWDdeposits
than for the PSD deposits. It is possible that we witness easier
deactivation of the PSWD sample due to the higher degree
cationicity of the Pt deposit as proven in the above text. It is also
possible that the smaller particles size of the Au substrate induced
faster coalescence of the Au particles themselves, leading to
decreased Pt surface area.32

Thus, we can conclude that the propensity to form cationic Pt
as shown via XPS and XAS analysis is detrimental to the
performance of the Pt/Au�CFP electrodes for monolayer and
submonolayer coverages, leading to decreased activity and du-
rability. However, for 2 ML-EQ, both the PSD and PSWD
morphologies exhibit comparable MOR durability histograms,
indicating that, for Pt deposits of a minimum 2ML-EQ thickness,
these detrimental effects can be eliminated. In summary, we have
identified a low-loading thickness limit of 2ML-EQ, below which
the Pt film exhibits decreased activity and durability due speci-
fically to chemical and structural changes arising from the
morphology of the Au support. The authors suggest that factors
such as increased defect concentration or nonequilibrium struc-
ture of the PSWD-grown Au support may be responsible for the
changes in Pt behavior observed. These possibilities are sup-
ported by the XAS data which indicates that the monolayer-scale
Pt does not effectively arrange itself in FCC structure on PSWD
deposits. It is also supported by XPS data which indicates that
partial oxidation of the smaller Au deposits is not the cause of
these effects. Above the 2 ML-EQ limit, the Pt film may still
behave differently than a bulk Pt structure, but themorphology of
the Au support loses much of its influence on the Pt film
behavior. These findings are of particular importance for the

Figure 8. Peak current histogram for the methanol electro-oxidation reaction on all 6 Pt�Au�CFP electrode surfaces studied.
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subset of the fuel-cell catalyst community that is focused on core-
shell or layered structures, indicating that morphology-related
support effects may lead to pronounced detrimental effects if a
minimum amount of Pt is not achieved.

’CONCLUSIONS

Controlled monolayer-scale Pt deposits were fabricated on
two kinds of Au structures with differing size scales. These deposits
were fabricated on carbon fiber paper electrodes through elec-
trochemical deposition processes bymanipulating the deposition
potential. A series of corresponding Pt�Au�CFP catalysts on
both Aumorphologies was prepared by CuUPD and subsequent
redox replacement of Pt4+ ions. In addition to metallic Pt,
cationic Pt species including Pt2+ and Pt4+ were detected in
XPS and EXAFS spectra. A trend is reported by which increasing
iterations of the SLRR growth process of Pt lead to a more
metallic surface chemistry and atomic structure in the Pt catalyst
surfaces. Furthermore, it was found that the use of Au nanopar-
ticles on CFP as a support caused this cationic Pt species to be
present at higher iteration numbers, while the larger Au
morphologies showed a faster trend towards metallic deposits.
Thus, it is reported that the valency of SLRR-grown Pt shows a
strong dependency on the size of the Au particles on which it is
performed.

Finally, the Pt�Au�CFP surfaces were tested for performance
and durability under oxidation cycling in the methanol�acid sys-
tem. It was found that the Pt deposits grown on larger Au supports
exhibited markedly improved durability during the first 20 electro-
oxidation cycles and slight improvements in activity compared to
the nanoparticle Au supports. This leads us to conclude that the
cationic Pt species induced by the smaller-scale Au supports is less
active towards themethanol electro-oxidation reaction as well as less
durable than metallic-type Pt species shown to grow on larger-scale
Au supports. Finally, it has been shown that an equivalent of two
monolayers is the low-loading limit of Pt on Au below which the Pt
film decreases in activity and durability very rapidly due to presence
of cationic Pt in that dimensional domain.
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