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ABSTRACT:

In an effort to decrease the high cost associated with the design, testing, and production of electrocatalysts, a completely
electrochemical scheme has been developed to deposit and platinize a nanoporous Au (NPG) based catalyst for formic acid
oxidation. The proposed route enables synthesis of an alternative to the most established, nanoparticles based catalysts and
addresses issues of the latter associated with either contamination inherent from the synthetic route or poor adhesion to the
supporting electrode. The synthetic protocol includes as a first step, electrochemical codeposition of a Au(1�x)Agx alloy in a
thiosulfate based electrolyte followed by selective electrochemical dissolution (dealloying) of Ag as the less noble metal, that
generates an ultrathin and preferably continuous porous structure featuring thickness of less than 20 nm. NPG is then functionalized
with Pt (no thicker than 1 nm) by surface limited redox replacement (SLRR) of underpotentially deposited Pb layer to form Pt-
NPG. SLRR ensures complete coverage of the surface with Pt, believed to spread evenly over the NPGmatrix. Testing of the catalyst
at a proof-of-concept level demonstrates its high catalytic activity toward formic acid oxidation. Current densities of 40�50mA cm�2 and
mass activities of 1�3 A.mg�1 (of combined Pt�Au catalyst) have been observed and the Pt-NPG thin films have lasted over 2600 cycles
in standard formic acid oxidation testing.
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’ INTRODUCTION

The drive toward efficient and durable fuel cells is founded on
the development, characterization, and testing of a variety of
catalysts that one way or another include Pt. To minimize the
cost, most of the catalysts have been synthesized in the form of
nanoparticles. Nanoparticles are superior to other type of
materials applicable in catalysis with their large surface area to
volume ratio and unique physical and chemical properties.1 In
the process of catalyst development, the nanoparticles are
either brought in contact with a carrier electrode (for instance
glassy carbon, GC) mechanically or been grown in the synthetic
bath directly on a support which helps to relieve some of the
problems introduced by the capping agents or associated with
aggregation.2 Thus, the nanoparticles interact with the substrate
either directly or through the capping agent molecules; generally
through physisorption. The nanoparticle adsorbates are there-
fore very fragile and effects associated with either incomplete
removal of the capping agent or with mechanical disconnection
and/or aggregation of particles often lead to a rapid reduction of
the electrochemically active surface area (ECASA).3,4 Nafion is
occasionally used to help prevent the loss of nanoparticles from
the surface, but this introduces another material that may block
catalytically active sites and effectively reduce ECASA.5

An electrodeposition approach for synthesizing the catalyti-
cally active layer directly on an electrode would not only provide
for better adhesion compared to the nanoparticle route (the
charge transfer takes place on the electrode surface) but would
also enable a complete control over the amount of the deposit, thus
reducing the overall synthetic cost. If the electrodeposited layer is a
binary alloy with controlled thickness and elemental composition,
a nanoporous catalyst with tunable pore and ligament size could be
generated by selective electrochemical dissolution (dealloying) of
the less noble metal.6 In ideal life, the result of these sequential
electrochemical steps would lead to the development of a con-
tinuous layer representing a much more resilient catalyst that
because of the lack of capping agent would ensure better electron
transfer between the substrate and the deposit.7

Forming such alloys on foreign substrate surfaces in research
practice has traditionally involved methods such as chemical
vapor deposition and sputtering techniques to co-deposit the
metals or depositing one layer of metal at a time followed by
thermal annealing to mix the metal layers.7�11 The method
discussed in the present study provides a cost-effective alternative
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represented by electrochemical codeposition of both alloy con-
stituents. Once electrodeposited as a thin film, the alloy is
subjected to dealloying that not only serves to generate a porous
structure with highly developed surface area,6 but also provides
fine-tuningmechanisms for control over the amount of less noble
metal retained in the structure.12

The electrodeposited alloy could be Pt-based, but cost-effec-
tiveness and the tendency of electrochemically generated Pt (or
Pt-alloy) films to grow preferentially in 3D mode13,14 warrants
electrodeposition of Au-based alloys instead. It needs to be noted
that Au is not considered as attractive catalyst,15 and yet, much
research has shown that at the nanoscale level, a tiny amount of
Pt could substantially enhance the catalytic ability of Au.7,10,15�17

Using surface limited redox replacement (SLRR),18 the Au could
be coated with one or a few layers of Pt by galvanically displacing
underpotentially deposited (UPD) Cu19 or Pb20 monolayers.
SLRR has the advantage of coating the entire surface because it
relies on the displacement of a (perfectly conformal with the
substrate) UPD sacrificial layer by the metal of interest.21 It has
been also shown that a small amount of Pt is able to make a Au
surface behave as if it was pure Pt due to synergistic effects.19

Recently, nanoporous Au structures coated by Pt (Pt-NPG)
using different electrochemical approaches have been studied
extensively in the literature and demonstrate very high catalytic
activity and durability.17,22�24 The reduced amount of Pt also
results in a catalyst more resistant to CO poisoning, so a much
more robust catalyst is expected for the as-prepared surface.3

The all-electrochemical method proposed in this work for
preparing and examining the Pt-NPG thin films is outlined in the
Scheme 1 presented below. The Ag�Au alloy is first electro-
deposited in a cell whereby the amount of Ag and Au in the
deposit is believed to be controlled by the molar ratio of those
metals in a joint thiosulfate based solution. Dissolution of
the Ag is then performed in another cell in order to develop
nanoporosity within the deposit. As previously described, SLRR
is used to functionalize the NPG surface to make it catalytically
active toward formic acid oxidation.

More specifically, this study includes a formation of Pt-NPG
thin film on two substrates, Au and GC. The current densities for
formic acid oxidation on each were similar initially, but the thin
film deposited on Au was continuous and smooth while the
deposit on GC was comprised of partially overlapping spherical
alloy particles with density that was strictly nucleation depen-
dent. Further optimization of the conditions and parameters
used in this study may very well lead to a robust catalyst suitable
for practical applications, especially because of the minimal
amount of Pt required to produce such a catalyst.

’EXPERIMENTAL SECTION

The following chemicals were used for the experiments: H3PO4 (GFS
Chemicals 99.999%, 85% solution), ethylene glycol (Fischer Scientific,

Certified), Na2S2O3.5H2O (Alfa Aesar 99+%), AuCl (Aldrich 99.9%
metals basis), AgClO4 3H2O (Aldrich 99.999%), NaClO4 3H2O
(Aldrich 99.99% metals basis), Pb(ClO4)2H2O (Aldrich g99.995%),
HClO4 (GFS Chemicals 70%, veritas redistilled), KPtCl4 (GFS Chemi-
cals, 98%), HCOOH (JT Baker 88%), HNO3 (Fischer Scientific,
Certified ACS Plus), and ethanol (Pharmco-AAPER, 200 proof ACS/
USP grade). All solutions were prepared with the chemicals as received
by the vendors and Barnstead Nanopure water (R g 18.2 MΩ cm�1).
Electrode Preparation. Polycrystalline cylindrical Au (99.99%)

working electrodes (diameter 6 mm) were mechanically polished down
to 1 μm with alumina powder on a Buehler polishing pad. Then the Au
electrodes were sonicated in water for five minutes and rinsed with
deionized (DI) water. Before use, the Au samples were submerged in
concentrated HNO3 at 50 �C and rinsed again with Barnstead
Nanopure water.

Cylindrical GC working electrodes (Goodfellow) (diameter 5 mm)
were mechanically polished down to 1 μm with alumina powder
followed by 0.05 μm diamond suspension on Buehler polishing pads.
Between the alumina and diamond polishing, the electrode was soni-
cated for five minutes in a solution containing ethanol and Barnstead
Nanopure water.

Cylindrical Cu working electrodes (diameter 6 mm) were mechani-
cally polished down to 1200 silicon carbide paper followed by 0.5 μm
alumina powder on a Buehler polishing pad. The electrode was then
electrochemically polished in a 5:3:2 phosphoric acid:glycol:water
solution at 3.84 V with a Pt ring serving as counter electrode.

The Pt wire used as counter electrode in all experiments was
pretreated by etching in 50% HNO3 at 50 �C before being flame
annealed. The Ag wire used as pseudoreference electrode in the
deposition and dealloying runs was also etched in 50% HNO3 at
50 �C but was not flame annealed to prevent oxidation of the surface.
Mercury mercurous sulfate electrode (SSE) was used as reference
electrode in the SLRR and formic acid oxidation experiments.

Au(1�x)Agx bulk alloy strips were polished with a cotton applicator
using 1 μm alumina powder and water. Areas that were to be excluded
from dealloying were coated with nail polish.
Thin-Film Alloy Deposition. Au(1�x)Agx thin film alloys were

electrochemically deposited using a Princeton Applied Research Model
173 Potentiostat/Galvanostat with a model 276 Interface and model
270/250 Research Electrochemistry Software 4.00 from solutions con-
taining Ag�Aumolar ratios of 1:1, 3:2, and 2:1 in 0.1 MNa2S2O3 on Au
and GC working electrodes. Concentrations are listed in Table 1.
Au(I)Cl complex provided the source of Au+ cations and AgClO4

provided the source of Ag+ cations. All solutions were used within a week
of preparation to prevent effects associated with spontaneous metal
reduction. Different potentials were applied depending upon the substrate
used. On Au, the deposition potential was �0.150 V and on GC, the
deposition potential was �0.260 V. The thickness of the deposit was
controlled by the duration of the applied potential. Samples were rinsed
thoroughly with Barnstead Nanopure water. An additional deposit of
each ratio was performed onCu at�0.500 V for 6 h to obtain a very thick
deposit. These samples were used for energy dispersive X-ray spectroscopy
(EDX) in order to determine the exact ratio of Ag�Au in the deposit.
SEM/EDXmeasurements were performed using a FEG-SEM Supra 55VP.

Pb UPD for surface area measurements25 was performed in a solution
of 0.1 M NaClO4 and 3 mM Pb(ClO4)2 with a pH of 2 adjusted with

Scheme 1. Key Steps of the Pt-NPG Thin-Film Fabrication Table 1. Molar Ratios of Ag+ and Au+ Cations in Solution

solution molar ratio (Ag:Au) Ag+ (mM) Au+ (mM)

1:1 0.40 0.40

3:2 0.55 0.36

2:1 0.60 0.30
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HClO4. The potential was scanned from 0.600 to 0.010 V for 4 cycles at
20, 10, and 5 mV s�1 versus Pb/Pb2+ pseudo reference electrode with a
platinum wire counter electrode using a Pine bipotentiostat model
AFCBP1with PineChem 2.8.0H software. The solution was purgedwith
ultrahigh purity nitrogen for 2 h prior to PbUPD and hadN2 passed over
the surface of the solution during the scans. Charge was integrated from
the curve and was recorded as the average of the forward and
reverse scans.
Dealloying. The silver was removed from the deposited alloy using

0.5 mM AgClO4 in 50 mM HClO4 with the potentiostat used for
deposition. For determination of the critical potential, the applied
potential was scanned from 0 to 0.800 V at a sweep rate of 0.3 mV s�1

versus Ag/Ag+ pseudo reference electrode. For samples used for SLRR,
stripping analysis was performed by chronoamperometry with a con-
stant potential 0.100 V more positive than the critical potential for that
ratio instead of linear sweep voltammetry until the nominal current
decreased to zero. Samples were rinsed clean with Barnstead Nanopure
water. Au(1�x)Agx bulk alloy strips of known composition were also
dealloyed using the linear sweep voltammetry parameters as described
above to serve as a comparison of the critical potential behavior. The
samples were thoroughly rinsed with Barnstead Nanopure water and
SEM was used to examine the morphology of the dealloyed surfaces.

Pb UPD for surface area measurements was again performed on the
surface of the electrode using the same procedure as outlined in the
Thin-Film Alloy Deposition section. The average integrated charge was
recorded and used to determine the factor of surface area increase by
comparing to the integrated charge from the initial deposit of the alloy.
Pt Functionalization. Five replacements of Pb UPD layer by

Pt(II)Cl complex20 using surface-limited redox replacement with an
OMNI 90 (Cypress Systems) potentiostat coupled to a Cypress Systems
coupling electronics module and National Instruments Analog-to-
Digital converting board were performed on the dealloyed Au and GC
samples in a solution containing 0.1 M NaClO4, 1 mM HClO4, 1 mM
Pb(ClO4)2, and 0.5 mM KPtCl4 and recorded using Dasylab 9.00
software, following a protocol recently developed by our group.20 A 1 s
pulse at �0.830 V vs SSE was applied to allow percolation of the Pb
throughout the nanoporous structure. After, the applied potential was
released and the potential was monitored until it reached +0.050 V. At
this high limit, the pulse was reapplied and the cycle resumed for each
replacement.

H UPD was performed on the surface of the functionalized electrode
from +0.400 to �0.680 V at 50 mV s�1 vs SSE in a 0.5 M H2SO4

solution. The solution was purged with nitrogen for 2 h prior to H UPD
and had N2 gas passed over the surface of the solution during the
analysis. The charge was calculated by running chronoamperometry at
�0.690 V for the negative scan and at �0.400 V for the positive scan,
then averaging the integration of both curves.
Formic Acid Oxidation. Prior to formic acid oxidation, the samples

were electrochemically annealed by rapidly scanning (300 mV s�1)
between �0.740 and +0.450 V in the H UPD solution for 50 cycles to
activate the surface. The testing followed a procedure developed and
described in our earlier work.26 More specifically, formic acid oxidation
was performed on the Pt-NPG surface in 2 M HCOOH and 0.1 M
HClO4 from �0.510 to +0.800 V vs SSE repetitively until the current
density decayed to about zero. After a certain number of cycles, the
working electrode was removed from the formic acid cell and checked
with H UPD to ensure that the surface was still intact and to measure
the ECASA.

’RESULTS AND DISCUSSION

1. Thin-Film Alloy Deposition. Baths for Au electrodeposi-
tion containing sulfite or thiosulfate are common alternatives to
industrially used cyanide baths. Such baths have been studied

extensively due to the high quality of the generated deposits and
owing to their relative environmental benignity.27�31 In this
work we used a thiosulfate based bath for depositing Au(1�x)Agx
alloys, taking advantage of the solubility of Ag+ cations and
Au(I)Cl complex in that environment. Furthermore, because
both cations in solution feature practically identical size (0.4%
difference) and charge (+1), it was expected that each would
deposit at a similar rate and the molar ratio of cation concentra-
tions in solution would be equal to the ratio of Ag and Au in the
deposit. While a bulk deposition process is usually carried out at
substantially higher concentration of the electroactive species,
the concentrations in our work presented in Table 1 were limited
by the stability of Au(I)Cl in Na2S2O3 solution. Indeed, as also
mentioned elsewhere, a small amount of S precipitate was
immediately formed upon addition of Au(I)Cl to a 0.1 M
Na2S2O3 solution.

28,31,32

The potential of �0.150 V versus Ag/Ag+ pseudo reference
electrode was used for deposition on Au substrate since in
separate polarization curves for both solutions it was found to
be sufficiently negative for the mass transport controlled reduc-
tion of both Ag+ and Au+ cations. A very shiny deposit with a
silver looking color was obtained in agreement with expectations
of a continuous and flat layer grown on the surface. The current
density reached a steady state which allowed for certain thick-
nesses to be deposited depending upon the time of deposition, as
shown in Figure 1a. Overall, the current density was occasionally
affected by the age of the solution or the morphology of the
polished surface and was not strictly dependent upon the ratio of
Ag and Au present in solution. An applied potential of�0.150 V
with a GC electrode practically did not produce any visible
deposit, however, likely due to high over potential of GC
associated with a hindered catalytic activity. Instead, GC required
a more negative potential (at least �0.260 V) than the Au
substrate in order to deposit the alloy. Because of the lower
overpotential needed, the deposition onGCoccurred at a slightly
lower current density for all compositions when compared to
deposition on Au. Also, the current was noted to decrease
steadily from its initial value rather than decreasing to a steady
state as illustrated in Figure 1b. Whereas Au assumed similar
activity throughout the deposition, GC began as a relatively
passive substrate that was gradually activating due to the forma-
tion of a metal surface over the course of the experiment. As a
result, the active surface area was increasing owing to the steady
growth of the metal clusters nucleated initially on the GC. EDX
analysis of the thin film Au(1�x)Agx alloys, specifically deposited
on Cu for this analysis from the solutions summarized in Table 1
indicated 77:23, 74:26, and 70:30 Ag:Au for the 2:1, 3:2, and 1:1
solution compositions, respectively. No traces of S were present
in the deposits, indicating that there was no contamination
originating from the thiosulfate solution during the deposition.
Although it was expected that the Ag and Au would deposit in the
ratio in which they were present in solution, EDX analysis
revealed that Ag had a much higher atomic percentage than
expected. One reason for this disparity in Ag�Au ratios might be
the relative stabilities of the Au and Ag thiosulfate complexes. Au
(I) thiosulfate has a larger stability constant, βAu = 1.3 � 1026,
than Ag (I) thiosulfate, βAg = 4.2� 1013, so it wasmuch easier for
Ag+ to leave the complex and reduce on the surface of the
electrode compared to the Au+ cation.31,33

2. Dealloying. 2.1. Electrochemistry and Structural Evolution.
The simplest dealloying route for Au(1�x)Agx alloys involved
immersing the samples in a nitric acid bath and allowing the Ag to
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dissolve over time.4,9,11,17 Such a method affords little control
over the dissolution process. For this reason, the Ag selective
dissolution in the present study was performed electrochemically
following a well established dealloying protocol.12,34 A large
increase in current was not visible until the dealloying critical
potential,34 (Ec) was reached for each alloy during linear
sweep voltammetry. Figure 2a illustrates the anodic curve for
the removal of Ag from the alloy deposited on Au substrate. Each
composition appeared to have slight dissolution prior to the
critical potential, but the 2:1 Ag:Au composition displayed the
most pronounced, multistep precritical potential dissolution
behavior. It needs to be noted that unlike their bulk
counterparts,34 the dealloying curves in this work feature peak
structures positive to Ec (Figure 2a). The specific curve shape
however is simply due to the limited amount of Ag in the alloy.
Once all the Ag is selectively dissolved, the rate of the process
starts rapidly decreasing toward a complete hold thereby gen-
erating the peak structure in the Figure 2 anodic curves.
The dealloying of the samples was carried out until complete

removal of the Ag was achieved (as measured by the current
running through the system). In general, no substantial Ag
retention within the nanostructure was expected during the
dealloying as the relatively low pH, is not favorable for Ag
retention12 and the very low thickness of the dealloyed layers

would not allow for a massive restructuring during which Ag
trapping mainly occurs.12 With all of the above said, any possibly
retained Ag was not expected to have a negative influence on the
catalytic properties of the NPG, because it has been reported that
there may be synergistic benefits to incorporating Ag into the
catalyst.11,15 It was also not expected that any Au was dissolved
and then reduced back on to the surface because this would lead
to a greater number of nucleation sites and the clusters visible in
Figure 3d and e would not be so isolated.35,36

The massive removal of Ag in the course of dealloying leads to
an increased amount of stress in the system. This stress caused
significant cracking on the deposits on Au as shown in Figure 3c
and d.36,37 Cracking was not observed on the GC deposits most
likely because they did not feature a continuous surface and
therefore did not develop a significant amount of stress as the
structural imbalance generated during dealloying was accommo-
dated by the spherical alloy particles (Figure 3e and f).
Overall the critical potentials for the alloy deposits on the Au

substrates followed the trends typical for their bulk counterparts
and represented by more positive Ec with the increase in Au
content. Interestingly enough, the Ec values in this work turned
to be nearly equal to those of bulk alloys after considering the
composition determined by EDX. The very close match in the Ec
values indicated that the mechanism for dealloying of thin films

Figure 1. Chronoamperograms showing the alloy deposition at (A)�0.150 V vs Ag/Ag+ on 6mmAu and (B)�0.260 V vs Ag/Ag+ on 5mmGC. Total
deposition charge presented in the legends.

Figure 2. Anodic polarization curves showing dealloying of Au(1‑x)Agx samples on (A) Au and (B) GC at sweep rate of 0.3 mV s�1. Total deposition
charge presented in the legends.
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and bulk samples is generally the same. It needs to be noted that in
this study the critical potentials were determined by observing the
potential range where the sharp increase in current began for each
dealloying run. Although this way was less accurate than the one
proposed byA.Dursun et al.,38,39 it was sufficient for the purposes of
the present study admitting that no steady state current measure-
ments could be made on samples thinner than 100 nm.34

It was also observed that the critical potentials on GC alloy
deposits were consistently less by about 0.1 V, as shown in Figure 2.

For comparison, critical potentials for all of the samples deposited
on Au and GC as well as the bulk Au(1�x)Agx alloy samples are
summarized in Table 2. Also, SEM images of the dealloyed surfaces
in Figure 3 show that the bulk strips and the thin alloy deposits on
Au feature flat and continuous surfaces, whereas the nanoporous
structures present on GC are separated into clusters.40 Taking into
account all facts, the negative shift in Ec could be attributed to the
curved surface of the spherical clusters, grown on the GC surface
unlike the continuous layers deposited on the Au substrates.

Figure 3. SEM images of dealloyed (a) bulk 70:30 Ag:Au, (b) bulk 80:20 Ag:Au, (c) 3:2 Ag:Au on Au, (d)magnified 3:2 Ag:Au on Au, (e) 3:2 Ag:Au on
GC, and (f) magnified 3:2 Ag:Au on GC.
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Apparently, regardless of the shape differences, after deal-
loying all three type of samples feature the characteristic for NPG
substrates: two-phase, interpenetrating solid-void morphology.41

It is interesting that in spite of the spherical cluster shape, the
critical potential behavior persisted in the dealloying of all
Au(1�x)Agx layers deposited on GC. As a result, as seen in
Figure 3f, the nanoporous structure expected after dissolution is
largely present within the dealloyed clusters on GC. It is
important to note, however, that the 2:1 dissolution curves show
multiple dissolution steps prior to Ec, which makes it difficult to
identify clearly the critical potential in certain cases. These steps
may be caused by the low content of randomly distributed Au
atoms in the alloy deposit with this composition. This in turn
results in lack of a Au percolation backbone that would otherwise
uniformly impact the selective Ag dissolution. This automatically
leads to uneven distribution of the surface passivity manifested by
the quazi-critical potential behavior seen in Figure 2B.
2.2. Surface Area Measurements. The more common

Brunauer, Emmett andTeller (BET)methodof determining surface
area of porous structures was not considered viable in our work
because of (i) the extremely small size of the samples used and
(ii) the elevated temperature at which BET must be performed
that would promote NPG structure coarsening.25,42 Instead, the
electrochemical analog of BET25 was used for measuring the
ECASA of NPG. In this approach, the charge measured through
either formation or stripping of the Pb UPD monolayer is
normalized by the charge density that the same Pb UPD layer
features on flat polycrystalline Au surface, 320 μC cm�2,25 to give
the developed NPG surface area.

The Pb UPD curves presented in Figure 4 do not show many
of the characteristic peaks associated with PbUPD on Au prior to
dealloying possibly because of the inclusion of Ag in the surface.
Once dealloyed, the Au (111) peak at 0.200 V and the (100) and
(110) peaks at 0.450 V versus Pb/Pb2+ pseudoreference elec-
trode are visible. The peaks are broad, because of the slower
diffusion of the Pb through the NPG network that normally
warrants work at lower sweep rate.25 In this study, however, the
alloy thickness was generally low, so no changes were observed
on the curves at scan rates of 10 and 5 mV s�1.
Table 3 shows the surface area measured using Pb UPD on

alloy deposits of varying ratios separately on Au and GC
substrates. Only a small charge was calculated by integration of
the CV curves on the as-deposited alloy surface. As surface area
developed during dealloying, the amount of Pb underpotentially
depositing on to the surface greatly increased. Increases in
surface area of over six times were observed for alloy deposits
on Au. The initial surface area calculated onGCwas less than that
on Au because of the smaller size of the GC electrode (0.20 cm2

versus 0.28 cm2 for Au) and also relatively limited surface
coverage of the alloy deposited on GC. Calculated surface areas
were slightly larger than expected on the alloy surfaces likely due
to clusterlike shape of the deposit not allowing for full surface
coverage.
The surface area developed by dealloying could be compared

with the theoretical surface area derived from a set of separated
nanoparticles (for the sake of simplicity nanocubes) that repre-
sents the mass equivalent of the Au in the NPG layer. The size of
these nanocubes would be equal to the porosity length scale of
NPG.25 One could take for an estimate the 3:2 Ag:Au alloy which

Table 2. Critical Potentials for Each Sample

substrate composition (Ag:Au) Critical Potential, Ec (V)

Au 1:1 (70:30) 0.560

3:2 (74:26) 0.420

2:1 (77:23) 0.310

GC 1:1 (70:30) 0.400

3:2 (74:26) 0.300

2:1 (77:23) 0.200

bulka 70:30 0.560�0.58025,34

80:20 0.400�0.42025,34

aBulk strips dealloyed in this work feature identical critical potential
behavior.

Figure 4. CV curves showing Pb UPD at 20 mV s�1 before and after dealloying carried out on 3:2 Ag:Au deposited (A) on Au (11.1 mC Ag stripping
charge upon dealloying) and (B) on GC (9.9 mC Ag stripping charge upon dealloying). Sweep rate �20 mV.s�1.

Table 3. Surface Area Measurements for Alloys on Au and
GC Substrates before and after De-Alloying

surface area (cm2)

substrate ratio (Ag:Au) before after roughness factor

Au 1:1 (70:30) 0.41 2.65 6.46

3:2 (74:26) 0.38 2.37 6.24

2:1 (77:23) 0.40 2.35 5.88

GC 1:1 (70:30) 0.18 0.86 4.78

3:2 (74:26) 0.34 1.65 4.85

2:1 (77:23) 0.22 0.92 4.18
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after dealloying is most likely (conservatively) about 15�20 nm
thick (see the dealloying curve in Figure 2b and the stripping
charge originating from Ag only) and features a porosity length
scale of 8�10 nm (see the SEM images in Figure 3). Then, taking
the amount of Au atoms in a cylinder featuring base with area of
1 cm2 and height of 20 nm and distributing this amount in
nanocubes with five exposed sides (one of the sides would be
blocked by the substrate or another particle) with edge of 8 nm,
one could easily calculate that the maximum (theoretical)
ECASA for that sample to be 9�13 cm2. The range of surface
area increase of 4�7 cm2 (normalized per 1 cm2

flat surface)
registered in this work appears to be a reasonable match of the
real surface area to the theoretical one. Furthermore, similar
estimates carried out for nanoparticle catalysts never yield a
surface area matching the theoretical one, mostly because of
contaminations, particle overlapping and/or aggregation.1 It is
very likely that usage of thinner samples in our future work could
narrow the gap between theoretical and experimental values.
Thus far, work in that direction was out of the immediate scope of
this proof-of-concept activity.
3. Pt Functionalization. To activate the NPG surface and

enable its suitability for organic fuel catalysis (in this work formic
acid oxidation) and to counteract the coarsening of the catalyst,
the as-dealloyed layers were coated with several monolayers of
Pt, using SLRR of Pb UPD layer by Pt(II) complex. This
approach was recently proposed by our group20 as alternative
to platinization done by SLRR of Cu UPD,10 which is prone to
low yields as well as surface roughening upon multiple re-
placement events. The key advantage of the Pb UPD-assisted
protocol is the higher efficiency of each SLRR step allowing for
near-complete coverage of the NPG surface and no noticeable
increase in surface area up to 10 replacement events.20 This is the
first application of the Pb UPD-assisted platinization approach
for coating of a real catalyst (the previous work was performed
only on flat Au surfaces20).
Five replacements of Pb by Pt were performed in order to

generate a Pt thin film. Potential transients for these replace-
ments are shown in the insets of Figure 5. According to that
protocol, the Pt coating would have an equivalent thickness to
2�3 monolayers. After the applied potential was removed, the
systemwas allowed to go to open circuit potential (OCP), during
which Pt displaced galvanically the Pb. It should be noted that the

replacement events on NPG took approximately twice as long
to occur as compared to flat Au.20 This decrease in replacement
rate was most likely due to the hindered mobility of Pt through-
out the nanosized pores present in the structure. After Pt was
grown it was possible to perform ECASA measurements by
H UPD on the Pt/NPG surface and taking into account that a
layer of adsorbed H on flat Pt(111) carries charge density of
210 μC cm�2.43 The surface area of Au still uncovered by Pt and
the GC underneath would be rendered inactive, as hydrogen will
only UPD on Pt. Ideally, the surface area of the grown Pt would
be equal to the surface area of Au measured by Pb UPD since it
was expected that the entire NPG surface was covered with Pt.
Also, roughening due to the addition of Pt was not considered to
be significant since (as mentioned earlier) no roughness evolu-
tion has been registered for up to 10 SLRR grown Pt monolayers,
corresponding to about 3 nm thickness.20 Because the re-
placement by Pt required more time than on a flat surface,
however, it was possible that side reactions had more impact
during the displacement thereby lowering the efficiency and
eventually reducing the overall surface area measured by HUPD.
TheCV curves in Figure 5 showed characteristic peaks of HUPD
formation and stripping on Pt in the�0.670 to�0.400 V region.
Other peaks present higher than �0.400 V corresponded to
oxide formation/stripping on the surface and were not consid-
ered in surface area calculations.
Overall, the surface area of Pt was found to be practically

identical or just slightly less than the surface area of NPG. This is
expected even upon imperfections of the Pt coating asmany prior
studies concerning Pt/NPG samples reasoned that synergistic
effects arising from the electronic modification of Au and Pt and
the mechanism of Pt growth on the NPG enhanced catalytic
activity despite the smaller platinum loading.3�5,17,44,45 In the
case realized in this work, however, five SLRR events are
expected to be sufficient in entirely covering the surface. Scan-
ning Tunneling Microscopy demonstrated in our previous
work20 that the replacement event resulted in isolated islands
of Pt that merged together in a continuous thin film after several
(less than five) successive replacement steps.
4. Formic Acid Oxidation. The Pt coating described in the

previous section is expected tominimize the CO poisoning of the
catalyst early on in the formic acid oxidation because of the ultra
low thickness and uneven morphology of the Pt deposit20

Figure 5. CV curves showing HUPD on Pt-NPG from 1:1 Ag:Au deposit on (A) Au substrate and (B) GC substrate after different number of cycles in
formic acid oxidation testing. Sweep rate �50 mV s�1 Insets: Potential transients depicting the Pt coating carried out by SLRR.
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allowing for substrate impact on the catalytic behavior.2 In this
work, the formic acid oxidation tests on the alloys deposited on
GC electrodes were considered initially to be more accurate in
determining the activity of the Pt-NPG catalyst because those
synthesized on Au would experience additional substrate con-
tribution to the catalytic activity. GC provided an inert substrate
so only the effects due to the grown Au functionalized by Pt were
visible. The curves presented in Figure 6 illustrate the onset of
passivity associated with CO adsorption on the electrode in the
positive run to take place at approximately 0.400 V. Upon
negative scanning, the passivity layer was broken apart, which
generated a fresh surface prone to the formic acid oxidation
process. This led to the substantial increase in current density at
about 0.300 V on the Au substrate and about 0.150 V on the GC
substrate.33 The formic acid oxidation showed very high activity
initially for the catalysts on both Au and GC, with current
densities of more than 50 and 45 mA cm�2, respectively. Also,
presenting the data in mass activity (current per unit mass),
Figure 6a and b - right axis, it is clear that the catalysts
developed in this work feature peak mass activity values in
the range 1�3 A mg�1. This appears to be close to the higher
performance end of recently developed catalysts for formic acid
oxidation.46,47 Along with performing slightly better initially, the
catalyst on the Au substrate also demonstrated higher durability by

withstanding over 2600 cycles. As the main focus of the present
study was to examine the feasibility of an all-electrochemical
approach for producing a Pt/NPG thin film catalyst for formic
acid oxidation, this work is limited to a “proof-of-concept” level
of studying this system. Apparently, further work is needed to
precisely register and understand the trends in performance
and optimize a variety of parameters on the as-developed
catalyst.3,34,35 It will be after this future study, when a compre-
hensive comparison with previously studied Pt nanoparticle
catalysts described in the literature could be deemed accurate.
While general in nature, the results obtained herein are

sufficient to reveal the significant difference in durability between
the catalysts deposited on Au and the GC as substrates. More
specifically, the catalyst deposited on the GC substrate appeared
to be much less stable than the one on Au as evident by Figure 7a
and b where the current density and nominal current are plotted
as a function of the cycling time. As no substantial difference in
the processes taking place on both catalysts should be antici-
pated, the loss of activity was most likely due to structural
changes and physical loss of the catalyst deposited on GC. Due
to the poor adhesion to the GC substrate, it was possible that a
significant amount of the large-size spherical alloy particles had
mechanically disconnected from the electrode in the course of
formic acid oxidation testing. Indeed these effects could be

Figure 6. Formic acid oxidation on (a) 1:1 Ag:Au on Au and (b) 1:1 Ag:Au on GC. The CV curves are also normalized per unit mass of combined
Pt�Au catalyst (right axis). Sweep rate �50 mV s�1.

Figure 7. (A) Current density and (B) nominal current profiles of Pt-NPG catalysts from 1:1 Ag:Au deposit on Au substrate and GC substrate.
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associated with mechanical interactions, such as the transfer of
the electrode between solutions, rinsing with water and/or even
gravitational effects. Also, the high current densities resulting in
the growth of large CO/CO2 bubbles typical for this type of
testing26 also contributed to the possibility of pulling particles off
of the surface. Figure 8 displays SEM images of the catalyst
following formic acid oxidation. The nanoporous structure was
still present, indicating minimal coarsening of the surface. The H
UPD curves in Figure 6, however, show a decrease in surface area
and indicate a loss of electrochemical activity of the surface.
Decay of catalytic activity is therefore mostly due to the general
loss of Pt through dissolution routes,48,49 poisoning of the surface
by CO and, in the case of GC, additionally, to physical loss of
particles that becomes obvious upon comparison of Figures 3e
and 8b. Overall, in this work, the Pt-NPG film deposited on Au
provides a better reference point for comparison of the as-
developed catalyst to catalysts synthesized through other meth-
ods since it demonstrates without side effects the limits of
achievable activity and durability. Apparently, substantial work
needs to be done for the improvement of the adhesion of the GC
catalyst so that a viable comparison could be made between Au
and GC substrates as catalyst carriers.

’CONCLUSIONS

The work reported on herein introduces and demonstrates in
detail the steps of an all-electrochemical approach for synthesis of
a Pt functionalized NPG catalyst for application in fuel cell
catalysis and in particular, for formic acid oxidation. The syn-
thetic route includes electrodeposition of Au(1�x)Agx alloy from
a thiosulfate based solution containing Ag+ ions and Au(I)Cl
complex. Subsequent potential-controlled dealloying serves for
the development of NPG thin film or spherical clusters deposited
on Au or GC substrate, respectively. The dealloying of the thin
films featured almost identical critical potentials with the bulk
alloy counterparts while the spherical-particles shaped alloy was
dealloying at more negative potentials likely owing to curvature
effects. Once developed, the NPG is Pt-coated by five events of
SLRR of Pb UPD layers. The surface area developed by deal-
loying and left unchanged after the Pt coating is comparable to
the one that is generally obtained by same-size Pt nanoparticles
catalyst. Tested in this work for activity and durability in the
formic acid oxidation process, the as-developed catalysts demon-
strated a remarkable initial activity in current density and mass

activity based on peak current values (as high as 50mA cm�2 and
1�3 A mg�1, respectively) and durability of up to 2600 cycles.
These benchmarking figures are generally comparable to those of
best, same-size Pt and/or Pd nanoparticle catalysts.

This paper will be followed up by companion works where a
thorough optimization effort will be made (i) on the activation of
the GC substrate in order to enable stronger adhesion between
more uniform and denser (nearly continuous) layers of Pt-NPG
catalyst and (ii) on the improvement of the catalytic performance
of the of pure Pt coating and introduction of bimetallic coatings
instead by incorporation of other metals Pb, Cu, Pd, or Ru shown
to significantly affect the rate of formic acid oxidation in the
literature.
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