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Abstract Novel nanoporous structures, with narrow distri-
bution of pore and ligament sizes, were formed by electro-
chemical dealloying of ternary precursors (Ag—Au-Pt with
platinum content of 1, 2, and 3 at.% and 77 at% of silver).
These three-dimensional bicontinuous porous network
structures proved to be active electrocatalysts for the
methanol oxidation reaction. By changing the processing
conditions (e.g., dealloying temperature) and/or post-deal-
loying treatments (e.g., exposure to moderately high tem-
perature in the presence of air) of these structures, the
characteristics of the resulting materials were modified (e.g.,
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ligament size and platinum content on the surface of the
ligaments) and with that their catalytic response. It was
demonstrated that these high surface area nanostructures
displayed enhanced specific activity and distinct surface
reactivity compared with nanoporous gold formed by deal-
loying of Ag—Au alloy. Scanning electron microscopy,
transmission electron microscopy, and electrochemical
methods such as underpotential deposition of hydrogen and
cyclic voltammetry were used to characterize the resulting
nanoporous structures.
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1 Introduction

For centuries, gold has been recognized not only for its
beauty and rarity, but also for its nobleness and inability to
corrode. Historically, gold is an element that has been
considered as a poor catalyst toward many technologically
important reactions such as methanol electro-oxidation or
carbon monoxide (CO) oxidation; however, it was recently
observed that when this element is subdivided down to the
nanoscale, it becomes a very reactive material [1-3]. Thus,
the rapid development of nanotechnology and nanoscience
has stimulated the application of gold in disciplines such as
sensing and catalysis. Some of the reactions that have been
catalyzed by nano-sized gold are low temperature CO
oxidation [1], selective oxidation of benzyl alcohol [4, 5],
the water gas shift reaction [2, 6], and many other reac-
tions; some of which have been summarized elsewhere
[7-9]. Among the different alternatives to study gold as a
catalyst, gold nanoparticles have been commonly used.
These nanoparticles, typically on a support, show a supe-
rior chemical stability, which enables them to act as a
superior material for catalysis; however, small particles
may suffer from shape stability issues and sintering over
time, which reduces their active surface area and limits
their long-term functionality [10-12]. Additionally, their
processing usually involves relatively complicated prepa-
ration and assembly procedures [13-15]. Moreover, in
supported gold catalysts, many factors have been correlated
with the catalytic activity, including preparation methods
of the catalyst, nature of the support, pre-treatment condi-
tions, presence of water, and others [15-17].
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Another alternative to produce nano-sized gold is to
dealloy Ag—Au alloys to form nanoporous gold (NPG).
By selectively leaching the silver from the Ag—Au alloy,
highly porous nanostructures are formed, in which the
interconnected interstices and channels extend in three
dimensions. NPG has a desirable structure for catalysis,
not only because of its high surface area, but also because
it does not require a support. Moreover, it has been
reported that the remarkable catalytic properties of NPG,
which are also applicable to gold nanoparticles, are
related to the high density of atomic steps and kinks (i.e.,
active sites) on the surface of the ligaments [18]. It has
also been suggested that the residual silver in NPG played
a significant role in its catalytic abilities, not only helping
for adsorption/dissociation of molecules during chemi-
cal/electrochemical reactions, but also stabilizing the
surface steps and kinks [18-20]. Furthermore, NPG is
relatively easy to produce and its feature size is tunable
from a few to hundreds of nanometers by post-heat
treatment; unfortunately, NPG is prone to coarsening,
reducing its functionality due to loss of surface area [21].
It has been shown that the microscopic surface diffusion
of gold along the alloy/electrolyte interface is not only
responsible for porosity evolution during dealloying, but
also for the post-fabrication coarsening of the structure
[22]. To minimize this coarsening, small amounts of
platinum can be deposited onto the NPG film, with the
resulting material having better stability even at high
temperature conditions [21, 23-25]; however, this tech-
nique is time consuming and represents an extra step
during the catalyst preparation process. Another alterna-
tive is to add platinum to the precursor material, as shown
by Snyder et al. [26], after adding approximately 6 at% of
platinum to the ‘white-gold’ type of Ag—Au alloy (i.e.,
gold content of 35 at%). We recently showed that with
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the addition of as little as 1 at% of platinum to the alloy
precursor, the coarsening of the structure is significantly
minimized if compared with an alloy precursor with only
gold [27]. In addition to the beneficial effect of platinum
toward the stabilization of the nanostructure, it is
expected that the presence of platinum and gold on the
surface of the nanostructure will offer unique catalytic
properties thanks to the synergy between these two
elements [28-35]. It is believed that the strong
chemisorption of oxygen species onto the porous gold
will provide many reactive oxygenated species that may
promote further oxidation of carbonaceous intermediates
absorbed on the platinum surface; thus, the well-known
poisoning effect on platinum-based catalysts will be
reduced [36].

In this article, the electrocatalytic abilities of dealloyed
multi-component alloy systems are reported. Specifically,
alloys of Ag—Au-Pt have been selected with the same
noble metal content and with a maximum platinum con-
centration of 3 at%. By selectively removing some of the
silver from the ternary alloys, porous nanostructures were
formed with well-controlled length scales and morpholo-
gies. The effect of nanoporous structures with a platinum-
enriched surface, obtained by an adsorbate-induced sur-
face segregation mechanism, is investigated; additionally,
as another example of the tunability and flexibility of these
structures, the effect on the catalytic response of structures
formed at different dealloying temperatures is evaluated.
Methanol electro-oxidation in basic medium was selected
as our target system; however, some preliminary data of
methanol oxidation in acidic media are also shown. NPG,
formed by dealloying of Ag—Au alloy (with the same silver
content as the ternary systems) is used as a control mate-
rial. Most of the results included here were obtained from
cyclic voltammetry in different reaction media, as well as
scanning electron microscopy and transmission electron
microscopy.

2 Experimental procedures
2.1 Alloys and dealloying procedures

Ag—Au alloy with 77 at% silver was obtained as cold-
rolled 200 pwm sheet from Goodfellow Metals, Cambridge,
UK. Ag—Au-Pt alloys with platinum content of 1, 2, and 3
at% and 77 at% silver were obtained as cold-rolled sheet
from Ames National Laboratory—US Department of
Energy, Iowa, USA. For all the experiments, specimens
were cut into strips of approximately 4 mm by 10 mm
before annealing at 900 °C for 5 h in the case of the binary
alloy and at 975 °C for 15 h in the case of the ternary

alloys. In all cases, the annealing was performed in Hy—Ar
atmosphere (2.5 % H,; balance Ar). All the specimens
were used in the as-annealed condition without any further
surface preparation. Each strip of alloy was attached to a
copper wire for electrical connection, using lacquer (SPI
Miccroshield) to mask the junction and the isolated copper
wire. In all cases, dealloying was done from both sides of
the sample.

Dealloying was carried out potentiostatically in a three-
electrode electrochemical cell (approximate volume
500 mL), with platinum coil as the counter electrode (CE)
and mercury/mercurous sulfate (MSE, 0.64 V vs. SHE) as
the reference electrode (RE). The RE electrode was housed
in a separate compartment and connected to the electro-
chemical cell via a Luggin probe. In all cases, 0.77 M
HCIO, solution, prepared from Analar grade HC1O, (Alfa-
Aesar, 62 %), was used for dealloying. All solutions were
prepared with 18 MQ cm de-ionized water and de-aerated
by high-purity nitrogen purging (min purity: 99.998 %).
The electrochemistry was performed using a Gamry Ref-
erence 600™ potentiostat. Most of the specimens were
dealloyed at 25 °C, passing an anodic charge density of
5Ccm~2 at 0.55 V versus MSE; however, to study the
effect of dealloying temperature, temperatures between 25
and 60 °C were evaluated (for the same charge density
passed).

For some selected samples, the fraction of platinum
exposed on the surface of the ligaments was tuned by the
adsorbate-induced surface segregation phenomenon at
425 °C in laboratory air. For that purpose, the connecting
wire was removed immediately after dealloying, and the
specimens were thoroughly rinsed with de-ionized water
and dried with air before exposed them to the target tem-
perature. This phenomenon has been recently reported by
the authors [37].

2.2 Characterization of the nanoporous structures

A detailed description of the characterization of these
nanoporous structures has been given previously [27]. In
summary, for the microstructural characterization (e.g.,
ligament size), dealloyed samples were manually broken
under tension in air, and the fracture surface was pho-
tographed using a scanning electron microscope (SEM—
Hitachi S-5200) with an accelerating voltage of 20 kV.
The SEM pictures were later analyzed with the Image
Tool software (provided by The University of Texas
Health Science Centre in San Antonio, USA) to accu-
rately determine the ligament size (here equivalent to the
average width perpendicular to the ligament edge). The
thickness of the dealloyed layer (DL) was determined
after analyzing cross-sectional metallographic specimens.
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In all cases, specimens were polished to 0.05 um using
alumina powder. The cross-sectional view of those spec-
imens was photographed using an Olympus PME3 Optical
Microscope and the DL thickness was measured using
Clemex Vision Professional software. The composition of
the DL was determined by SEM (JEOL JSM6610-Lv)
complemented by an Oxford INCA X-sight energy-dis-
persive X-ray spectrometer (EDS) and by a transmission
electron microscope (TEM—Hitachi HD-2000) comple-
mented also by an Oxford INCA X-sight EDS. In the case
of the TEM, selected samples were embedded in low
viscosity resin (SPI-PON 812) and ultramicrotomed to
30-50 nm thickness using the Leica UltraCut R instru-
ment equipped with a diamond knife. Accelerating volt-
ages of 25 kV and 200 kV were used in the case of the
SEM and TEM, respectively.

To evaluate the true surface area of the dealloyed
specimens and the fraction of surface platinum atoms on
the surface of the structure, classical electrochemical
methods were used. The true area of the electrodes was
estimated by means of voltammetric profiles in the double
layer region of potentials (i.e., —0.24 to 0.05 V vs. MSE)
at different scan rates in 1 M HCIOy solution [38, 39]. In
all cases, 28 uF cm ™2 was considered the baseline double-
layer capacitance for polycrystalline gold and platinum
[38]. This assumption proved to be valid after comparing
the results with Brunauer—-Emmett-Teller (BET—Au-
tosorb-1 Analyzer/Quantachrome Instruments) surface
area and impedance measurements [27]. The pore size
distribution of the resulting nanostructures was also
obtained by the BET method. The equivalent area of
platinum on the surface of the ligaments was estimated by
underpotential deposition (UPD) of hydrogen [40, 41]. All
specimens were immersed in 1 M H,SO, solution (EMD,
95-98 %) in a three-electrode cell with a MSE as a RE, a
platinum wire as CE, and the dealloyed specimen as a
working electrode. The solution was de-aerated for
approximately 15 min before the experiment. Cyclic
voltammetry (CV) curves were obtained at 25 °C between
—0.63 and 0 V versus MSE, at a scan rate of 20 mV s
The equivalent area of platinum on the surface of the
structure was calculated by integrating the hydrogen
adsorption/desorption regions to obtain the charge related
with the formation of a hydrogen monolayer, assuming
that the charge associated with the monolayer formation
in polycrystalline platinum was 210 pC cm ™2 Pt [42, 43].
The fraction of platinum on the surface of the resulting
structure was estimated by dividing the equivalent area of
exposed platinum by the estimated true area of the elec-
trode. The roughness factor (Ry), as an indication of the
developed surface area during the dealloying process, was
determined by dividing the true area of the electrode by
its geometrical area.
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2.3 Electro-oxidation of methanol

In the case of the electrocatalytic studies in basic media,
dealloyed specimens were immersed in a solution con-
taining methanol (Caledon, 99.8 %) in 5 M KOH (Aldrich,
90 %). Methanol concentrations of 0.3, 1, and 3 M were
used for the analysis. The KOH/CH;OH solution was
prepared by diluting/dissolving the reactants with de-ion-
ized water with a resistivity of 18 MQ cm. Prior to any
measurement, the solution was de-aerated by high-purity
nitrogen purging (min purity: 99.998 %). A Gamry Ref-
erence 600™ potentiostat was used to perform CV
between —0.9 and 0.2 V versus mercury/mercury oxide RE
(Hg/HgO—20 % KOH, 0.1 V vs. SHE). The effect of the
positive scan limit was evaluated by changing it from O to
0.4 V versus Hg/HgO. Scan rates of 3, 10, 30, and
100 mV s~! were used. To assess qualitatively the pres-
ence of any mass transfer effects during reaction, a mag-
netic stirrer was used. The approximate rotation velocity of
the stirrer was measured with a digital laser tachometer
(Fieldpiece, HP2234C). All current densities were nor-
malized by the true area of the electrodes unless otherwise
stated. Polycrystalline platinum was used as control
material.

Additionally, potentiostatic experiments at —0.35/—0.40 V
versus Hg/HgO (in the case of the ternary alloys) and at
0.05 V versus Hg/HgO (for the binary alloy) were carried out
for 4000 s in the 5 M KOH-1 M CH;0H solution. During
these experiments, the solution was agitated with a magnetic
stirrer with an approximated rotation velocity of 700 rpm. An
evaluation of the products obtained as a result of the oxidation
was done. The formation of formate was evaluated by nuclear
magnetic resonance spectroscopy (H-NMR—Agilent DD2
500 MHz). For this analysis, 50 pL of solution was diluted in
5 mL of deuterium oxide (D,0O—Cambridge Isotope Labo-
ratories, 99.9 %). Samples were then run using a scan at 90°
pulse (16.1 ps) and 10 s relaxation delay, with an acquisition
time of 4.5 s and spectral window of 8012 Hz. Standards with
different formate contents were prepared for calibration pur-
poses. The quantification of carbonate was done by titrating
5 mL of the resulting solution with 1.2 M BaCl, solution
(ACP, 99 %). The BaCl, solution was prepared by dissolving
the salt with de-ionized water with a resistivity of 18 MQ cm.
To avoid the precipitation of Ba(OH),, the pH was brought
down from ca. 15.0 to ca. 10.0 by adding 2 mL of concen-
trated HCl (BioShop, 36.5-38 %) and a few drops of 2 M
HCI solution. The HCI was added as quickly as possible to
minimize the unnecessary exposure of the solution to air.
Right after that, a solution of BaCl, was added drop wise
while the pH was kept between 10.0 and 10.5 to avoid the
dissolution of BaCOj3, which occurs at pH values around 6
[44-46]. Filtration of the obtained precipitate was done using
a 0.45 pm membrane filter (PALL) followed by a gravimetric
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determination. The contribution to the carbonate content from
original slight carbonation of the KOH was measured by
titrating the solution prior to the reaction.

For the electrocatalytic experiments in acidic media,
selected specimens were immersed in a solution of 0.5 M
HCIO, (Alfa-Aesar, 60-62 %) and 1 M methanol (Cale-
don, 99.8 %). The HCIO4/CH;0H solution was prepared
by diluting the reactants with de-ionized water with a
resistivity of 18 MQ cm. Prior to any measurement, the
solution was de-aerated by high-purity nitrogen purging
(min purity: 99.998 %). A Gamry Reference 600™
potentiostat was again used to perform CV between —0.45
and 0.35 V versus MSE.

3 Results and discussion

The catalytic and electrocatalytic properties of nanoporous
metals have received a lot of attention in recent years, not
only because of the high surface area and interconnected
nanoporosity of these structures (see Fig. 1 as an example),
but also because of the potential synergistic effect between
the alloying elements, which is particularly true for the
nanoporous structures formed on Ag—Au-Pt precursor
alloys. By dealloying these ternary alloys, nanoporous
metal structures with distinctive characteristics and prop-
erties are formed with systematic control of the nanoporous
structure, as summarized in Table 1, where NPG was used
as a benchmark material.

The thickness of the DL, for the same charge density
passed, did not vary significantly in ternary alloys; how-
ever, the DL measured in the binary alloy was thinner than
in the other alloys. This effect has been previously

Fig. 1 Interconnected ligament/pore structure formed on the Ag;7:
Auy; alloy after passing 5 C cm™2 at 40 °C and 0.55 V versus MSE.
The insert shows a higher magnification SEM image of the
nanoporosity

explained by the authors based on the amount of residual
silver that remains buried in the core of the ligaments after
dealloying [27]. While dealloying was progressing and
silver was removed from the so-called dealloying front, the
silver removal from the already formed ligaments contin-
ued; however, because platinum reduces gold mobility
(i.e., platinum has much lower surface diffusion rate than
gold), the initial coarsening of the structure was hindered in
the case of ternary alloys, resulting in higher silver contents
(in average 48 at% near the surface of the sample as shown
in Table 2 and reported elsewhere [27]) and thicker layers
than in the case of the Ag—Au alloys (silver content of ca.
29 at% near the surface of the sample—Table 2). In other
words, the thinner DL observed in the binary alloy was due
to the exposure of buried silver to the electrolyte during
coarsening of the structure. The ligament size decreased
with the platinum content of the alloy, which is also a
consequence of the suppression of the coarsening of the
nanoporous structure. As reported in Table 1, the average
ligament size for the binary nanostructure was ca. 14 nm,
whereas the ligament size for the alloy with 1 at% platinum
was ca. 7 nm. By increasing the amount of platinum in the
precursor, the size of the ligaments kept decreasing to a
value of ca. 4 nm. The roughness factor showed that by
reducing the ligament size of the structure, the increase in
surface area was substantial. With the decrease in the
ligaments size, there was a decrease in the median pore size
of the nanostructures: for NPG the pore size was ca. 17 nm,
whereas for the structures formed on the alloys with 1, 2,
and 3 at% platinum, the pore size was ca. 12, 8, and 6 nm,
respectively. These average pore sizes agreed very well
with the observations made from TEM images (light
regions in Fig. 2 for NPG and for the ternary alloy with the
lowest platinum content).

The surface coverage of platinum in the ternary nanos-
tructures, obtained by hydrogen UPD in 1 M H,SO,, is
shown in Table 2. As can be seen, the fraction of platinum
on the surface of the structures increased from 1.4 to 6.6 %
of the real surface area of the nanoporous structures [27].
According with the platinum content of the precursor, and
the estimated distance between surface platinum atoms on
the ligaments, it is recognized that platinum with few
platinum neighbors may not be showing up in the UPD
results [47, 48]. Therefore, we recognize that this is an
important area for further development, which could be
critical for better understanding of the catalytic properties
of these nanomaterials. The platinum concentration in the
vicinity of the surface of the nanostructures is also shown
in Table 2. For the structure formed on the alloy with
originally 1 at% platinum, the platinum concentration
increased to 3.3 at%, whereas the platinum concentration
for the structure with the highest platinum content was 9.1
at%. In all cases, the ratio gold to platinum was nominally
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Table 1 Physical characteristics and roughness factors of the nanoporous structures developed at 25 °C and 0.55 V versus MSE in 0.77 M
HCIO,. Charge density: 5 C cm™2. The number in brackets represents the 95 % confidence interval (CI)

Thickness of
the DL (pum)*

Precursor alloys

Ligament
width (nm)*

Pore size (nm)b Roughness

factor (Rp)¢

Agy7:Alas 7.8 (0.2) 13.8 (0.7) 17.2 894 (17)
Ag77: APt 9.1 (0.9) 6.8 (0.4) 11.6 1941 (238)
Agy7:Aus; Pt 9.4 (0.2) 6.0 (0.2) 8.1 2486 (88)
Agr7: APty 9.7 (0.5) 43 (0.2) 5.8 2679 (81)

% The 95 % CI was calculated from at least 30 measurements for each quantity

® Obtained by BET pore size distribution analysis using the NLDFT method and considering the adsorption branch model

¢ The 95 % CI was calculated from triplicate runs

Table 2 Fraction of platinum atoms on the outermost surface of the
ligaments and composition of the DL (silver and platinum) in the
vicinity of the surface. All nanoporous structures were developed at

25 °C and 0.55 V versus MSE in 0.77 M HClO,4. Charge density:
5 C cm™> The number in brackets represents the 95 % confidence
interval (CI)

Precursor Fraction of platinum on Platinum content in the Retained silver content in the
alloys the surface (%)* vicinity of the surface (at%)® vicinity of the surface (at%)®
Agy7:Auys N/A N/A 28.8 (4.4)
Ag77:Auy,y:Pt; 1.4 (0.7) 3.3 (0.6) 489 (2.1)
Ag77:Auy Pty 3.0 (0.9) 5.2 (0.3) 46.7 (0.9)
Agy7:Auyg:Pts 6.6 (1.0) 9.1 (1.0) 48.1 (3.4)

* Obtained by Hydrogen UPD. The 95 % CI was calculated from triplicate runs
" Obtained by TEM-EDS analysis. The 95 % CI was obtained from at least three points along the DL

the same as the original alloy, confirming that only silver
was removed during dealloying.

Figure 3 shows the CV profiles of all the nanoporous
structures in the supporting electrolyte (5 M KOH). A high
concentration of KOH was chosen because otherwise there
could be some depletion of OH™ at the plane electrode
interface coincident with the depletion of methanol—con-
sidering that for oxidation of the alcohol to carbonate,
8OH™ are consumed for every methanol oxidized. This
would be a confusing factor for any analysis of the data, so
any such effect was eliminated by having the OH™ con-
centration at least 10x the methanol concentration. This,
together with the higher diffusivity of OH™ compared with
methanol, minimizes this effect even if it does not elimi-
nate it completely. As shown in this figure, NPG had an
extended double-layer region between —0.9 V and 0.25 V
versus Hg/HgO. At 0.25 V, an oxidation peak started,
followed by a reduction peak at 0.1 V. These two peaks
were ascribed to the formation, and subsequent reduction,
of a monolayer of gold surface oxides on the NPG [49].
These observations agreed very well with previous reports
for polycrystalline gold [50, 51] and NPG [21]. For the

@ Springer

ternary alloys, the oxidation of gold started at a potential
0.1 V less than that of NPG, with the reduction peak also
slightly shifted to less positive potential. It was also
observed that the magnitude of the reduction peak
decreased with increasing platinum content of the alloy.
Zhang et al. [21] observed similar trends when character-
izing NPG samples with platinum monolayer (s) deposited
on the surface of the structure. At ca. —0.5 V, there are
reduction peaks that were attributed to the presence of
oxidized platinum in the structure. In agreement with Abd
El Rehim et al. [52], no influence of silver was detected at
this potential after cycling a silver polycrystalline electrode
under similar experimental conditions (voltammogram not
shown here).

Figure 4a shows the CV profiles for the methanol oxi-
dation reactions of NPG and for the nanostructure formed
on the ternary alloy with originally 1 at% platinum. In both
cases, the vertical axis corresponds to the nominal current
density (i.e., normalized by the geometrical area of the
electrode), and the positive scan limit was fixed at 0.2 V to
avoid the region in which gold and silver oxides started
forming. The ternary nanostructure had higher current
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density, with a peak current that was ca. 8 times greater
than that in the binary nanostructure. In NPG, the rising
current in the forward scan (approximately at —0.2 V) can
be ascribed to the characteristic methanol oxidation on the
surface (see Fig. 3a for NPG). The pre-oxidation species
such as Au—OHé}gM* (A is the charge transfer coefficient,
0 <A < 1) are considered by some authors to play a
governing role in the electrochemistry of Au in alkaline
media; furthermore, the gradual exhaustion of Au—
OHg}gM_ species is believed to slow down and eventually
stop the methanol oxidation reaction (at about 0.15 V vs.
Hg/HgO as observed in Fig. 4a) [53]. This potential was
very close to the potential at which the gold oxide mono-
layer started forming. In the case of the ternary alloy, there
was a sharp increase in current at more negative potentials
than in the binary alloy (approximately at —0.75 V). This
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increase in the current density was again related to the
characteristic methanol oxidation on the surface (see
Fig. 3a for ternary alloys). The peak potential in the for-
ward scan was observed at —0.2 V, whereas another oxi-
dation peak was observed at ca. —0.3 V during the
backward sweep. This oxidation peak represents the reac-
tion resuming after the surface of the catalyst was regen-
erated by dissolving off or reducing any compounds/
intermediates that were blocking the structure. A compar-
ison with polycrystalline platinum (Fig. 4b) showed that
the oxidation peaks in the forward and backward scans
agreed well with those observed in the ternary nanostruc-
ture; nevertheless, it is important to emphasize that the
nominal current density in the case of the ternary nanos-
tructure was ca. 40 times higher than that for the platinum
electrode. A similar behavior was reported by Prabhuram
and Manoharan [54] for methanol oxidation with porous
platinum electrodes. A comparison with the state-of-the-art
Pt-Ru catalyst (e.g., Pt—Ru nanoparticles supported on
carbon) and/or with nanoporous platinum constitutes part
of the future work with these nanostructures.

Dealloying, by definition, dramatically increases the
surface area of the material, which depends, among other
things, on the size of the ligaments. As shown in Table 1, the
Ry increased by increasing the platinum content of the pre-
cursor. Therefore, to account for that effect, the current
density was normalized by the true area of the electrode.
Following this approach, it was observed that the CV profiles
of all ternary nanostructures, under the same experimental
conditions, showed a similar trend to the one showed in
Fig. 4a. However, it was found that the nanostructure formed
on the alloy with 1 at% platinum had slightly higher true
methanol oxidation current density than the other two. Fig-
ure 5a shows a comparison of the specific activities (taken at
—0.35 V vs. Hg/HgO) of the three ternary alloys. It was
hypothesized that this result is related to the relative ratio of
platinum and gold atoms on the surface of the ligaments. As
discussed by Du and coworkers [55] and by Luo and
coworkers [56, 57], the synergistic effect between gold and
platinum nanoparticles enhances their catalytic activity
towards many reactions, including methanol electro-oxida-
tion; however, as suggested elsewhere [28, 55, 58, 59], in
alkaline electrolytes, where gold becomes a very active
element, there is an optimum fraction of platinum atoms
surrounded by gold atoms that maximizes the yield of the
reaction. Gold atoms are believed to play an important role
providing oxygenated species (e.g., adsorption sites for OH™
groups and/or chemisorption of HO, ™ intermediates) in the
methanol oxidation process; therefore, this ratio between
elements represents a compromise balance of activation of
platinum sites and promotion of gold sites by adsorption of
OH groups. We are not suggesting, of course, that the
nanoporous structure with originally 1 at% platinum,
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Fig. 5 a Summary of specific activities of the ternary alloy structures
for the CH3OH oxidation reaction; the vertical axis is the current
density per true area of the electrodes. b Concentration of carbon-
ate/formate produced after 4000 s of potentiostatic oxidation of
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HgO in 5 M KOH-1 M CH3;0H solution; in the case of (b), the
solution was always agitated with a magnetic stirrer at ca. 700 rpm.
The error bars represent 95 % CI obtained by triplicate runs

represents that optimum composition; however, having most
of the platinum atoms surrounded by gold atoms (i.e., plat-
inum being more scattered on the surface), in a highly porous
structure, could have a significant role in the observed
behavior. Mott and coworkers [28] predicted, by DFT cal-
culations, that a bifunctional electrocatalytic property may
be operative in the case of Au—Pt nanoparticles in alkaline
electrolyte, where adsorption of CO and OH™ on gold and
dehydrogenation of methanol on platinum sites are involved.
In acidic electrolytes, on the other hand, the most active
structure was the one with higher platinum content (see
Sect. 3.2 below).

It has been suggested that among the three likely pro-
duct of methanol oxidation by gold in alkaline media (i.e.,
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solution: a effect of the scan rates—no external agitation, b agitation
speeds, ¢ scan limit and d methanol concentration. For figures a to c,
the methanol concentration was 1 M; for figures b to d, the scan rate

formaldehyde, formate and carbonate), formate is the most
probable [50, 53], whereas carbonate tends to be the
dominant product when platinum-based catalysts are used
[54-60]. To identify the oxidation products formed on the
ternary nanoporous metals, potentiostatic experiments at
—0.35 V versus Hg/HgO were carried out for at least
4000 s. The fraction of platinum on the surface of the
ligaments did not significantly change after these pro-
longed electrocatalytic experiments; in fact, it was deter-
mined that maximum deviation (i.e., reduction) with
respect to the as-dealloyed condition was ca. 10 %. NPG
was not considered further as ternary alloys were always
more catalytic. The quantification of formate by H-NMR is
shown in Fig. 5b. The concentration of formate decreased
with increasing platinum content of the precursor. No
indication of formaldehyde has been found, probably
because disproportionation of formaldehyde in highly basic
media, according with Cannizzaro’s reaction, would occur
readily under the current experimental conditions [61].
Carbonate, on the other hand, could be determined by
titration with barium solution (1.2 M BaCl, solution). As
shown also in Fig. 5b, the concentration of carbonate
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was 10 mV s~ . Temperature: 25 °C. Details about the scan rates,
agitation speeds, scan limit, and methanol concentrations are given in
figures. In all cases, the current was normalized by the true area of the
electrodes

produced during the oxidation increased with increasing
platinum content of the alloys, which could be a conse-
quence of the higher platinum coverage on the surface of
the ligaments. These results suggest that the ratio between
the oxidation products could be modified by changing the
platinum content of the structure. The low amount of car-
bonation that occurred during titration was demonstrated
by the nearly zero carbonate analysis obtained for the
binary alloy (not shown in Fig. 5b).

The effects of different potential scan rates, different
agitation speed of the solution (by a magnetic stirrer),
different potential scan limits, and methanol concentrations
were assessed for all ternary structures. Figure 6 shows the
effect of those parameters for the alloy with 1 at% plat-
inum; similar trends were observed for the other ternary
alloys. As shown in Fig. 6a, the oxidation current was
dependent on the potential scan rate (v); in fact, the peak
current was linear with v*-> for all the nanostructures. The
oxidation current density associated with the half peak
potential (i.e., —0.4 V vs. Hg/HgO) is nearly linear with
v%3 for the alloys with 2 and 3 at% platinum, but inde-
pendent of the scan rate in the case of the lower platinum
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Fig. 7 CV profiles for the electro-oxidation of CH3;0H solution in
5 M KOH on the nanoporous structure formed on the alloy with 1 at%
platinum. In all cases, the scan rate was 10 mV s~' and the
temperature 25 °C. Details about the number of scan cycles are
indicated in figures

content alloy (see Fig. 6a). In the case of the different
agitation speeds (i.e., between ca. 200 rpm and 800 rpm), it
was observed that the peak current increased with the
agitation speed. For example, in the case of the ternary
alloy with 1 at% platinum (Fig. 6b), the peak current
increased from ca. 200 pA cmg2 (no agitation) to 550 pA
cm;fe at 800 rpm (at 970 rpm there were no further
changes with respect to 800 rpm). No changes were found
in the oxidation current below ca. —0.3 V. Similar trends
were observed for the other two ternary alloys (results not
shown here). To some extent, the dependence of the peak
current density on the scan rate suggests that there is anodic
diffusion control (where classically there would be a square
root dependence on scan rate), but there are complicating
factors including the obvious onset of some kind of inhi-
bition by surface adsorbates. So no secure conclusion can
be drawn from the scan rate dependence regarding mass
transport control. However, the effect of forced convection
shows that there is a natural dependence of peak current
density on stirring rate (recognizing that this is not exactly
a limiting current density in the usual sense, because of
simultaneous complications from adsorption). The satura-
tion of the peak current density at the highest stirring rates
is a natural transition from diffusion to activation control
under this interpretation, but more detailed study using a
formal rotating electrode method would be required to
make further progress on that topic.

In terms of the effect of the scan limit (Fig. 6¢), it was
clear that the oxidation peak in the reverse scan was first
observed when the scan limit was 0.2 V; at less positive
limits, no oxidation peak was shown, but instead a
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slight hysteresis was found. This hysteresis could be
associated to the blocking of active sites during that stage
of the oxidation process. At more positive scan limit (i.e.,
0.4 V), two main features were observed in the reverse
scan: a smaller oxidation peak at ca. —0.4 V and a cathodic
peak at ca. 0.1 V. This cathodic peak was related to the
reduction of gold oxide formed on the anodic scan, which
also confirmed that gold surface oxide formation occurs at
potentials higher than 0.2 V. In terms of the effect of the
methanol concentration (Fig. 6d), it was observed that the
oxidation current increased linearly with the increasing
concentration of methanol; moreover, it was observed that
the peak potential moved to less negative potentials while
increasing the methanol concentration.

One method to test the electrochemical performance of
these nanoporous metals was by repeated potential cycling.
Figure 7 shows the effect of different cycles in the ternary
structure with originally 1 at% platinum showing a very
stable activity toward methanol oxidation, i.e., the specific
activity at —0.35 V decreased from 192 pA cmg?2, to 130
HA cm 2,
sweep, the oxidation peak height was reduced with sub-
sequent scans, which could be associated with small
changes in the nanoporous structure. Similar behaviors
were observed in the other ternary structures. The binary
alloy (not shown here) showed an 80 % reduction in the
peak current after 40 cycles.

after 40 continuous cycles. During the backward

3.1 Tunability of nanoporous metals and its role
in their catalytic response

One of the main advantages of nanoporous metals is that
they are highly tunable. By changing the composition of
the precursor, the dealloying conditions and/or post-deal-
loying treatments, changes in the ligament size, the surface
composition (i.e., fraction of platinum exposed on the
surface of the ligaments), and other characteristics were
observed [27]. By exposing the freshly prepared dealloyed
ternary structures to laboratory air, at moderately elevated
temperature, there is a mixing between the top surface of
the ligaments and the layers underneath; during that pro-
cess, the platinum is pinned on the surface of the structure
due to its strong interaction with oxygen allowing us to
tune the platinum content of the surface of the ligaments by
the adsorbate-induced surface segregation mechanism. It
is important to mention that before any catalytic test, the
electrochemical reduction of any oxidized species on the
surface was carried out at ~—0.3 mV versus MSE in 1| M
H,SO, solution. As expected, by exposing the nanostruc-
tures to moderate temperature, there is an increase in the
atomic surface diffusion, which increases the ligament size
in all alloys (see Fig. 8a); for instance, at 425 °C the
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ligament size in the structure formed on the alloy with 1
at% platinum increased to 37 nm (right after dealloying the
size of the ligaments was ca. 7 nm), whereas the nanos-
tructure with originally 3 at% platinum had the lowest
increment in ligament size (from ca. 4 nm to ca. 10 nm).
More importantly, however, by exposing the as-dealloyed
structures to air at this temperature, the fraction of platinum
on the surface of the structures significantly increased (see
also Fig. 8a) if compared with the results of as-dealloyed
specimens (i.e., minimum platinum coverage) [37].

The change in the platinum content on the surface of the
ligaments induced changes in the catalytic response of
these nanoporous metals. Figure 8b shows a comparison
between the CV profiles of the nanostructures formed on
the 1 at% platinum alloy before and after exposure to
425 °C. In both cases, the vertical axis corresponds to the
nominal current density. Even after exposure to this mod-
erate temperature, the electrode showed a very high
activity, e.g., at —0.35 V the difference in the nominal
current density was only 20 % with respect to as-dealloyed
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Fig. 8 a Ligament size and fraction of platinum on the surface of the
ligaments for all ternary structures after exposure to 425 °C for 2 h in
the presence of laboratory air; b CV profiles in 5 M KOH-1 M
CH;0H solution for the nanoporous structure formed on the alloy
with 1 at% platinum structures before and after segregation of
platinum, the CV profiles were obtained at 10 mV s~' and 25 °C and
the current density was normalized by the geometrical area of the
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samples. However, to account for the effect of surface area,
the specific activity at —0.35 V (normalized by the true
area of the electrodes) is plotted in Fig. 8c, showing that
segregation of platinum induced a very significant increase
in the catalytic response of the electrocatalyst. The
nanostructure developed on the alloy with 1 at% platinum
displayed the highest increment (ca. 400 %) with respect to
the as-dealloyed nanostructure. The other nanostructures
also showed higher catalytic response after segregation
than the as-dealloyed samples, although the activity
decreased by increasing the platinum content of the pre-
cursor. We could rationalize this finding based on the rel-
ative ratio between platinum and gold on the surface of the
ligaments and the fact that the supporting electrolyte in the
system has high pH (i.e., gold is more active than platinum
in basic media). In addition, as previously reported by the
authors [37], the structure formed on the alloy with 1 at%
platinum showed more traces of silver on the surface than
the other two ternary structures. This silver comes from the
core of the ligaments after coarsening occurs. Silver could
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electrodes; ¢ Summary of specific activities of the ternary alloy
nanostructures for the CH3;OH oxidation reaction at —0.35 V versus
Hg/HgO; the vertical axis is the current density per true area of the
electrodes; d concentration of carbonate produced after potentiostatic
oxidation at —0.35 V versus Hg/HgO for 400 s; during this time, the
solution was agitated with a magnetic stirrer at ca. 700 rpm. The error
bars represent 95 % CI obtained by triplicate runs
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change the catalytic behavior of the nanostructure by pro-
viding additional oxygenated species that interact with
methanol species adsorbed on the surface [62, 63].

The concentration of carbonate produced by the
nanostructures after platinum segregated to the surface is
shown in Fig. 8d. The concentration of carbonate was
basically the same for all structures (ca. 7.5 mg L'
cm,2), which means that for the structure formed on the
alloy with 1 at% platinum (i.e., ca. 10 % of the surface
atoms were platinum) there was an increase of ca. 300 %
with respect to the as-dealloyed structure, whereas for the
structure formed on the alloy with 3 at% platinum, an
increase of ca. 60 % was observed with respect to the as-
dealloyed structure. The current efficiency (considering
carbonate as the only product of the oxidation) was 20, 62,
and 80 % for the nanostructures with originally 1, 2, and 3
at% platinum, suggesting that other compounds are pro-
duced under these experimental conditions (e.g., formate).
It is believed that the interaction between gold and plat-
inum surface atoms with the silver atoms exposed to the
surface might be responsible for this trend.

Dealloying the ternary alloys at different temperatures also
induced changes in the characteristics of the resulting
nanostructures, as summarized in Fig. 9. The effect of other
dealloying conditions has been previously reported by the
authors [27]. By increasing the dealloying temperature, the
rate of gold surface diffusion increased, accelerating the

coarsening of the ligaments (Fig. 9a). This agreed well with
the literature associated with the relaxation of roughened gold
surfaces [64—66]. The average ligament width in NPG chan-
ged from ca. 14 nm at 25 °C to almost 28 nm at 60 °C. In
ternary alloys, a much smaller increase of approximately
10 % was found for the nanostructure with originally 1 at%
platinum (from ca. 6.8 nm at 25 °C to 7.4 nm at 60 °C).
Variations in the dealloying temperature also induced changes
in the depth of the layer (inset in Fig. 9a); in general, the
thickness of the layer, for a constant charge density, increased
with temperature on the ternary alloys, whereas in the binary
alloy, it tended to decrease. These tendencies were related to
the fraction of silver retained in the layer (not shown here but
discussed elsewhere [27]). Moreover, by increasing the
dealloying temperature, the fraction of platinum atoms on the
surface of the ligaments increased, as shown in Fig. 9b. By
changing the dealloying temperature from 10 to 60 °C, the
fractional coverage of platinum atoms increased for all ternary
structures, doubling the platinum coverage at the upper tem-
perature. This increase in the platinum coverage on the surface
could be associated with the dealloying mechanism itself and/
or other processes that were favored under the experimental
conditions used here (e.g., preferential adsorption of OH
groups on platinum atoms as suggested before for multi-
metallic nanoparticles [67]).

Figure 9c¢ shows the specific activity (taken from cyclic
voltammograms at —0.40 V vs. Hg/HgO—not shown here)
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for the three ternary nanostructures developed under dif-
ferent dealloying temperatures. The catalytic responses of
structures developed at other dealloying conditions (e.g.,
dealloying time) have been tested but not reported here. By
increasing the temperature of the electrolyte (for a constant
dealloying charge density), the specific activity of the
nanostructures increased, which is rationalized by the
change in the surface composition of the ligaments (i.e.,
higher platinum coverage). The concentration of carbonate
in solution (see Fig. 9d) also increased by increasing the
dealloying temperature. The current efficiency for the
ternary nanostructures developed at 60 °C was 85, 93, and
98 % for the alloys with 1, 2, and 3 at% platinum
respectively. Once again, for this analysis, carbonate is
considered the only product of the oxidation.

3.2 Methanol electro-oxidation in acidic media

To better understand the electrocatalytic properties of these
novel nanoporous metals, a preliminary assessment of their
catalytic response in an acidic electrolyte has been per-
formed. Figure 10a shows the CV profiles of all the
nanoporous structures in 0.5 M HCIO,. As for the basic
solutions, the concentration of the supporting electrolyte
was also experimentally determined choosing the concen-
tration at which the highest current density was observed
(results not shown here). As can be seen in this figure, the
double-layer region in NPG extended from —0.45 to
0.10 V versus MSE. At 0.10 V, an increase in the current
density was observed, which could be associated with the
beginning of the oxidation of gold. No reduction peaks
were observed in the range of potentials under investiga-
tion. At higher scan limits, an oxidation peak, with the
subsequent reduction peak, were associated with gold. For
the ternary alloys, reversible waves caused by hydrogen
adsorption/desorption at potentials lower than 0.3 V were
observed. An increase in the oxidation current was detected
for all ternary alloys at potentials higher than 0.10 V, with
the alloy with 3 at% platinum showing the increase in
current density at slightly more negative potentials than the
other two ternary alloys. A characteristic reduction peak
around 0 V was associated with the reduction of platinum
oxides that were formed during the anodic scan [54, 68].
Figure 10b shows the CV profiles for the methanol
oxidation reactions of all nanostructures in acid. The pos-
itive scan limit was fixed at 0.35 V to minimize the impact
of surface oxides and evaluate the catalytic response of
these nanostructures mostly in a region below the empirical
critical potential of these alloys (i.e., ca. 0.35 V in 0.77 M
HCIO,) [27]; nevertheless, better understanding of the
impact of further dealloying under these experimental
conditions is part of our future effort. In NPG, there was
basically no catalytic response in this region of potentials;
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Fig. 10 a CV profiles of the different nanoporous structures in 0.5 M
HCI1O4; b CV profiles of the nanoporous structures in 0.5 M HCIO,—
1 M CH;O0H solution. The insert in b corresponds to the CV profiles
in 0.5 M HCIO4,~1 M CH;0H solution after segregation of platinum
at 425 °C in laboratory air for 2 h. The original platinum composition
is shown in a. All CV profiles were obtained at 10 mV s~'. The
temperature in all cases was 25 °C

at higher potentials, however, it has been reported that gold
becomes a relatively active catalyst for methanol oxidation
[50]. In the case of the ternary alloys, there was an obvious
increase in current at —0.10 V; this increase in the
true current density was related to the characteristic
methanol oxidation on the surface (see Fig. 10a). The peak
potential in the case of the nanostructure formed on the
alloy with 1 at% platinum was located at ca. 0.23 V,
whereas in the case of the nanostructure formed on the 3
at% platinum alloy, the peak potential shifted to more
positive potential (ca. 0.32 V). The peak current was ca.
2.5 times higher in the 3 at% platinum alloy than in the 1
at% platinum. In contrast with the results obtained in
alkaline electrolyte, the highest platinum content nanos-
tructure was the most active catalyst; nevertheless, it was
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clear that these nanostructures displayed higher electro-
catalytic response in alkaline media. This result agreed
well with the observations made on supported gold—plat-
inum nanoparticles when evaluated as electrocatalysts for
methanol oxidation in acidic electrolyte, where high con-
tents of platinum were required to maximize the activity of
the catalyst [28, 58, 59].

As was reported before, by exposing the as-dealloyed
structures to 425 °C in the presence of air, there was a clear
tendency of platinum to segregate to the surface of the
ligaments; therefore, it was an obvious step to analyze the
catalytic response of these tuned structures toward metha-
nol oxidation in HC10,4 supporting electrolyte. The inset in
Fig. 10b shows the CV profiles of all ternary structures in a
solution containing methanol. As can be seen, the structure
formed on Ag;7:Au,y:Pt; displayed higher specific activity
than that in the as-dealloyed sample (e.g., at 0.2 V, the
true current density in the as-annealed sample was 40 %
higher than that in the as-dealloyed electrode). The peak
current, on the other hand, slightly decreased with the heat
treatment. In the backward scan, the sample after segre-
gation had a well-defined oxidation peak, which was not
clearly observed in the sample before the heat treatment.
Increasing the fraction of platinum on the surface from ca.
6 to ca. 30 % did improve the electrocatalytic response of
the nanostructure, even though the surface area slightly
decreases (i.e., ligament size increased). In the other two
nanostructures (formed on Ag;7:Au,,:Pt; and Agr7:Au,;:
Pt, alloys), a decrease in the electrocatalytic activity was
observed, with the bigger decay in the one formed on the
alloy with 1 at% platinum.

4 Conclusions

(a) Novel nanoporous structures have been formed by
electrochemically removing silver from Ag—Au-Pt
alloys with platinum contents of 1, 2, and 3 at%. In
these structures, the surface is mostly covered by the
more-noble elements (i.e., gold and platinum)
through the whole thickness of the DL.

(b) The characteristics of the resulting nanoporous metals
depend on the platinum content of the precursor. By
increasing the platinum concentration, the ligament
size decreases and the platinum coverage on the
surface of the ligaments increases. Moreover, by
having gold and platinum on the surface of the
nanostructure, the catalytic response toward methanol
oxidation is significantly enhanced showing an onset of
the reaction at more negative potentials, higher current
densities, longer stability, and electrocatalytic activity.

(c) Based on the original platinum content of the ternary
alloy precursors, and the estimated distance between
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platinum atoms in the nanoporous material, it is
believed that the fraction of platinum obtained by
UPD of hydrogen represents the minimum platinum
coverage of the ligaments. This clearly becomes an
important area for further development to better
understand the catalytic properties of these and other
nanomaterials.

(d) Among all the three ternary nanostructures, the one
developed on the alloy with 1 at% platinum shows
the highest activity toward methanol electro-oxida-
tion in alkaline electrolyte. Gold and platinum
clearly display a remarkable synergistic effect;
however, the ratio gold to platinum seems to play
an important role in alkaline electrolytes.

(e) In alkaline media, formate and carbonate were
identified as the main products of the oxidation
reaction. In the case of NPG, mostly formate was
detected (the amount of carbonate formed during
the reaction was minimal), whereas a combination
of the two products was detected when the ternary
nanostructures were used. More importantly, by
increasing the platinum content of the ternary
precursor, the ratio of the reaction products can
be modified.

(f) By forming nanoporous metals at different dealloy-
ing temperatures, the characteristics of the resulting
structures change (e.g., platinum coverage on the
surface and ligament size). Moreover, the catalytic
performance toward methanol oxidation also
changes showing that the specific activity of all
nanostructures increases with the dealloying temper-
ature. The concentration of carbonate produced
increases also with the dealloying temperature.

(g) By inducing segregation of platinum to the surface
of the ligaments (after exposure to 425 °C in the
presence of air), there is a significant increase in the
current density in all ternary structures in alkaline
media, especially in the one formed on the alloy with
1 at% platinum.

(h) In the presence of an acidic electrolyte (HCIOy,), the
structure with the highest platinum content is the one
showing the highest specific activity toward metha-
nol electro-oxidation (ca. 110 pA cm,2 at 0.3 V vs.
MSE). The effect of segregating platinum to the
surface of the ligaments also induces an increase in
the current density in all structures.
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