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The electrocatalysts utilized as the prospective electrodes in fuel cells and high efficient energy conversion
devices require both the interconnected channels for efficient electrolyte transportation and the superior
catalytic activity with long service life. In this work, nanoporous gold with the rigid skeletons in three
dimensions is partially decorated by porous platinum shell containing nanoscale interstitials, aiming to
create the heterogeneous gold-platinum interfaces and facilitate the electrolyte transportation as well. In
comparison with no catalytic activity of bare nanoporous gold, the catalytic activity of hierarchical
nanoporous gold-platinum towards electrochemical oxidation of methanol increases with the loading level
of platinum shells, resulting in the highest electrochemical area of 70.4 m*-g~" after the normalization by the
mass of platinum. Heterogeneous gold-platinum interfaces affect the tolerance of the absorbed intermediate
species because of the oxidization by the oxygenated species absorbed on the gold surface and the enhanced
ion transportation within the porous platinum shell.

oble metal nanostructures with the interconnected channels have aroused significant scientific interest in

the fields of environmental protection', renewable energy*’, and disease diagnosis®. Specifically, nano-

porous platinum (Pt) or Pt nanoclusters usually have a number of interstitials and large active surface
area, all of which result in both the extraordinary catalytic activity towards the electrochemical oxidation of
methanol®™, ethanol’, formic acid'’, and electrochemical detection including glucose and hydrogen peroxide™'".
All these performances originate from the superior catalysis of the Pt nanostructures with nanoscale pores, which
can be usually synthesized by various methods, such as dealloying”'’, template methods®'?, coating process'*",
and seed growth’. Essentially, the strategies to design prospective electrodes include several aspects, such as the
rigid skeletons to avoid the unexpected agglomeration, enough hollow channels in favor of electrolyte trans-
portation, high catalytic activity to lower the usage of noble metals, and the tolerance ability toward the poisoning
species.

To fulfill the requirements mentioned above, some strategies are employed to optimize the detailed characters
of Pt nanostructures. In comparison with the aggregated Pt nanoparticles (Pt-NPs), the self-supported nanopor-
ous Pt holds the high density of pores with a scale of several nanometers and the interconnected ligaments with
tens of nanometers in diameter, while the limited catalysis and high cost are still the challenges for the potential
applications”™'*. On the other aspects, Pt Nanocrystals always suffer from agglomeration effect in accompany
with the deterioration of catalytic performance'. Therefore, various templates including anodized aluminum
oxide, zeolites, nanoporous gold (NPG), nanoporous copper, polyaniline-graphene sheet etc. are usually utilized
to support Pt-NPs so that the agglomeration effect can be avoided to some extent™”'®, benefiting to the stability
for electrochemical catalysis and sufficient electrolyte transportation within the channels'>*. On the other hand,
to enhance the catalytic activity and minimize the coverage of the intermediate poison species on platinum
electrodes, heterogeneous interfaces are usually employed, including Au/Pt'**'-**, MoO,/Pt®, AL,O5/Pt’, Cu/Pt****
interfaces. Considering the adsorption of oxygenated species on gold surface and a preferred non-poisoning
pathway to oxidize methanol on Pt-Au interface, great efforts are made to fabricate hybrid electrodes with the
combination of Au and Pt in order to improve catalytic activity and tolerant ability to poisoning spe-
cies™!0'>1%21-2% Tn the previous investigation, Pt shells with a form of continuous film are deposited onto gold
skeletons in three dimensions'. The creation of Au-Pt core-shell is attributed to the hydrazine gas as the mild
reducing agent during Pt deposition, which shell growth follows layer-islanding growth mode (Stranski-
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Krastanov, SK mode). In order to improve synergistic effect, increas-
ing the magnitude of heterogeneous Au-Pt interfaces with the self-
supported infrastructures becomes the core issue in designing the
high efficient catalysts with high activity, high reliability, and high
tolerance towards the poisoning species. Therefore, the key point of
increasing the magnitude of the heterogeneous interfaces technically
is to reach high nucleation density of the Pt-NPs with tiny sizes onto
the rigid infrastructures and provide the growth condition in favor of
the island formation (Volmer-Weber, VW mode).

In this work, we reported the synthesis of hierarchical nanoporous
Au-Pt (HiNAP) with heterogeneous interfaces by providing the
reducing condition in favor of island growth and hence depositing
high density of Pt-NPs on the surface of the ultrathin NPG film in
free standing state, and explored its practical applications as a catalyst
in the electrochemical oxidation of methanol.

Results

Fig. 1(a) shows the typical morphology of the NPG film subjected to
chemical corrosion. Plane-view and cross sectional scanning electron
microscope (SEM) images in Fig. S1(a) and S1(b) indicate that both
gold skeletons and the pores are spatially interconnected, and these
features are highly consistent with the transmission electron micro-
scope (TEM) tomography [see Fig. 1(a)]****. Entire surfaces of gold
skeletons in the as-corroded NPG film are smooth by judging from
their clear surface contours, while the skeletons exhibit the rough
morphology after Pt-NPs deposition. The density of Pt-NPs signifi-
cantly increases with the elongation of depositing time. The random
stacking of Pt-NPs evolves from monolayer to multilayer if increas-
ing the depositing time from 0.5 to 3 hours [see Fig. 1(b), 1(c) and
1(d), herein the films after 0.5, 1 and 3 hours deposition were
assigned as HiNAP-1, HiNAP-2 and HiNAP-3, respectively].
Interestingly, although the HiNAP-3 film represents a thick layer
of Pt-NPs anchored on gold skeletons, many nanoscale interstitials
or pores marked by the ellipses in Fig. 1(d,e) can be clearly observed.
Meanwhile, the diameters of entire Pt-NPs are around 3 ~ 5 nm,
independent of the depositing time. High resolution TEM (HRTEM)
image indicates the feature of epitaxial growth for an individual Pt

nanoparticle, which can be identified by the well-bonded interfaces
between Pt-NPs and gold skeletons except for some lattice
defects®**[see Fig. 1(f)]. Close inspection reveals that the lattice
spacings corresponding to Pt (111) and Pt (200) planes are 2.26
and 1.96 A, respectively, and lattice spacing of Au (111) plane is
2.35 A [see Fig. 1(f)]. All the spacings are in good agreement with
the standard values of Pt and Au elements, implying the nearly pure
Pt-NPs rather than the formation of Pt-Au alloy. Pure Pt-NPs can be
also verified by comparing x-ray diffraction (XRD) patterns of pris-
tine NPG and HiNAP-3 as shown in Fig. 2. Four diffraction peaks
corresponding to the (111), (200), (220) and (311) lattice planes of
Au crystals are clearly observed in both samples. In case of HINAP-3
sample, the (111), (200), (220) and (311) lattice planes of Pt crystals
correspond to the diffraction peaks at 39.8°, 46.5°, 68.0° and 82.2°,
which are identical to their standard values, indicating the purity of
Pt-NPs. By comparing the XRD patterns, diffraction peaks of Pt-NPs
are broader than those of gold skeletons, which are attributed to the
relatively smaller size of Pt-NPs. According to Scherrer equation, the
average particle size of Pt-NPs is estimated as 4.2 nm, which is highly
consistent with TEM observations (3 ~ 5 nm) as shown in Fig. 1°>*.
The consistent size of Pt-NPs determined by TEM images and XRD
patterns actually implies that Pt-NPs anchored on gold skeletons
hold the single crystalline feature.

More interestingly, three dimensional porous channels are
embedded within Pt-NPs, so that large surface-to-volume ratio
and Pt-Au interfaces can be created [see Fig. 1 (d,e) in white ellipses].
Therefore, these hybrid nanostructures might be the good candidates
for electrochemical catalysts. Electrochemical performances of the
NPG and HiNAP films are evaluated by cyclic-voltammetry (CV) in
the H,SO, aqueous solution. Commercial Pt plate is also tested for
comparison. As shown in Fig. 3(a), the well-defined hydrogen
desorption/adsorption peaks from Pt are observed in the potential
region from —0.2 to 0 V for HINAP-3 and commercial Pt plate, and
these characters are consistent with the previous investigations®'*.
Moreover, the quasi-reversible oxidation/reduction peaks are
observed in the potential range from 0.3 to 1.0 V, which are assoc-
iated with the Au/Pt oxidation and reduction in aqueous solution®**.

Figure 1| Surface morphology of pure nanoporous gold (a) and hierarchical nanoporous gold films after Pt deposition for 0.5 h (b), 1 h(c),3 h(d), (e).
The inset in Fig. 1(b) is the TEM image with high magnification. (f) High resolution TEM image illustrating the Pt nanoparticles randomly
anchored onto gold skeletons. White ellipses in Fig. (d), (e) highlight the nanoscale interstitials between Pt-NPs.
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Figure 2 | XRD patterns of pure NPG and HiNAP-3 films. The indices of
crystal face corresponding to Pt and Au are marked.

Because the deposited nanoparticles embodies some nanoscale
interstitials as shown in Fig. 1(d), CV experiment should be utilized
to estimate the electrochemical active surface area (EASA) of Pt and
Au in the hierarchical HINAP samples by quantitatively considering
the area corresponding to the reduction peaks of their oxide species.
The EASA can be quantitatively described as:

[1dUu

EASA = ——

aev
Where I and U are the current and voltage in the CV curves, v is the
scanning rate, a is 440 and 400 nQ-cm™ for Pt and Au, respect-
ively*”*. The reduction peaks of the Pt and Au oxides are around
0.4and 0.9 V, respectively. In case of the reduction peak of Pt oxides,
EASA value that are normalized by sample’s volume in the first
column of Table 1 gradually increases from 42.5 to 261.4 m*-cm ™
with the depositing time from 0.5 to 3 hours. If EASA value is nor-
malized by the mass of Pt shell (see Fig. S2 and Table S1 about the
detailed calculation in the supporting information), catalytic area of
HiNAP-3 sample can be as much as 70.4 m*-g~"', which is about 2 ~
4 times larger than nanoporous Pt catalysts (22.5 ~ 33.4 m*-g™"')
reported previously'****’. Conceptionally, catalytic area is related
to the exposed area of platinum to methanol, and the magnitude of
active sites on the surface of Pt nanoparticles for methanol electro-
oxidation. In this study, the former mainly relies on the transporta-
tion of methanol within the porous channels, which might be
enhanced by hierarchical nanoporous structures. Especially meth-
anol can be delivered into the nanoscale interstitials embedded into
Pt shells efficiently, and mass transportation enhanced within the
nanoscale pores has been ever investigated experimentally based on
microscopic diffusion measurement*'. On the other hand, the mag-
nitude of active sites depends on the actual surface area of Pt nano-
particles and partially depends on the heterogeneous Au-Pt
interfaces that can suppress the poisoning of the absorbed intermedi-
ate species. Based on the detailed features of hierarchical nanoporous
structures with heterogeneous interfaces, the superior catalytic area
in HiNAP-3 sample in this work could result from the comprehens-
ive optimization of two aspects described above. For the reduction
peak of Pt oxides, the volume-normalized EASA increases twice with
the elongation of depositing time from 0.5 to 1 hour. The obvious
distinctions between the EASA values for Pt and Au oxides result
from the high surface-to-volume ratio of the deposited Pt-NPs as
shown in Fig. 1(c). In comparison with the partial coverage of nano-
particles monolayer on NPG film, Pt-NPs’ shells on NPG films after 3
hours deposition contain a great number of nanoscale interstitials,
which can provide the efficient channels for ion transportation.
Therefore, the EASA value for Pt oxides of HINAP-3 increases ~4
times to that of HiNAP-2 with further loading of Pt-NPs. On the
other hand, Pt-NPs do not completely cover the surface of NPG film
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Figure 3| (a) Representative CV curves in 0.5 M H,SO4, and the current
density are normalized by the geometrical scale of the working electrode.
The inset presents the reduction peaks of Au-oxide for each sample. (b) CV
curves of HINAPs in 0.5 M H,SO, + 1 M CH3OH and the current
densities are normalized by the electrochemical active surface area
calculated based on the CV curves in the H,SO,. The data from bare
nanoporous gold and commercial Pt plate is included for comparison.
Scan rate: 50 mV/s.

based on its Volmer-Weber growth mode [islanding growth mode,
see the inset in Fig. 1(b)], so that the surfaces of NPG film are partially
exposed into the aqueous solution even after 3 hours Pt depositions.
Therefore, the reduction peak of gold oxides cannot completely dis-
appear in all the HINAP samples, with a subsequence of the dimin-
ished EASA value (final residual value is around 10%) as listed in the
second column of Table 1.

Fig. 3(b) shows the electrochemical performances of bare NPG
and HiNAP films for methanol oxidation. NPG film does not have
any catalytic ability, while all the HINAP films exhibit electrocatalytic
ability for methanol oxidation, identified by both the peak at 0.65 V

Table 1 | The electrochemical active surface area of Pt and Au in
nanoporous Au film and hierarchical nanoporous Au-Pt films. The
ratio between the electrical charge of the forward and backward
CV sweep peaks is listed and Pt-plate is concluded for comparison

Sample EASA-Pt (m2:cm~3)  EASA-Au(m2cm™3) Q/Qp
HiNAP-1 42.50 5.80 1.09
HiNAP-2 64.54 2.50 0.96
HiNAP-3 261.44 2.63 0.90
Pt plate - - 0.73
NPG 0 29.74 —
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in the forward sweep and the peak at 0.45 V in the backward sweep.
The current density of the HiNAPs increases with depositing time,
indicating higher catalytic activity of hierarchical nanoporous sam-
ple with high Pt loading. The higher loading level of Pt can produce
more available active sites"*>*’. At the onset potential of forward
scan, the methanol begins to decompose into the intermediate spe-
cies (including formic acid, formaldehyde, CO, etc.) in accompany
with the rising current. With the potential scanning to a more pos-
itive value, these intermediates are further oxidized by the OH ™" ions
generated by oxophilic surface of Pt-NPs. When most of the active
sites on Pt-NPs dedicate to the methanol oxidation, the current
density reaches the maximum value. If the forward potential is
increased further, total current density begins to decline, implying
that the catalytic activity of Pt-NPs is suppressed by some intermedi-
ate species™. It must be noted that the oxidization potentials of
methanol for HINAP-1 (0.605 V) and HiNAP-2 (0.627 V) are smal-
ler than commercial Pt plate (0.637 V), indicating that the hierarch-
ical nanoporous Au-Pt nanostructures facilitate the methanol
electro-oxidation**. It is well-known that the potential level of meth-
anol oxidation depends on mass transportation, the reactant deple-
tion within hollow space of Pt shells, and the accumulation of
intermediate species on the surface of catalysts. For hierarchical
nanoporous gold-platinum developed in this work, the electrochem-
ical peak corresponding to Au oxidation can be observed even in
HiNAP-3 sample with high level of Pt loading, which implies free
entrance and evacuation of the reactants within the porous channels
of Pt shells. Therefore, the oxidation potential of methanol should
not be dominated by the suppressed mass transportation and the
reactant depletion within the porous shells as well. Probably, meth-
anol might be oxidized in accompany with some poisoning species,
which will be absorbed onto the surface of platinum shells. The
limited distance of these poisoning species in HINAP-3 sample will
induce the elevation of oxidation potential, even approaching the
oxidation potential of methanol occurred onto platinum plate.
Therefore, the oxidation potential of methanol for HiNAP-3
(0.639 V) can be comparable with that for platinum plate
(0.637 V). For the HiNAP-1 and HiNAP-2 samples, two mechan-
isms will induce the relatively low oxidation potential of methanol.
Firstly, the thickness of Pt shells in these samples might be compar-
able with the diffusing distance of these poisoning species.
Meanwhile, Au-Pt interfaces will enhance the further oxidation of
the poisoning species. Secondly, heterogeneous Au-Pt interfaces can
facilitate the direct oxidation of methanol without the creation of the
poisoning species.

Besides catalytic activity, the other feature to evaluate catalytic
performance of HiNAP films is their tolerance towards poisoning
species, which can effectively reflect their durability. Usually, elec-
trochemical oxidation of methanol is achieved by the dual paths, i.e.
non-CO and CO pathway*'. Dual oxidization can occur in the for-
ward sweep, with the production of the adsorbed CO via CO path-
way. On the other hand, the backward CV sweep is primarily
associated with the oxidation of partially dehydrogenated interme-
diates species (such as Pt=C=O poison species) remaining on
Pt-NPs***>4_ Therefore, the tolerance of Pt-based materials for elec-
trochemical catalysis can be quantitatively considered by the ratio
between the electrical charge of the forward CV sweep and that of the
backward CV sweep (Q¢/Qp). Essentially, the larger value of Q¢/Q,
implies the relatively predominant tolerance towards poisoning spe-
cies due to the suppressed CO pathway to some extent, resulting in
the smaller Qy,. All the Q¢/Qy, values for the HINAP films and Pt plate
are listed in column 4, Table 1. The Q¢/Q,, of HINAP films gradually
decays from 1.09 to 0.90 with Pt loading increasing (the depositing
time increase from 0.5 to 3 hours), so that Q¢/Q, approaches the
value corresponding to Pt plate (0.73). Obviously, the non-CO path-
way prefers to occur during the electrochemical oxidation of meth-
anol for the HiNAP films with low Pt loading. By considering the

evolution of interfacial structure after Pt loading, the optimized tol-
erance towards poisoning species for the HiNAP film might result
from two factors. Firstly, the porous NPG film delivers a large
amount of available sites for trapping OH ™', which can be strongly
chemisorbed on Au surface to form oxygenated species, and promote
further oxidation of the intermediate species on Pt surface'*.
Secondly, the Au-Pt interfaces require larger energy for the chemical
adsorption of the intermediate species than pure Pt surface, which
also improves the tolerance of HINAPs**’. For the HiNAPs, the
remaining bare Au surface greatly enhances their tolerance than pure
Pt plate for methanol oxidation, and the exposed gold surface facil-
itates the oxidization of the intermediate species.

In summary, a self-supported nanoporous Au-Pt film with hier-
archical interstitials is fabricated by chemical corrosion and electro-
less deposition subsequently. The fabrication of this hierarchical
structure with three dimensional porous channels in Pt shell and
heterogeneous Au-Pt interfaces is attributed to the deposition of Pt
nanoparticles following the islanding growth mode. In comparison
with pure Pt electrode, the heterogeneous Au-Pt nanostructure
developed in this work can greatly enhance the efficiency of Pt usage
in these hybrid catalysts and improve its tolerance towards the
absorbed intermediate species. Moreover, the strategy to fabricate
this hybrid nanostructure with heterogeneous interfaces offers a
new way to design hierarchical nanoporous catalysts, facilitating
their broad application as high-performance electrocatalytic electro-
des and energy conversion devices.

Methods

Fabrications and characterizations of HiNAP films. The NPG film with a thickness
of 100 nm was fabricated by dealloying AusoAgs, leaf (weight ratio, Sepp Leaf
Products, US) at room temperature for 8 hours, and rinsed by the ultrapure water
(18 MQ-cm) for ~30 minutes in order to remove the chemical contaminations®.
Electroless deposition of Pt shells was carried out by putting NPG film onto the mixed
electrolyte of 0.31 mM H,PtClg (99.995%, Sigma Aldrich, US) and 0.13 mM
HCOOH (98%, SCR, CN). During the Pt deposition, the electrolyte at a constant
temperature of 25°C was stored in the dark container to avoid the spontaneous
decomposition of H,PtCls induced by the light. Hierarchical nanoprous gold-
platinum films with distinct Pt-NPs loading were attained by adjusting the deposition
time, and the films after 0.5, 1 and 3 hours deposition were assigned as HINAP-1,
HiNAP-2 and HiNAP-3, respectively. Hybrid films loaded on a copper grids were
characterized by scanning electron microscopy (SEM, JEOL 7600F) and transmission
electron microscopy (TEM, FEI Tecnai G20). Elemental analysis was carried out
by energy dispersive x-ray spectrum (EDX, Oxford Inca detector), and phase
identification was determined by x-ray diffraction (XRD, Bruker D8).

Electrochemical measurements. Electrochemical measurement was carried out in a
traditional three-electrode cell in CHI 660E electrochemical workstation. Glass
carbon electrode (GCE, ® = 3 mm) was the working electrode, a platinum wire (& =
1 mm, 1 = 4 cm) was the counter electrode and a saturated calomel electrode (SCE)
was the reference electrode. The NPG and HiNAP films were directly loaded onto
GCE, then one drop of Nafion solution (0.05 wt.%, dissolved in ethanol,
DuPont, US) was dispersed on the film to enhance the adhesion and good
electrical contact between GCE and the hierarchical films. The 0.5 M H,SO,4
aqueous solution was utilized to estimate the active surface area of
electrochemical catalysts. Electrochemical oxidation of methanol was carried
out by cyclic voltammetry in the electrolyte containing 0.5 M H,SO4 and 1 M
CH;0H. Scan rate was 50 mV/s during all electrochemical tests.
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