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Metallic nanomaterials with high surface area and high
porosity are of great interest for applications in catalysis,
electrochemistry, and sensors. Several strategies have been
developed for preparing porous metallic nanostructures, for
instance, templating,?) combustion synthesis,”! cathodic
corrosion,” and by forming aerogels.F'Y Aerogels are
a unique class of materials that present low densities, large
open pores, and high inner surface areas. Some aerogel
materials have physical and chemical properties that are
superior to those of conventional nanoparticles since the
specific properties of the nanomaterials are combined and
magnified by self-assembly on the macroscale.® ' Among the
different methods of preparing metallic aerogels,” " we have
developed a spontaneous method for the synthesis of Pd
aerogels through the reduction of K,PdCl, in the presence of
different cyclodextrins.® The cyclodextrin-modified Pd aero-
gels have shown excellent performance in the electrocatalysis
of ethanol oxidation. Thus, the exploration of novel metallic
aerogels and their applications are of great interest.

One potential application of metallic aerogels is as
unsupported catalysts in low-temperature polymer electrolyte
fuel cells (PEFCs), in particular as cathode materials for the
oxygen reduction reaction (ORR). Currently the lifetime of
the fuel cells is limited by the carbon supports employed due
to corrosion, for example, during start-stop cycling or idling
conditions. In recent years unsupported catalysts for PEFCs
have been mainly promoted by the company 3M and both the
high activity and the durability of their unique nanostructured
thin-film (NSTF) catalysts/electrodes have been demon-
strated.'” Although these nanostructures showed high spe-

cific catalytic activity and durability with a low loading of the
noble metal, the maximum specific surface area of 20-
30 m’g~! imposes some limitations."”! Therefore, extended
unsupported electrocatalysts offering higher specific surface
areas are desirable in order to further increase the overall
catalyst activity and maintain high stabilities. The use of
metallic aerogel catalysts presents a suitable way to achieve
these goals.

Pt-based nanomaterials are still the most effective cata-
lysts for the ORR, but the platinum mass activity must be
further increased by at least a factor of 4 if cost targets for the
application of PEFC systems in automobiles are to be met.!""
There have been various approaches to overcome the sluggish
ORR kinetics, for example by shaping the Pt-based catalysts
into nanowires, nanotubes, nanocrystals, and porous nano-
sponges, > by controlling the size of the Pt nanoparticles at
the optimum of around 2-5 nm,'"*? and by adjusting the
composition of the Pt-based nanomaterials in the form of
bimetallic or multimetallic catalysts. Pt-M (M =Pd, Co, Ni,
Fe, Au, Cu, etc.) bimetallic catalysts have been confirmed to
show improved ORR activity due to the change of the surface
composition and electronic structure which helps to optimize
the binding energy between Pt and the oxygenated spe-
cies.""?'"»] The most intriguing Pt-M bimetallic catalyst for
the ORR reported so far is Pt;Ni(111), which shows a 90-fold
higher specific activity than Pt/C.**) The typical factor of
improvement for carbon-supported PtNi systems versus Pt/C
catalysts, however, is only 2-5.1“2%21 Another challenge can
be found in the limited durability of the cathode catalysts
during load cycling, which is caused by the dissolution and/or
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agglomeration of Pt and the corrosion of the carbon support.
In this context, extended Pt-black-type catalysts were found
to offer significantly higher voltage cycling stability than Pt
nanoparticles.”®! Although common Pt/C catalysts are indus-
trially available, simple and environmentally friendly meth-
ods for the synthesis of advanced nanoscrystal catalysts, which
should be suitable for scaling up, are urgently required.

In this context, we prepared nanostructured Pt and Pd
monometallic and Pt,Pd, bimetallic aerogels with controlled
composition and very high surface area and high porosity (see
the Experimental Section and Figure S1 in the Supporting
Information). The scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images (Figure 1a—
c) show that the PtsPdy, aerogel has a three-dimensional

Figure 1. SEM image (a) and TEM images (b, c) of the Pt;,Pds, aerogel at different magnifications.
HRTEM images of one nanowire in the Pts,Pds, aerogel with a free branch (d), one cross-linked end
(e), and one cross-linked area (f). The insets are their corresponding fast Fourier transformations
(FFT).

porous network structure composed of ultrathin primary
nanowires with an average diameter of 4.2 nm. These primary
nanowires are fused and interconnected forming a branch-
type structure. High-resolution TEM (HRTEM) images and
the corresponding FFTs of the Pts,Pds, aerogel (Figure 1d-f)
reveal that the Pty ,Pds, nanowire networks are highly
crystalline with a face-centered cubic (fcc) polycrystalline
structure. The crystalline domains containing lattice planes
with interplanar distances of about 2.26 A are assigned to the
(111) plane of fcc metallic Pts,Pds,, and are widely distributed
on the aerogel.

The corresponding analysis on the other bimetallic
aerogels and the monometallic aerogels was performed as
presented in Figures S2 and S3 in the Supporting Information.
The average diameter of the nanowires in the Pt,Pd, aerogels
is not strongly influenced by the Pt/Pd ratios in the samples
(Figure S4).
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The compositions of the Pt,Pd, aerogels were determined
by using energy-dispersive X-ray spectroscopy (EDS) and
X-ray photoelectron spectroscopy (XPS) (Figure S5 and
Table S1 in the Supporting Information). The results indicate
that the contents of Pt and Pd in the Pt,Pd, aerogels are in
agreement with the ratio of metal precursors during the
synthesis. XPS was further used to determine the surface
composition and the d-band center of the Pt,Pd, aerogels. The
survey spectrum of the Pts,Pds, aerogel (Figure S6) indicates
that there is mainly Pt, Pd, O, and trace amounts of C
contamination in the aerogel. Deconvolution of the high-
resolution Pt 4f and Pd 3d core-level spectra for the Pt,Pd,
aerogels show that both of them include two sets of peaks
(Figure S7). One set shows Pd 3ds, at 335.2 eV and Pd 3d;, at
340.5 eV, and Pt 4f,, at 71.0 eV and
Pt 4f;,, at 74.3 eV; these values are in
accordance with those for Pd’ and
Pt°, respectively.””) The other set
includes Pd 3ds, at 337.1 eV and Pd
3d;, at 342.4eV, and Pt 4f,, at
72.6eV and Pt 4fy, at 759¢eV,
which are close to the reported
values for Pd" and Pt", respec-
tively.”?*?1  The deconvolution
results suggest that about 80% of
the Pt and Pd elements in the Pt Pd,
aerogels are Pt” and Pd’. The
shoulder peak at around 331.9eV
next to the Pd 3d;, signal is related
to the core-level spectrum for Pt
4d,, 773

The surface area and porosity of
the Pt,Pd,, Pd, and Pt aerogels were
determined from N, physisorption
isotherms (Figure 2). The surface
area as estimated from a Brun-
auer—-Emmett-Teller (BET) plot is
73m?’g”!, 86m’g!, 75m’g’,
125m?g!, and 168 m*g' for the
Pty Pdy, PtsyPdsy, PtyPdg, Pd, and
Pt aerogels, respectively. The pore
size distribution of these aerogels
was assessed using the Barrett-Joyner-Halenda (BJH)
method. All the tested aerogels show the presence of
a broad range of pores from micropores (<2nm) to
mesopores (2-50 nm). The absence of a plateau at high
relative pressure (P/P,) in the adsorption isotherm implies the
simultaneous presence of macropores (pore diameter >
50 nm). The presence of meso- and macropores in the aerogel
is also evident in the SEM and TEM images. Notably, there is
a difference in the pore size distributions for the Pt,Pd,
aerogels and the Pt and Pd aerogels. The Pt,Pd, aerogels
contain more mesopores larger than 20 nm (Table S2) and
fewer micropores than the Pt and Pd aerogels. In addition, the
cumulative pore volumes for pores smaller than 140 nm in the
Pt,Pd, aerogels are larger than those in Pt and Pd aerogels
(Table S2). The higher porosity and the existence of more
mesopores exceeding 25 nm in the Pt,Pd, aerogels minimizes
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Figure 2. N, physisorption isotherms (a) and pore size distribution (b)
determined from the isotherms using the BJH method for the Ptg,Pd,,

(green), Pts,Pds, (blue), PtyyPdg, (pink), Pd (red), and Pt (black)
aerogels.

Knudsen diffusion and therefore minimizes the diffusion
resistances in the catalyst layer of PEFC cathodes.™

After the physical characterization, the monometallic and
bimetallic Pt,Pd, aerogels were evaluated as ORR catalysts
(see the Tafel plots for the different Pt,Pd, alloys alongside
with the Pt/C reference system in Figure S8). The specific
activity (based on total metal loading) at 0.9 V as a function of
Pt content in the alloys is shown in Figure 3a. Volcano-type
behavior can be seen, with the Pty Pd,, aerogel at the top. The
downshift of the d-band center in the alloys is commonly used
to describe the oxygen reduction activity which shows the
same trend (Figure 3b); for Pty Pd,, DFT calculations predict
that the d-band center shifts from roughly 0.1 eV to 0.2 e V.
The remarkable activity of the Ptg,Pd,, aerogel in the volcano
plot indicates the best balance between the free energies of
adsorption of O, and the surface coverage by spectator
(blocking) species and intermediates.””

Comparison of the activities of the Pt,Pd, aerogels with
that of the Pt/C reference (20 wt%) clearly indicates that
Pt,Pd, bimetallic aerogels are highly active catalysts for PEFC
cathodes. The Pt,Pd, bimetallic aerogels containing more
than 40% Pt meet or exceed the performance targets for
ORR fuel cell catalysts (0.44 Amg 'y at 0.9 V versus RHE
and 80°C) set by the U.S. Department of Energy."¥

Durability tests were performed by applying linear
potential sweeps between 0.5 and 1.0 V at 50 mVs™! in O,-
saturated 0.1m HCIO, solutions at room temperature, simu-
lating the typical voltage range of a fuel cell cathode under
automotive drive cycle conditions. The test results for the Pt,
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Figure 3. a) Volcano plots of the ORR mass activity of the Pt,Pd,, Pt,
and Pd aerogel catalysts as a function of Pt content at 0.9 V. The
empty circle represents the value for Pt/C. b) Volcano plots of the ORR
mass activity at 0.9 V of the aerogel catalysts as a function of the shift
of the d-band center from that of the Pt aerogel calculated from
valence-band XPS measurements.

Pty Pd,, Pty Pdg, and Pd aerogels and for Pt/C are shown in
Figure 4. The mass activities of the Pt, Pd, and Pt/C materials
decrease gradually with time. In contrast, for the Ptg,Pd,, and
Pt,Pdg, aerogels the mass activity first increases and then
decreases slowly. The commercial Pt/C catalyst (isolated Pt
nanoparticles; 54 % loss after 10000 cycles) and the Pt aerogel
(Pt nanoparticle networks; 56 % loss) show similar durability
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Figure 4. Relative ORR mass activity of Pt,Pd, catalysts of different
compositions as a function of the number of potential cycles (0.5 V to
1.0 V). The mass activity was obtained from the cathodic scan of ORR
polarization curves (corrected for electrolyte resistances) at 10 mVs™
and 1600 rpm.
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in this test. The PtgPd,, (12% loss) and Pt,Pdy (36%
increase) bimetallic aerogels show much better durability
than the pure Pt and Pd aerogels well as Pt/C, indicating that
the existence of Pd in Pt,Pd, alloy aerogels significantly
stabilizes the catalyst. The significant enhancement of mass
activity upon potential cycling for the high-Pd-content Pt Pd,
alloy aerogels, for example, Pt, Pd, is supposed to be due to
the de-alloying of Pd upon potential cycling such that it slowly
approaches the behavior of the Pt-rich aerogel alloys. This
type of behavior was also reported for PtCu; and PtNi;
alloys."

In summary, we have presented an environmentally
benign strategy for the controllable synthesis of bimetallic
Pt,Pd, and monometallic Pt and Pd aerogels, and for the first
time, noble-metal-alloy aerogels (Pt,Pd,) have been demon-
strated to be highly active and stable catalysts for PEFC
cathodes. The Pt,Pd, aerogels are composed of three-dimen-
sional nanowire network structures and display very high
surface area and large porosity. They show excellent electro-
catalytic activity towards the oxygen reduction reaction, with
the PtgPd,, aerogel performing the best and showing five
times higher mass activity than the commercial Pt/C catalyst.

Notably, the Pt,Pd, aerogels also show excellent durability
during the test. The metallic aerogels have potential as
electrocatalyst systems that combine the high stability of
extended surfaces and the high surface area of nanoparticles.
They are very promising as a new class of catalysts not only
for PEFCs but also for other electrochemical energy systems.
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