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Novel self-assembled architectures are currently of great
interest for nanochemistry and nanotechnology. Aerogels,
a unique class of inorganic polymers with low densities, large
open pores, and high inner surface areas, are well known for
their superior physical and chemical properties, which are
linked to their combination of specific properties of the
nanomaterials magnified by self-assembly on the macroscale.
Up to now, a wealth of research has been carried out on oxide-
based aerogels, with the traditional silica, alumina, and titania
aerogels amongst the most widely studied systems. These
materials have found attractive applications, for example as
thermal insulators and components of electrochemical devi-
ces.'! A great deal of research has also been conducted on
hybrid aerogels of metal nanoparticles (e.g. platinum) sup-
ported on aerogels (silica, titania, alumina, carbon, etc.),
which combine both the catalytic properties of the metal
nanoparticles and the highly porous structures of the aero-
gels.”) Recently, the extension of sol-gel methods to the
preparation of chalcogenide aerogels was realized.’) Most
recently, Leventis et al. has developed metal aerogels (includ-
ing Fe, Co, Ni, Cu) by a carbothermal method.™ Our group
has developed nonsupported monometallic (Pt, Au, and Ag)
and bimetallic (PtAg and AuAg) aerogels,”! and composite
aerogels of both semiconductor and metal nanoparticles have
been successfully realized.! These aerogels formed from
chalcogenide semiconductor or metal nanocrystals constitute
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an evolving class of materials with enormous potential on
account of their optical and catalytic properties;*! however,
applications of these materials are still to be explored in width
and depth.’? In addition, it is of great interest to develop new
nanostructured metallic aerogels with high porosity, large
surface area, and high activity by simple strategies. Previously,
other important strategies have been developed to generate
porous metal nanostructures, for example, by templating,
dealloying, electrodepositing approaches;”! recently, Krishna
et al. have also reported a rapid synthesis of high-surface-area
noble metal nanosponges by simply mixing the precursors and
reducing agent.”

Cyclodextrins (CDs), a class of readily available, water-
soluble, and nontoxic cyclic oligosaccharides with a hydro-
phobic inner cavity and a hydrophilic exterior, are of great
importance in studies of host—guest interactions, molecular
recognition, and drug delivery.”! They have also drawn
attention in the area of metal nanomaterials, mainly because
they can enhance water-solubility properties and control
particle size of nanoparticles. In contrast, not much attention
has been paid to improving the catalytic activity of the metal
nanoparticles by utilizing the host—guest interactions between
cyclodextrin and the target molecules.”!

Herein, we report a facile method to prepare nano-
structured Pd aerogels modified by a-, -, or y-cyclodextrins
(Pdcp). When potassium tetrachloropalladate (K,PdCl,) was
reduced with sodium borohydride (NaBH,) in the presence of
a-, B-, or y-CD, the Pdq, hydrogels formed spontaneously
without additional treatment, and after subsequent drying
with supercritical CO,, Pd, aerogels were obtained. Using
this simple approach, we produced Pd., aerogels with high
porosities and large surface areas. The Pd.p aerogels exhibit
very high activities towards the electrooxidation of ethanol,
with Pd,.cp and Pdgcp aerogels as the superior catalysts.
Because of the simple and environmentally friendly prepara-
tion process together with the high catalytic activity, upscaling
production of the Pd aerogels for commercial use is promis-
ing. The schematic illustration of the electrooxidation along
with a picture of bits of Pdg -p aerogel is shown in Scheme 1.

The evolving structures of the Pdqp aerogels are highly
porous and composed of interconnected networks of Pd
nanowires. Figure 1 shows scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
of the as-prepared Pdg - aerogel. The aerogel has a porous
network structure composed of ultrathin primary nanowires
with relatively uniform diameter of (3.6+1) nm. These
primary nanowires are fused and interconnected at various
angles, while some are connected along the nanowire
direction forming a branch-type structure. High-resolution
transmission electron microscopy (HRTEM) images and the
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Scheme 1. Illustration of the electrocatalytic performance of the cyclo-
dextrin-modified palladium aerogel in the oxidation of ethanol. The
photograph shows bits of a Pdy p aerogel.

Figure 1.

Figure 2. HRTEM images of the Pdg  aerogel: a) one cross-linked point, b) one curved turning
part, and c) one nanowire with free branch ends of the Pdy «;, aerogel. The insets are their
corresponding fast Fourier transformations (FFT).

corresponding fast Fourier transformations (FFTs) of some
typical spots including one cross-linked point, one curved
turning part, and a nanowire with free branch ends are shown
in Figure 2. All the images show that the Pd nanowire
networks are highly crystalline with a face-centered-cubic
(fcc) polycerystalline structure. The crystalline domains con-
taining lattice planes with interplanar distances of about
2.30 A are assigned to the (111) plane of fcc metallic Pd, and
are widely distributed at all locations. The kinetically
forbidden 1/3(422) planes of fcc Pd with an interplanar
spacing of 2.46 A are also observed.'!l The fcc crystalline
structure of the Pdg cp aerogel is further confirmed by the X-
ray powder diffraction pattern (Figure S1 in the Supporting
Information). No signal from 3-CD is detected, indicating the
amorphous state of -CD in the Pdg p aerogel.

Pd,.cp and Pd, . aerogels can be obtained by the same
synthetic route. Their nanostructures are similar to that of the
Pdg cp aerogel (Figure S2). The average bulk density of the
Pdg ¢ aerogel is about 0.066 gem >, which corresponds to
approximately 1/182 of the bulk density of palladium.
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The Pdscp aerogel was characterized by X-ray photo-
electron spectroscopy, FTIR spectroscopy, energy-dispersive
X-ray spectroscopy, and thermogravimetry analysis (Fig-
ure S3-S6). These analyses indicate that the Pdgp aerogel
consists of two main components (about 56 wt % of Pd and
about 44 wt % of $-CD), the Pd is mainly zero valent, and the
porous Pd aerogel nanowire network surface is capped with f3-
CD molecules.

Information on the surface area and porosity properties of
the Pdgcp aerogel was obtained by analysis of its N,
physisorption isotherm (Figure 3). The
N, physisorption isotherm is essentially
a combination of a type II and a type IV
curve. The surface area determined by
fitting the data to a Brunauer—-Emmett—
Teller (BET) isotherm is 92 m’g™"
(molar surface area 16.64 x
10* m*mol™"). Typical silica aerogels
have a molar surface area of 30x
10* m*mol ™" and a maximum of roughly
10 x 10* m?mol B! The surface area of
the Pd aerogels greatly exceeds that of
palladium nanowires synthesized in
hexagonal mesophases!'” and that of
interconnected hierarchical porous pal-
ladium nanostructures.™

The pore size distribution of the
Pds cp aerogel was assessed using the
quenched solid density functional
theory (QSDFT) equilibrium model
(N, on carbon) based on a slit-shaped
pore geometry. The pore size distribu-
tion in Figure 3b shows the presence of
a broad range of pores from micropores
(<2nm) to mesopores (2-50nm).
Additionally, the absence of a plateau
at high relative pressure P/P, in the
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Figure 3. a) N, physisorption isotherm of the Pdj.c; aerogel; b) pore
size distribution determined from the isotherm using the QSDFT
equilibrium model (N, on carbon kernel) based on a slit-shaped pore
geometry. The sample was degassed overnight at 323 K before testing.
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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
above SEM and TEM images. The hierarchical porous
structure of the Pd aerogel may enable faster diffusion of
target molecules during catalysis. The existence of many
micropores with the maximum at 1.8 nm may be a result of
the high content of B-CD in the Pdg o, aerogel.l"”

The cumulative pore volume for the Pdgcp aerogel
determined from the amount of adsorbed nitrogen at the
relative pressure P/Py=0.985 is 0.2 cm®g~'. The micropore
volume is determined to be 0.02 cm®>g ™! and the surface area
for the micropores is 31 m*g~'. The micropore volume is in
agreement with the calculated value of 0.06 cm®>g~' for an
aerogel with 44 wt% of (B-CD (cavity volume of (B-CD
0.14 cm®g ™), considering that some B-CD cavities may
not be accessible for the N, physisorption. The surface area of
Pd would be 51.8m’ in 1 g of Pdycp, aerogel, estimated by
assuming a long network of Pd nanowires 3.6 nm in diameter
and by using the Pd density of 12.023 gcm . The coverage of
this estimated Pd surface by one monolayer of 3-CD (outer
diameter of B-CD: 1.53 nm)[**! would need about 0.54 g of -
CD, more than the weight of about 0.44 g of 3-CD in 1 g of
Pdg.¢p aerogel. These rough estimations may indicate that the
surface of Pd is not fully covered by 3-CD.

TEM and UV/Vis spectroscopy were conducted to
monitor the formation process of the Pdscp hydrogel
(Figures S7 and S8). The results show that the evolution of
the Pdg.cp hydrogel involves four main stages, namely, the
formation of Pd nanoparticles, short Pd nanowires, Pd
nanowire networks and eventually the Pd hydrogel. These
results are in good agreement with our observations during
the synthesis (Figure S9). Control experiments, including
reduction of K,PdCl, directly by NaBH, without B-CD
(Figure S10), indicate that the formation of the Pdg cp hydro-
gel proceeds by a spontaneous assembly process. The in situ
rapidly generated salts increase the ionic strength of the
reaction solution and decrease the electrostatic repulsion
between the primary Pd nanoparticles; they may also trans-
form the isotropic electrostatic repulsions between the Pd
nanoparticles into anisotropic forms, leading to the rapid
anisotropic agglomeration of the colloidal Pd nanoparticles.
When -CD molecules are present during the synthesis, they
cap the surface of the Pd nanoparticles and provide repulsive
steric interactions, which reduce the size distribution and slow
down the assembly of the Pd nanoparticles. The presence of
a large amount of B-CD molecules may also lower the
dielectric constant of the reaction solution (ey,o =80.1, &
cp =>52.0) and decrease the surface charge of the Pd particles
(&nop-cp=—26.4mV, & npcp=—21.4mV, measured at 2h
reaction time), resulting in the formation of a large amount of
long fused Pd nanowires.'”! We are still studying the
formation mechanism of the Pdp hydrogels.

Pd is widely known for its remarkably high activity
towards ethanol electrooxidation in alkaline solution.'®! The
electrocatalytic performances of the nanoporous Pd.p, aero-
gels toward ethanol oxidation were evaluated by cyclic
voltammetry (CV) and chronoamperometry in a 1M KOH
aqueous solution containing 1M C,H;OH (Figure 4). Com-
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Figure 4. Top: Cyclic voltammograms (CV) of electrodes modified with
a) Pd.cp, b) Pdg.co, and c) Pd,.p aerogels, and modified with d) Pd/C
in 1.0M KOH+1.0m C,H;OH aqueous solution in the potential range
of —1.0 V-0.4 V versus Ag/AgCl (3m NaCl). Scan rate: 50 mVs™'. CV
of electrodes modified with Pds.cp (light blue) and Pd/C (magenta) in
1.0M KOH aqueous solution. Bottom: Chronoamperometric curves for
ethanol electrooxidation at —0.3 V on the a) Pd,.cp, b) Pds.p, and

c) Pd,.cp aerogels, and the d) Pd/C-modified electrodes in 1.0m

KOH + 1.0 M C,H;OH aqueous solution. Loading amount of Pd:

2

20 pgem™*.

mercial palladium supported on carbon (Pd/C, 10 wt %) was
also tested for comparison. The electrochemically active
surface area (ECSA) of the Pdqp aerogels and the Pd/C
electrodes were estimated using the reduction charge of
Pd(OH), obtained from the CVs of the electrodes in 0.5M
H,SO, in the range of —0.4 V-1.04 V (vs Ag/AgCl) (Fig-
ure S11)."! The potential limit at 1.04 V was chosen accord-
ing to the Pourbaix pH—potential diagram for the upper limit
of the formation of Pd(OH), in a solution of pH 0. The
reported minimum charge density value of 430 pCcm 2 for
the formation of a fully covered Pd(OH), layer on typical
single-crystal Pd surfaces was used for the ECSA calcula-
tion.'”! The possible deviation of this charge-to-surface-area
conversion might lead to an overestimate of the ECSA." The
evaluated ECSA values for the Pd, cp, Pds.cp, Pd,.cp aerogels
and Pd/C are 98, 69, 51, 57 m*g"!, respectively. The electro-
catalytic activities of the Pd.p, aerogels and the Pd/C catalysts
toward ethanol oxidation obtained from Figure 4, top, and
some Pd nanomaterials reported in literatures are summar-
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ized in Table S1 for comparison. Figure 4, top, is enlarged and
shown in Figure S12 for better resolution.

All the cyclic voltammograms of the Pd., aerogels and
the Pd/C electrodes show two well-defined current peaks
characteristic of the electrooxidation of alcohol. In contrast,
only very weak responses corresponding to the Pd oxidation/
reduction and H evolution can be seen in 1M KOH aqueous
solution without ethanol (Figure 4, top, and Figure S13). The
generally accepted mechanism for ethanol electrooxidation in
alkaline media is shown in Equations S(1)-S(4).1*!% The
peak current of the forward scan is related to the oxidation of
freshly chemisorbed species from the ethanol adsorption. The
sharp anodic oxidation current in the reverse scan represents
the removal of carbonaceous intermediate species not
completely oxidized in the forward scan. A high i/, ratio
indicates the efficient oxidation of alcohol during the forward
anodic scan with little accumulation of carbonaceous residues.
The values of the [/l ratio for the Pd,cp, Pdscp, Pdycp
aerogels and the Pd/C electrodes are 1.16, 1.28, 1.17, and
1.09, respectively, indicating more efficient ethanol electro-
oxidation and a lower chance of poisoning for the Pdcp
aerogels.

The onset potentials on the Pd,cp, Pds.cp, and Pd,.cp
aerogels and the Pd/C electrodes are at —0.802 V, —0.816 V,
—0.794 V, and —0.746 V, respectively. The 47-69 mV negative
shift of the onset potentials of the Pd, cp, Pds.cp, and Pd, cp
aerogels relative to that of the Pd/C electrode indicates an
enhancement in the kinetics of the ethanol electrooxidation
for the Pdcp aerogel. Notably, the current densities of the
forward oxidation of ethanol on the Pd, aerogels, especially
the Pd,cp and Pdgcp aerogels, are amazingly high:
7.388 Amg~' Pd, 7.830 Amg™' Pd, and 4.119 Amg~' Pd for
the Pd,.cp, Pdgcp, and Pd,cp aerogels, respectively. The
current densities of electrodes modified with Pd,.cp, Pds.cp,
and Pd, p aerogels are superior to those listed in Table S1 for
nonsupported Pd nanomaterials and the various Pd/C mate-
rials. The current densities for the Pd,. cp, Pdg.cp, and Pd, cp
aerogels are 2.2, 2.3, and 1.2 times that of Pd/C in our test. The
relationship between the anodic current density and the
square root of the scan rate of the Pdg - acrogel and the Pd/C
electrodes were investigated (Figure S14). The Pd/C elec-
trode shows a linearship starting from 5 mVs™, while for the
Pdg.p aerogel the linearity starts at 20 mVs~!. The results
indicate that the electrooxidation of ethanol on Pd/C is
controlled by mass transport through all the scan rates, while
the Pdgcp aerogel electrode is not controlled by mass
transport until the scan rate is higher than 20 mVs=."

The long-term stabilities of the nanoporous Pdqp aerogels
and the Pd/C electrodes were characterized by chronoamper-
ometry in 1M KOH+ 1m C,H;OH solution with a bias at
—0.3V (Figure 4, bottom). Initial rapid decay in current
density was observed for all the electrodes, which may be due
to the accumulation of strongly adsorbed poisoning inter-
mediate species on the active sites. Subsequently, the current
decreased slowly and reached a pseudo-steady state. The Pd¢p
aerogels, especially the Pd,cp and Pdgcp aerogels, exhibit
much higher initial polarization current densities and slower
current decays for the ethanol electrooxidation than the Pd/C
electrode does. Among the Pdcp, aerogels, Pd,.cp and Pdg cp

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

aerogels show similar performance with their current den-
sities higher than that for the Pd,p aerogel, which is in
agreement with the CV results. The steady-state current
densities of the Pd,cp and Pdgcp aerogel electrodes at
30 min, 2 h, and 4 h test are about 3.6, 4.7, and 5.5 times that
of the Pd/C electrode, respectively. These results further
confirm the higher catalytic activity and better tolerance to
the intermediate species of the Pdp aerogels toward ethanol
electrooxidation.?*?!

The very high electrocatalytic activity of the Pd, aerogels
may be ascribed to the highly porous nonsupported ultrafine
nanoassembly network structure of the aerogel. In contrast to
Pd/C, the formation of irregular aggregates or agglomerations
is largely avoided in the aerogel (Figure S15), which may
favor the exposure of catalytic active sites and a good reactant
flux resulting from the existence of many mesopores and
micropores. In addition, the cyclodextrins may serve as an
ethanol reservoir and enhance the electrocatalytic activity as
a resulf of the host-guest interaction between the cyclo-
dextrins and ethanol.'“*! ¢-CD and B-CD are known to form
inclusion complexes with alcohols, including ethanol, whereas
in the case of y-CD, only propanol has been found to form an
inclusion complex.” Therefore, we suppose that the higher
complexation ability of a-CD and 3-CD to ethanol may be
one reason for the superior performances of Pd, p and Pdg op,
aerogels toward the oxidation of ethanol.

In summary, novel Pd aerogels modified with a, {3, and vy-
CD have been prepared by a facile method. By reducing
K,PdCl, with NaBH, in the presence of a-, 8-, or y-CD, the Pd
hydrogels formed spontaneously without additional treat-
ments, and after subsequent drying with supercritical CO,
freestanding Pd aerogels were obtained. The Pd aerogels
show strikingly high electrocatalytic activities toward the
oxidation of ethanol in alkaline solution. This work sheds
bright light on potential applications of metallic aerogel-
based catalysts for example in lightweight high-performance
fuel cells.
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