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ABSTRACT: We report controllable synthesis of Pd aerogels
with high surface area and porosity by destabilizing colloidal
solutions of Pd nanoparticles with variable concentrations of
calcium ions. Enzyme electrodes based on Pd aerogels co-
immobilized with glucose oxidase show high activity toward
glucose oxidation and are promising materials for applications in
bioelectronics.

The interest in metal nanomaterials has sparked a sustained re-
search effort to develop synthetic methods and potential applica-
tions because of their novel electronic, catalytic, and optical prop-
erties.! Metal aerogels, as a new kind of nanostructured materials,
are highly porous monoliths with fine superstructures, which
provide an opportunity to bridge the nanoscale world with that of
materials of macro dimensions. Not only can they retain the in-
herent characteristics of aerogels, including high surface area,
open interconnected porosity in the meso and macropore size
range, and nanoscale particle sizes, but they also possess the
unique properties of metal nanoparticles.?2 Considering that metal
nanoparticles (NPs) own excellent catalytic and conductive prop-
erties, aerogels from metal NPs may also find exciting applica-
tions in sensing, photovoltaics, and catalysis. Therefore, consider-
able progress is being made in the preparation of metal aerogels.
For example, Leventis et al. have developed non-noble metal
aerogels by a carbothermal method.® Our group has reported on
both a series of pure noble metal aerogels* and metal-
semiconductor aerogels® prepared from solutions of colloidal NPs
either via a spontaneous gelation method, or via a controllable
destabilization approach. However, the development of synthetic
methodology to control the morphology and porosity of such
metal aerogels imposes important challenges. Furthermore, while
this emerging multidisciplinary field attracts more attention,
applications of colloidally derived metallic gels and aerogels are
at its infancy.

In analogy to carbon aerogels,® metal aerogels are expected to
provide a matrix with high electrical conductivity and high sur-
face area for electrochemical applications; however, unlike carbon
aerogels,” metal aerogels may also provide inherent catalytic
activity and generally fast (reversible) e-transfer kinetics.® In that

respect, enzyme-loaded metallic aerogels in combination with
their meso/macroporous structure can facilitate electron and mass
transfer processes, which are both important for bioelectronic
applications, for example in electrochemical biosensors and bio-
fuel cells.® To induce the assembly of Pd NPs for the gel for-
mation and subsequent drying with supercritical CO2, we have
developed a facile method with calcium ions as the destabilizing
agent to prepare Pd aerogels. Interestingly, the growth of the Pd
aerogels could be simply controlled by the addition of different
concentrations of Ca?*. Using this novel approach, we produced
Pd aerogels with different porosities and surface areas, which
exhibited high activities towards the bioelectrooxidation of glu-
cose when co-immobilized with glucose oxidase. The procedure
of the Pd aerogel preparation (A) and a possible schematic repre-
sentation of the Ca®*-induced assembly of citrate coated Pd NPs
(B) are shown in Scheme 1 together with a photograph of the
evolving aerogels induced by 0.1 mM Ca?* (C).
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Scheme 1. Procedure of the Pd aerogel preparation (A), possible
schematic representation for the Ca?*-induced assembly of citrate
coated Pd NPs (B), and a photograph of the as-prepared Pd aero-
gels (C).

The citrate-stabilized Pd NPs as building blocks were synthe-
sized by the reduction of H2PdCls with sodium borohydride in
boiling water. Both the spectrophotometric and electron micro-
scopic examinations confirmed the successful preparation of Pd
NPs, which have an average diameter of 3 nm and a rather narrow
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size distribution (Figure S1, Supporting Information, SI). Aque-
ous colloidal solutions of metal NP decorated with citrate are
normally very stable in the dilute as-prepared state. To induce
gelation of those Pd colloids, efficient destabilization was initiated
by concentrating the sols by a factor of 50 using ultracentrifuga-
tion (see SI). It is well-established that citrate is an important ion
binder, which, owing to its high affinity for Ca*, could neutralize
the surface charge of citrate-coated metal NPs through specific
interactions with the carboxylate groups causing destabilization of
the NP system.® Here we considered the possibility that Ca®*
induce the Pd NPs to assemble to form a hydrogel by the addition
of CaCl2 solution to the concentrated colloids. Prior to the addi-
tion of the Ca?*, the NP solution for each sample was, as ex-
pected, homogeneous black. From Figure 1A and C, the introduc-
tion of the destabilizer significantly accelerated the gelation of the
Pd hydrogels and fluffy black solids settled out of the solution
within several minutes, days or weeks. Furthermore, all of the
hydrogels were prepared with the same amount of concentrated
Pd NPs. Different concentrations of Ca* had a dramatic effect on
the volume (porosity) of the hydrogel samples. These results
indicated that the growth of the Pd hydrogels was simply con-
trolled by tuning the concentration of Ca?*. Notice that neither
potassium nor chloride ions worked on the system for the gelation
until above 2 months (sample 9), underlining the important role of
Ca?* during the gel formation process. Additionally, without the
addition of Ca?*, the formation of a hydrogel was also observed
after about 2 months while storing the Pd NP solutions in the dark
(Sample 1). Figure 1B is a photograph of three typical Pd hydro-
gels transferred into acetone. These gelations were induced by
different Ca%* concentrations at 0.01, 0.1 and 1 mM, respectively.
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Figure 1. Photographs of the Pd NPs sols with various concentra-
tions of Ca?* (Sample 1-8, from 0 to 1*10-3 M), Time=12 days (A)
and three typical Pd hydrogels transferred into acetone (B); sum-
mary of gel formation data (C).

Acetone-exchanged wet gels were dried with CO2 to aerogels.*
It was observed that varied morphologies of the aerogels were
obtained depending on the amount of Ca®" used as destabilizer
(see Figure 2 and Figure S2, Sl). Figure 2 shows scanning elec-
tron microscopy (SEM) images of three kinds of aerogels manu-
factured from Pd NPs with the use of 0.01 (Sample 3), 0.1 (Sam-
ple 5) and 1 (Sample 8) mM Ca?* (denoted as Pd Al, A2 and A3,
respectively). The evolving structures of the Pd Al and A2 are
highly porous and composed of interconnected networks of ul-
trathin wire-like structures with many bifurcations and thicknesses
of a few nanometers and pores larger than 50 nm. By comparison,
Pd aerogels made with higher Ca?* concentrations (Pd A3) are
much denser with smaller pore size in the range of mesopores.
Photographs of four pieces of black Pd A2 with diameters of
around 5-6 mm are depicted in scheme 1C. Based on volume and
weight of the samples, the average densities of the materials were
0.025, 0.029 and 0.059 g cm=3, corresponding to approximately
1/480, 1/414 and 1/203 of the bulk density of Pd. These values are
in the typical range of aerogel densities (0.004-0.500 gcm) and
underlining high porosities.*?

Figure 2. SEM images of aerogels: Pd Al (A, B), Pd A2 (C, D),
and Pd A3 (E, F), respectively.

The specific surface area and porosity of the resulting aerogels
were further evaluated by nitrogen physisorption measurements
carried out with the Pd A2 and A3 since the SEM imaging
showed similar morphologies of the Pd Al and A2 as discussed
above. As shown in Figure S3A, type Il isotherms are observed
which is characteristic for macropores containing materials. The
specific surface areas of the Pd A2 and A3 were determined to be
40 and 108 m? g, respectively, which are in the typical range
reported for noble metal aerogels.* A broad distribution of pores is
in good accordance with the structural properties obtained from
the SEM characterizations. In addition, pore volumes of 0.15 and
0.4 cm® g* for pores smaller than 50 nm were estimated for Pd
A2 and A3. In combination with the pore size distribution as-
sessed from the desorption branch using the Barrett-Joyner—
Halenda (BJH) equation (Figure S3B, Sl), it is suggested that Pd
A3 contained more and smaller pores on the mesoscale (2-50 nm)
than Pd A2.

TEM analysis was thus conducted to characterize the materials
in detail to unravel the assembly state of the NPs with regard to
Ca?*. For Pd A2, as seen from Figure 3B and D, long chains of Pd
NPs exist with a number of branching points, resulting in a net-
work-like organization of the linear chains into a superstructure.
The aerogel has a porous network structure composed of ultrathin
primary nanochains with relatively uniform diameters of about 3-
10 nm. Considering that the aerogel has typical dimensions on a
similar size scale as the diameter of the original NPs, we conclude
that the aerogel is formed directly from the original colloidal
particles with some fusions of nanoparticles of different size. For
the Pd Al shown in Figure 3A, also some small independent NP
assemblies are detected in this sample, while some regions of the
Pd A3 display a more uncontrolled aggregated structure of varia-
ble size (Figure 3C).

All the results mentioned above show that Ca?* in the Pd NPs
sols determine the final porous properties of the Pd aerogels. It is
reported that also the time for gelation could affect the pore struc-
ture in aerogels.’® Here a large amount of Ca?* provides a better
opportunity to interact with the capping agents of the NPs and
accelerate the assembly process, and subsequently shorten the
time for gelation (as summarized in Figure 1C). Palladium-
sodium citrate sols are viewed as one of the most stable hydrosols



of Pd.** However, as the concentration step reduced the surface
charge of the Pd particles, and the added Ca?* interacted with the
citrate ions on the surface of the Pd NPs, the surface charge was
further decreased (&-potential pdget = —32.7 mV) and made the sol
system more unstable. Since the existence of calcium in the aero-
gel samples was neither detected through energy-dispersive X-ray
spectroscopy nor XPS (Figure S4A, Sl), and also not with the
even more sensitive analytic method inductively coupled plasma
optical emission spectroscopy, we couldn’t simply assume that
Ca?* acts as an interparticle bridge to connect the neighboring Pd
NPs via the interaction with citrate on the NP surfaces and subse-
quently induce the assembly. Another mechanism could be that by
the action of Ca?*, the citrate is partly removed away from the
surface of the NPs, leaving them with a relatively “clean” surface
and by this being more vulnerable for gelation. Since the exact
reasons are not yet known, we are still studying the formation
mechanism of the cation-induced Pd hydrogels.

Figure 3. TEM images of aerogels (Pd A1-3) from Pd NPs desta-
bilized from solution by the addition of Ca?*. The concentration of
Ca?*is 0.01 mM (A), 0.1 mM (B, D), and 1 mM (C), respectively.

Further characterization of the as-prepared aerogels (Pd A1-A3)
was carried out with x-ray powder diffraction. The spectra show
diffraction peaks assigned to the {111}, {200}, {220} {311}, and
{220} planes of the face-centered-cubic (fcc) polycrystalline
structure (Figure S5, SI). The binding energies obtained from XPS
of 335.35 and 340.65 eV correspond to Pd (3dsi2) and Pd (3dar),
respectively, which confirmed that mainly metallic Pd was ob-
tained in the aerogel samples (Figure S4B, SI).

With their high porosity, large surface area, and excellent cata-
Iytic activity, new nanostructured metallic aerogels can be ex-
pected to be promising electrode in bioelectrocatalysis. For a long
time, the bioelectrocatalytic oxidation of glucose has been the
focus of many investigations, because of the great importance of
sugar sensing in human blood, and their potential use for biofuel
cell applications.'® In the present work, glucose oxidase (GOD)
was taken as an example to demonstrate the bioelectrocatalytic
application of Pd aerogels as electrode enhancing materials by the
combination of Pd aerogels (Pd Al1-3), GOD and Nafion, using
ferrocenecarboxylic acid (Fc) as electron mediator.

Cyclic voltammograms (CVs) on GOD-Nafion, Pd NPs-GOD-
Nafion, and Pd A (1-3)-GOD-Nafion modified glassy carbon
(GC) electrodes were recorded at scan rates in the range from 5 to
200 mV s?, in 0.1 M phosphate buffer solution (PBS, pH 7.4)
(Figure S6, SI). In the potential region from 0 to 0.6 V, all modi-
fied electrodes displayed symmetrical CV curves with nearly
equal reduction and oxidation peak heights upon the addition of

0.2 mM Fc. The peak-to-peak potential separation (4Ep) was
calculated to be 75, 71, 63, 56 and 67 mV at 20 mV s, respec-
tively, which indicated that the mediator underwent a quasi-
reversible redox process on these enzyme electrodes. The overall
smaller values of AEp observed from the Pd aerogel-based elec-
trodes implied much faster electron-transfer kinetics of the media-
tor at the Pd aerogel/GOD film surface.’® In proportion to the scan
rate, both the oxidation and reduction peak currents of the modi-
fied electrodes increased linearly with the square root of the scan
rate, suggesting that the reaction was controlled by a semi-infinite
linear diffusion. The larger values of the slopes for the linear
regression equations obtained at the Pd A-GOD-Nafion/GC elec-
trodes revealed that the unique electron structure endows of the
Pd aerogel-enzyme films with fast electron and mass transfer
(Table S1, SI).Y7
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Figure 4. CVs of GOD-Nafion/GC(A), Pd NPs-GOD-Nafion/GC
(B), Pd A (1-3)-GOD-Nafion/GC (C-E) Electrodes in 0.1 M PBS
(pH 7.4) (black line), with 0.2 mM Fc (red line), and with 0.2 mM
Fc+10 mM glucose (blue line). The scan rate is 20 mV s, (F)
Calibration curve derived from different glucose concentrations
(2—50 mM) for the above-mentioned modified electrodes.

In the presence of 10 mM glucose, the anodic current increased
drastically, meanwhile, the cathodic current decreased, which
meant the bioelectrocatalytic oxidation of glucose, as shown in
Figure 4. These five enzyme electrodes showed catalytic currents
of 0.2240.01, 4.27+0.14, 7.7940.23, 11.96+0.34, and 5.92+0.17
pA (n=5), respectively. Evidently, the Pd A-GOD-Nafion/GC
exhibited much higher bioelectrocatalytic activities compared
with GOD-Nafion/GC and Pd NPs-GOD-Nafion/GC electrodes,
which implied a dramatic increase in the bioelectrocatalytic func-
tion of the Pd aerogel modified electrodes. We also investigated
the bioelectrocatalyzed response of different concentrations of
glucose by these electrodes. As the concentration of glucose was
increased, also the anodic currents increased. The resulting cali-
bration curves are shown as Figure 4F. The current sensitivity of
the Pd A2-based enzyme electrode toward glucose in the range
from 2 to 20 mM was estimated to be 1.11 pA mM-L, which is 125
and 3 times higher than those of GC and Pd NPs as enzyme sup-
ports, respectively, and also much superior to those observed for
mediated GOD in other porous matrices.'® In addition, the enzyme
electrodes based on Pd aerogel revealed 12 hours stability under



continuous operation and ~95% of catalytic current upon storage
at 4 °C for two weeks.

The electrochemical results indicated that the modification with
Pd aerogel substantially improved the bioelectrocatalytic perfor-
mance of the enzyme electrode, which may be ascribed to the
following effects: (1) the introduction of noble metal aerogel
increased the conductance within the enzyme film and improved
the electrical communication between the electrode and the ferro-
cene units that mediate the bioelectrocatalytic oxidation; (2) the
porous structures of the Pd aerogels not only allow fast transport
of the substrate as well as the mediator through the electro-
lyte/electrode interface due to short diffusion length but also
ensure contact with a larger surface due to the high surface area,
and by this facilitating the electrochemical reactions.'® In addi-
tion, it is noticed that even though the Pd A3 has much higher
surface area than Pd A2, the best bioelectrocatalytic behavior was
obtained for the Pd Al and A2-based enzyme electrodes. This
outstanding performance was probably due to the unique inherent
porous structure of Pd Al and A2 as shown in the SEM images
and Nz adsorption analysis, where the interconnected porous
structure with the larger accessible inner surface and higher regu-
larity could offer a higher enzyme loading and more benefit for
the reactant diffusion.?

In summary, we demonstrated the facile, reproducible and con-
trolled formation of highly porous Pd aerogels via a Ca®* induced
assembly with subsequent supercritical drying. The aerogels were
composed of three-dimensional network structures and displayed
very high surface area and large porosity. Furthermore, for the
first time, the Pd aerogels were applied in bioelectrocatalysis, and
the electrochemical results showed that the Pd aerogel-based
enzyme electrodes exhibit high activities towards the ferrocene-
mediated oxidation of glucose, which could promise potential
applications of the high-performance glucose biosensors and
glucose/O2 biofuel cells.
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