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ABSTRACT: Noble-metal-based electrocatalysts usually contain
small nanoparticle building blocks to ensure a high specific surface
area as the scene for the surface processes. Here, we show that
relatively large noble-metal nanorods are also promising candidates
to build up functional macrostructures with prominent electro-
catalytic activity. After optimizing and upscaling the syntheses of
gold nanorods and gold bipyramid-templated silver nanorods,
cryoaerogels are fabricated on a conductive substrate via flash
freezing and subsequent freeze drying. The versatile cryoaeroge-
lation technique allows the formation of macrostructures with
dendritic, open-pore structure facilitating the increase of the
accessible nanorod surfaces. It is demonstrated via electrochemical
oxidation and stripping test experiments that noble-metal surface sites are electrochemically active in redox reactions. Furthermore,
gold nanorod cryoaerogels offer a platform for redox sensing, ethanol oxidation reaction, as well as glucose sensing. Compared to
their simply drop-cast and dried counterparts, the noble-metal nanorod cryoaerogels offer enhanced activity due to the open porosity
of the fabricated nanostructure while maintaining structural stability.
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1. INTRODUCTION

Noble-metal nanoparticles have been in the spotlight of the
research due to their outstanding properties being exploited in
optical, biomedical, catalytic, and sensing applications.1−8

While the well-designed nanoparticle properties enabled the
possibility of their use in advanced applications, these often
cannot be exploited at the macroscale. Hence, besides tailoring
the nanoparticle building blocks themselves,9 techniques for
producing functional assemblies from them have attracted
excessive research interest in the recent decade.10−14 In
electrocatalysis, the demand for the fabrication of macroscopi-
cally manageable but nanostructured materials is of central
importance. Modern assembly approaches, such as evapo-
ration-induced self-assembly11,15,16 and nanocrystal gelati-
on,17−20 offer novel routes toward the preparation of active
electrode materials with stable structural and electrochemical
properties.
Aerogelation is one of these new techniques enabling the

assembly of the tailored noble-metal building blocks into
functional macrostructures.17,20−26 It can be carried out via the
chemical19,27 or physical28−30 destabilization of the nanocrystal
solutions to trigger the formation of the interconnected gel
structure. Recently, chemical destabilization and ligand
desorption led to the assembly of a large variety of nanoscopic
building blocks into mono- and multimetallic aerogels with
catalytic activity.31

It is important to note that preserving the initial porosity of
chemically gelated structures is challenging and requires the
use of additional fabrication steps (milling, grinding) and
additives (e.g., Nafion),27,32−35 from which the destruction of
the original nanostructure can be inferred. Here, the
cryoaerogelation provides an alternative route toward porous,
stable, and versatile nanocrystal aerogel coatings on various
substrates.17

Additionally, we have also demonstrated recently that
cryoaerogelation is a promising route to fabricate gel coatings
for electrochemical applications.36−40 Cryoaerogelation is a
novel approach practically including two main steps: (i) the
flash freezing of the highly concentrated and colloidally stable
aqueous nanoparticle solution and (ii) the subsequent freeze
drying of the evolved structure. In the freezing step, the
formation of the ice crystals (under the control of their growth
via the freezing medium) confines the nanoparticles (NPs)
into the crystal boundaries forming sheetlike structures.37,38
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The ice template is then removed using lyophilization to
preserve the structure prepared in the frozen state.
Noble-metal nanoparticles for (electro)catalytic purposes

are generally small (sub-10 nm in diameter),20,37,39 which
ensures the high surface-to-volume ratio. Using these small
sizes is, however, also a practical consequence of their synthesis
methods offering high nanoparticle concentrations and low
polydispersity with a relatively low technical demand. There-
fore, metal nanoparticle gel structures mainly consist of small,
spherical particles. The use of cryoaerogels as electrocatalysts
with multimodal porosity is still in its infancy: first, we have
demonstrated recently the enhanced electrocatalytic activity of
cryoaerogels and cryohydrogels consisting of small Au, Pd, and
Pt nanoparticles over their dried nanoparticle films.37 As
another alternative, nanoporous gold and silver have also been
developed and their advantageous electrocatalytic properties in
ethanol oxidation reaction (EOR) and glucose sensing were
proven.41−44 Nanorods (NRs) are underrepresented in these
studies, due to their larger size, more complex preparation
route, and most importantly the scarcity of synthesis routes
providing high enough nanorod concentrations. However,
since the pioneering works of Murphy45,46 and El-Sayed,47

novel routes have been discovered to prepare highly
monodisperse, tailorable gold and silver nanorods using
additives to break the symmetry.48,49 While gold nanorods
can be synthesized in the well-known seeded growth method,
this is not applicable for silver nanorods. However, the growth
of a silver shell around monodisperse gold bipyramids
revolutionized the preparation of monodisperse silver NRs.49

Via further optimizing and combining the methods available in
the literature, we demonstrate in this work that AuNRs and
AgNRs can be synthesized in high amounts and concentrations
suitable for cryoaerogelation. The chemical stability of AgNRs
is a common issue (i.e., these particles tend to oxidize),50

which we targeted to overcome with a surface modification
step. Although these NRs have relatively large dimensions,
their potential in the form of cryoaerogel coatings in an
electrocatalytic application is demonstrated, and the redox
reactions and electrochemical stripping processes on their
active sites are revealed.
In this work, a novel method for assembling gold and silver

NRs into porous, solid-supported cryoaerogel structures and
their electrochemical properties are presented. After the

upscaled wet-chemical synthesis of the NRs, their surfaces
are grafted by a conductive polymer (poly(3,4-ethylenediox-
ythiophene) poly(styrenesulfonate), PEDOT:PSS) to enhance
their stability and to replace the nonconductive original
ligands. The cryoaerogel coatings are prepared via flash
freezing (in cooled isopentane at 113 K) and subsequent
freeze drying (under 0.06 mbar) of the concentrated NR
solutions deposited onto 3-(mercaptopropyl)trimethoxysilane
(MPTMS)-coated indium tin oxide (ITO) glasses.37,38 The
steps of the electrode fabrication are schematically depicted in
Scheme 1. It is demonstrated that the cryoaerogel coatings
have a stable, dendritic, open-pore structure ensuring the high
contact area between the nanorods and the electrolyte pointing
out their superior properties compared to the drop-cast and
ambient dried NR films. Importantly, the polymer grafting
does not hinder the electrochemical stripping and the
electrooxidation of the noble-metal nanorods; the surface of
the building blocks is electrochemically available for electro-
catalytic reactions. This is further proven by test experiments,
where the potential of Au nanorod cryoaerogel coatings in
redox sensing, ethanol oxidation reaction (EOR), and glucose
redox reaction is presented. The cryoaerogel coatings
drastically increase the conductivity of the MPTMS-coated
ITO substrate, which is demonstrated using electrochemical
impedance spectroscopy (EIS). These results demonstrate that
cryoaerogels from relatively large gold and silver nanorods are
of great interest in electrocatalytic reactions, which offers a
novel electrode preparation route using a rich variety of
multimetallic building blocks based on nanorod templates.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of the Building
Blocks. Two types of noble-metal nanorods were chosen as
model systems: gold and silver NRs. Gold NRs were
synthesized following the novel protocol of Gonzaĺez-Rubio
et al.48 based on the disconnection of symmetry breaking from
the seeded growth. The synthesis includes the preparation of
1−2 nm Au seeds followed by the growth of NRs in the
presence of CTAB and n-decanol. While the original protocol
has three steps, we have tuned and modified the first two steps
to prepare AuNRs with narrow size distribution (the average
length and width of the obtained NRs are 46 and 11 nm,

Scheme 1. Schematic Flowchart of the Cryoaerogel Preparationa

aGold and silver NRs are synthesized in an aqueous medium, surface-modified using a conductive polymer (PEDOT:PSS), and deposited into the
mold preformed on the surface of MPTMS-coated ITO. The formation of the gel structures is triggered via flash freezing the NR solutions in
cooled isopentane. In the last step, lyophilization is used to remove the ice crystal template. The obtained aerogel-coated ITO glasses are employed
as working electrodes to study the electrochemical properties.
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respectively; see the SI for experimental details) and a high
concentration.
Silver NRs were prepared following a multistep growth

method partially adapted from the work of Li et al.51 and
Sańchez-Iglesias et al.49 The four-step synthesis route includes
the preparation of small, single-crystalline Au seeds, a thermal
treatment to induce their pentatwinning followed by the
growth of Au bipyramids (BPs), and finally the overgrowth of
the BPs into rod-shaped AgNRs (extinction spectra of the
intermediate particles and the fine tuning of the AuBP sizes can
be seen in Figures S1 and S2). Gold bipyramids were
synthesized in uniform shape and narrow size distribution
(Figure S3) to ensure the preparation of high-quality AgNRs.
Upon upscaling the growth protocol, AgNRs in high yield and
with high shape purity were obtained in high concentrations.
The formation of silver nanorods is accompanied by a
prominent color change from brown to green and finally to
orange within 1 h (Figure S4), resulting in nanorods with an
average length of 108 nm and an average width of 25 nm.
Figure 1A shows the extinction spectra of the final NRs as

well as the intermediate NPs (seeds, pentatwinned seeds, and
bipyramids). Both AuNRs and AgNRs possess a strong
localized surface plasmon resonance (LSPR) peak centered
at 810 and 869 nm, respectively. While the AuNRs consist of
pure gold (Figure 1B), the AgNRs have a core−shell structure:
the AuBPs are clearly visible inside each silver nanorod in
Figure 1C.
Due to the fact that the nanorods are stabilized by CTAB/n-

decanol (for AuNRs) and CTAC (for AgNRs), two main
challenges have to be overcome. On the one hand, long
aliphatic chains of CTA+ significantly lower the overall
conductivity upon the formation of an assembled structure,
especially with a targeted application in electrocatalysis. On the
other hand, silver nanoparticles have low shape stability due to
the high mobility of the Ag+ ions and their sensitivity toward
oxidation. Thus, the surface modification of the nanorods is of
high importance to increase both the stability of the building
blocks and the overall conductivity of the cryoaerogel
structures assembled in a later step. A conductive polymer
(PEDOT:PSS) was chosen as a new ligand to replace the
original CTAB/CTAC bilayer following the protocol pub-
lished by the Kraus group.52,53 Figure 2 shows that the

morphology of the nanorods remained intact upon the
polymer grafting; however, a significant charge inversion
from positive to negative took place, indicating a successful
ligand exchange for both types of nanorods (Figure 2C).
Extinction spectra display solely slight changes upon surface
modification, which also proves the retained morphology and
the unchanged optical properties after the polymer grafting
(Figure S5). It is important to note that the PEDOT:PSS shell
protects the silver nanorods from dissolution and oxidation
under ambient conditions, while the silver shell almost
completely vanishes in time in the case of the CTAC bilayer
(Figure S6).

2.2. Structural Properties of the Cryoaerogels. The
PEDOT:PSS-modified noble-metal nanorods were used as
building blocks for the fabrication of cryoaerogel electrodes.
To enhance the attachment of the nanorods to the ITO surface
as well as to increase the stability of the cryoaerogel coatings,
functionalization of the ITO surface with 3-(mercaptopropyl)-
trimethoxysilane (MPTMS) was performed. The functionaliza-
tion procedure was optimized in terms of the coverage and
compactness of the MPTMS monolayer using the electro-
chemical redox reaction of 1 mM K4[Fe(CN)6] as a model
system (Figure S7 shows the CV curves and the peak
separations of the MPTMS-coated ITO electrodes for different
MPTMS concentrations and reaction times). The most
complete coverage was achieved using 2 (V/V)% MPTMS in
toluene for 2 h at 70 °C and room temperature for 24 h. After
the purification and concentration of the PEDOT:PSS-coated
NRs, the solutions were deposited into a preformed mold on
the MPTMS-coated ITO glass slides. By dipping the slides into
the freezing medium (isopentane, cooled to 113 K with liquid
nitrogen), the swiftly frozen water forms ice crystals confining
the nanorods into the boundaries of the growing crystals. After
an aging period of 24 h in liquid nitrogen, the cryogel coatings
were freeze-dried at 0.06 mbar to remove the ice template
resulting in dendritic, sheetlike structures with open porosity as
Figure 3 shows (for the detailed description of the electrode
preparation, see the SI; Figure S8 depicts the electrodes before
and after the cryoaerogelation). The sheets have an average
thickness of ca. 200 nm and consist of nanorods, which retain
their original morphology upon freezing and drying most likely
due to the steric repulsion provided by the ligands. The

Figure 1. Extinction spectra of the final nanorod building blocks and the intermediate products (single-crystalline Au seeds, thermally treated Au
seeds, Au bipyramids) used in the growth of the nanorods (A). Transmission electron spectroscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images of the as-synthesized AuNRs (B) and AgNRs (C). The HRTEM image in (C) shows the Au bipyramid
embedded into the AgNR.
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procedure ensures the formation of homogeneous nanorod
cryoaerogel coatings on the surface of the electrode. The
extinction spectra of the cryoaerogelated nanorods roughly
resemble their original spectra in solution; however, a
prominent redshift as well as broadening of their LSPR peak
can be observed (Figure S9). This can be attributed to the
nanorod−nanorod interactions as a consequence of their
confinement in the formed sheets.
In contrast, homogeneous nanorod films could not be

prepared via simple drop casting and ambient drying of the
nanoparticle solutions. Using the same NR concentrations as
for the cryoaerogel coatings, ambient drying resulted in
nanorod films suffering from the coffee stain effect with mostly
monolayer or submonolayer thicknesses at the center as well as
uncontrollable accumulation at the edge of the mold (Figure
S9), which is the electrochemically active area during the

measurement. This emphasizes the advantages of the
cryoaerogel-coated electrode preparation, which provides
homogeneous, highly porous nanorod aerogel structures on
the entire electrode surface, that cannot be achieved using
conventional drying techniques.

2.3. Electrochemical Behavior of the Cryoaerogel-
Coated Electrodes. Upon assembling the noble-metal
nanorods into gel structures, the question arises, whether the
employed polymer layer blocks the surface of the rods and
hinders redox reactions driven by the nanorod surfaces.
Therefore, the obtained nanorod cryoaerogel-coated electrodes
were tested in electrochemical model reactions to reveal the
accessibility of the nanorod surfaces during electrocatalysis.
First, the electrochemical stripping of the noble metals was
tested in multiple CV cycles using 20 mM KCl as a supporting
electrolyte. Second, oxidative treatment was carried out in 0.3
M KOH electrolyte. To test the performance of the electrodes
in redox sensing and EOR, further electrochemical model
experiments were performed. To shed light on the overall
resistance and capacitance of the cryoaerogel-coated electro-
des, electrochemical impedance spectroscopy was employed.
For all of the electrochemical measurements, simply drop-cast
and dried (under ambient conditions) NR films were used as
reference systems to reveal the advantages of using cryoaerogel
structures over simply dried NR films.

2.3.1. Electrochemical Stripping via Cl− Ions. The
cryoaerogel-coated electrodes were gently rehydrated inside
the three-electrode electrochemical cell by the supporting
electrolytes. Multiple cyclic voltammetric scans were per-
formed between −0.6 and +1.0 V bias potentials (vs Ag/AgCl
in 3 M NaCl reference electrode) using the nanorod
cryoaerogel-coated ITO as a working electrode. Figure 4A,C
shows the evolution of the voltammograms in 20 mM KCl
from the 1st to the 15th scans for AuNR- and AgNR-
cryoaerogel-coated electrodes, respectively. AuNRs display
three main characteristic redox reactions (Figure 4A): two
during the anodic (I, II) and one (III) during the cathodic
scan. While the first anodic peak has an onset potential of
+0.18 V (centered at +0.38 V), the second peak does not
evolve entirely and has an onset of ca. +0.5 V. These two peaks
(I and II) can be attributed to the two-step oxidation of the
Cl− anions on the surface of the gold nanorods forming first
Cl3

− and later Cl2.
54 Nevertheless, highly positive bias

potentials might also induce the formation of [AuCl4]
−

complexes, which can be reduced to [AuCl2]
− during the

cathodic scan (manifesting in peak III centered at −0.2 V).
The cryoaerogel coating of AgNRs displays the formation of

silver chloride species and their subsequent reduction back to
silver (Figure 4C), demonstrating a successful stripping of the
silver and therefore the electrochemical availability of the NR
surfaces. Peaks I and II (at +0.2 V and around +0.5 V) indicate
the formation of AgCl and AgCl2

− due to the presence of the
Cl−.55 These species can be reduced to Ag0 during the cathodic
scan. Peak III can be attributed to the reduction of AgCl to Ag,
while peak IVbeing more prominent with an increasing
number of cyclesindicates the reduction of AgCl2

− complex
back to Ag0.56

The prominent electrochemical responses in the presence of
Cl− for both systems imply that the surface of the noble-metal
nanorods are electrochemically active and available: specific
surface-driven redox processes can be observed in electro-
chemical stripping reactions.

Figure 2. Morphology and charge of the NRs after polymer grafting.
TEM and HRTEM images of AuNRs (A) and AgNRs (B) showing
no change in the nanoparticle morphology upon modifying them with
PEDOT:PSS. ζ-Potentials and electrophoretic mobilities (C) clearly
indicating the inversion of the NRs’ charge from highly positive to
highly negative upon polymer grafting.
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2.3.2. Electrochemical Reactions in the Presence of OH−.
Although electrochemical stripping showed the availability of
the nanorod surfaces, numerous electrocatalytic and sensing
applications require alkaline pH, which is mostly achieved by
means of KOH as a supporting electrolyte. Therefore, we
tested the electrochemical response of the prepared cryoaer-
ogel electrodes during oxidative treatment in the presence of
OH− anions. Figure 4B shows the CV curves of the AuNR
cryoaerogel-coated electrode in 0.3 M KOH electrolyte in the

same bias potential range as used for the Cl− treatment. In the
anodic scans, peaks I and II show the formation of Au2O3 as
the main product upon oxidizing Au0. While peak I can be
attributed to the buildup of the first oxide layer,57 peak II at
higher bias potentials most probably imply the formation of
the multilayered oxide. The formed oxide layer is first reduced
to Au0 during the cathodic scans (peak III at +0.1 V) followed
by the desorption of the hydroxide anions at higher negative
biases (broad shoulder marked as peak IV).57 Silver nanorods

Figure 3. Scanning electron microscopy (SEM) images showing the micro- and nanostructure of the cryoaerogel coatings prepared from AuNRs
(A−D) and AgNRs (E−I). The insets in (A) and (E) show the physical appearance of the cryogel-coated electrode surfaces with a dimension of 0.5
× 0.5 cm.

Figure 4. Cyclic voltammograms of AuNR-based (A, B) and AgNR-based (C, D) cryoaerogel-coated electrodes in 20 mM KCl (A, C) and 0.3 M
KOH (B, D) electrolytes. Roman numbers mark the bias potential regions of the characteristic redox processes described in the main text.
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show a more complex response in the presence of OH− due to
the bimetallic nature of the AgNRs (with embedded AuBPs in
each NR). Similar to the AuNRs, first, the formation of the first
layers and multilayer of Ag2O appears in the anodic scan
(peaks I and II), which can be accompanied by the partial
oxidation of the AuBP cores. Ag2O as well as Ag0 can further
be oxidized to AgO at higher positive bias potentials (peak III).
Both types of silver oxides are reduced during the cathodic
scan: first, the autocatalytic oxidation of Ag2O to AgO appears
(peak IV), which is followed by the reduction of AgO to Ag2O
(peak V).57 Peak VI includes the final reduction of Ag2O to
Ag0, the reduction of gold oxide, as well as the desorption of
OH− from the surface. As it is reflected by the CV response,
silver is sensitive to oxidation and the multistep oxidation and
reduction are expected to have a dramatic effect on the
morphology of the building blocks. While the electrochemical
stripping reaction (discussed above) does not lead to a stable
system and causes a continuous evolution of the anodic and
cathodic peaks, the electrochemical oxidation and reduction in
KOH electrolyte lead to an equilibrium even after the 10th CV
cycle: the response remains similar up to 50 cycles
(corresponding to a treatment time of 1 h). Based on the
reduction peak of the metal oxides in the cathodic scan, the
electrochemically active surface areas were estimated and

found to be 5 and 34 m2/g for AuNR and AgNR cryoaerogels,
respectively (details can be found in the SI).
The structure and composition of the cryoaerogel-coated

electrodes were studied after 50 cycles of CV in KOH
electrolyte. Figure S11 compares the microstructure of the
cryoaerogel electrodes before and after the electrochemical
oxidation/reduction in KOH. Although the cryoaerogel
consisting of AuNRs remained porous after the oxidative
treatment, the nanorods fused together and lost their original
shape (Figure S12). Nonetheless, the effect of oxidative
treatment was more pronounced for the AgNR cryoaerogel.
Due to the bimetallic nature of the NRs, the oxidation and
redeposition of Ag0 induced the segregation of Ag- and Au-rich
areas clearly presented in the SEM images and EDX maps of
Figure S13. While silver was redeposited in the form of larger
AgNPs (with the size of several hundreds of nanometers), gold
bipyramids remained almost intact and accumulated at certain
areas on the electrode. A similar effect of electrooxidation on
the morphology and composition was also found for the drop-
cast and ambient dried films (Figures S14−S16). This finding
also indicates that silver is less stable from an electrochemical
point of view, and neither the original nano- and micro-
structure nor the porosity can be preserved upon oxidative
treatment.

Figure 5. Comparative cyclic voltammograms of AuNR-based (A−C) and AgNR-based (D−F) electrodes in the redox sensing of 1 mM
K4[Fe(CN)6] in pH = 7 buffer (A, D), ethanol oxidation reaction (1 M EtOH in 0.3 M KOH) (B, E), and glucose sensing (100 mM D-glucose in
0.3 M KOH) (C, F). Blue curves represent the CV response of drop-cast and ambient dried NRs, while red CVs show the response of the NR-
based cryoaerogel coatings.
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2.3.3. Redox Sensing and Electrocatalysis. Based on the
availability of the active metal sites demonstrated in alkaline
pH as well as in the presence of Cl−, the performance of the
cryoaerogel coatings was tested in three model redox sensing
reactions. To ensure the stability of the [Fe(CN)6]

4+/
[Fe(CN)6]

3+ cation, redox pair reactions were studied at a
constant neutral pH (pH = 7 buffer). Due to the superiority of
alkaline pH in the oxidation of ethanol and glucose and the
trends of the modern liquid fuel cells using alkaline pH-
resistant membranes, EOR and glucose sensing reactions were
performed in 0.3 M KOH.58−60

The MPTMS-coated ITO electrodes and the drop-cast
(ambient dried) NR films were used to evaluate the influence
of the cryoaerogel structures on the efficiency of the
electrochemical sensing and electrocatalytic reactions. Figure
5 shows the cyclic voltammograms of the NR cryoaerogel-
coated electrodes, the drop-cast NR films, as well as the
MPTMS-coated ITO in the presence of K4[Fe(CN)6] (in pH
= 7 buffer), EtOH (in 0.3 M KOH), and D-glucose (in 0.3 M
KOH).
As a model system for monitoring the interfacial electron

transfer, the redox pair of ferrocyanide/ferricyanide was
employed. Cryoaerogel coatings of AuNRs and AgNRs show
the characteristic oxidation peak and reduction peak of the
[Fe(CN)6]

4−/[Fe(CN)6]
3− system in the anodic and cathodic

scans, respectively. While the electron transfer is entirely
hindered for MPTMS-coated ITO electrodes (without
deposited NRs on its surface) due to the grafted MPTMS
layer, cryoaerogels and NR films show prominent activity
(Figure 5A,D). Both AuNR cryoaerogel and ambient dried film
have similar voltammograms showing the same peak positions
as well as peak-to-peak separation indicating similar behavior.
The same peak-to-peak separation value (ΔEp = 240 mV)
implies that the diffusion is not significantly impeded in the
highly porous cryoaerogel coating compared to the flat and
compact film of NRs. Although this value is larger than that of
the bare ITO electrode (Figure S7A), the AuNR cryoaerogel
increased the conductivity of the MPTMS-coated ITO
electrode significantly, allowing the redox reaction to take
place on the surface of the NRs. AgNR-based cryoaerogel
shows similar behavior to the AuNR-based one; however, the
dramatically increased electron transfer rate is clearly visible for
the cryoaerogel coating in contrast to the simply dried film
(Figure 5D).
The electrodes were also tested in ethanol oxidation reaction

in alkaline medium. While the drop-cast AuNR film shows
solely negligible performance in the EOR, the oxidation of
ethanol is pronounced both in the anodic and cathodic scans
for the AuNR cryoaerogel coating (Figure 5B). The strong
anodic peak centered at +380 mV can be attributed to the first
oxidation steps of EtOH to acetaldehyde and acetic acid. In the
cathodic scan, the oxidation of the freshly diffusing alcohol
appears at −10 mV, which is less prominent due to the
simultaneous oxidation of gold.61 In contrast, neither the drop-
cast AgNR film nor the AgNR cryoaerogel coating shows
activity in the EOR (Figure 5E), which indicates either the
available crystal facets of AgNRs are not active in this specific
catalytic reaction or the NRs lose their active facets due to
their instability in alkaline medium as we have shown above.
Interestingly enough, the redox reaction of D-glucose can

take place in the case of both AuNR and AgNR-based
cryoaerogels. This implies that the surface sites of gold and
silver NRs are still active for the glucose/dehydrogenated

glucose/gluconolactone transition (anodic scan)62 as well as
the reoxidation of glucose (cathodic scan), which indicates that
the redeposited AgNPs do not lose their electrocatalytic
activity for this specific reaction. It can be seen for both NR-
based systems that the simply drop-cast films are entirely or
partially inactive for glucose oxidation (Figure 5C,F). This
observation underlines the benefit of the cryoaerogel formation
endowing the gel structures with significantly larger electro-
catalytic activity. It has to be noted, however, that glucose
shows more distinct redox transitions in the case of the AuNR
cryoaerogel structure. Besides the fact that gold hydroxide is
also active in glucose oxidation,63 this indicates that the
oxidation of silver is much more prominent at alkaline pH and
AuNRs are more stable in the gel structure than the AgNRs.
This also correlates with the peak-to-peak separation of the
anodic and cathodic oxidation of glucose: the electron transfer
is significantly more hindered for silver NRs compared to
AuNRs. Additionally, the size difference between the two types
of nanorods might also affect the activity negatively for the
AgNRs due to their larger size. However, the synthesis of
shorter AgNRs cannot be performed reliably due to shape
purity issues emerging in the synthesis of smaller AuBPs.
Summarizing this subsection, redox model reactions

demonstrated that cryoaerogel coatings drastically increased
the efficiency of electron transfer compared to the MPTMS-
coated ITO substrates, and show activity in glucose sensing
reaction. Additionally, the AuNR cryoaerogel coating has
enhanced performance in the EOR. Besides the presence of
electrocatalytic active sites, these results also show the
advantages gained upon the fabrication of a highly porous
macrostructure from the building blocks.

2.3.4. Electrochemical Impedance Spectroscopy. Nyquist
plots of the electrochemical impedance spectroscopy results
give more insights into the interfacial electron transfer between
the electrolyte, cryoaerogel, and electrode surface. Figure 6
shows the EIS Nyquist plots of the MPTMS-coated ITO
electrodes (Figure 6A) and the cryoaerogel-coated electrodes
consisting of AuNRs and AgNRs (Figure 6B) in 0.3 M KOH.
The measurement data were fitted by the equivalent circuit
method using modified Randle’s cells shown in the inset of the
impedance spectra. In all cases, the fitted equivalent circuits
contain constant phase elements representing a certain degree
of inhomogeneity, which makes the electrodes nonideal in
terms of capacitive behavior. The fitted parameters are listed in
Table 1.
As the EIS response in Figure 6A shows, the grafted

MPTMS layer introduces a significant barrier between the ITO
surface and the electrolyte manifesting in a steep quasi-linear
tail region at smaller frequencies.
As the fitted values for the MPTMS-coated ITO’s Randle

circuit demonstrate, the overall resistance reaches the value of
ca. 106−108 Ω, showing the drastic influence of the MPTMS
layer. As expected, the ohmic resistance of the electrolyte (Rs)
is similar for the three systems; thus, it is unaffected by the
deposition of the cryoaerogel coating. The fitted circuits
contain two main further resistances representing the
contribution of the ITO/electrolyte and the layer/electrolyte
interfaces (where the layer consists of the MPTMS monolayer
or the cryoaerogel coating on the MPTMS layer). The former
(R1) decreases upon the formation of the nanorod
cryoaerogels, which also supports the conclusions of the CV
measurements above: compared to MPTMS-coated ITO, the
resistance decreases with factors of 35 and 2.5 for AuNR and
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AgNR cryoaerogels, respectively. This indicates that the
electron transfer between the ITO and the electrolyte becomes
prominently easier due to the conductive, rehydrated aerogel
layer. The fitted Randle circuits also contain a second
resistance (R2), which can be assigned to the classical charge
transfer resistance,64 namely, the electron transfer at the
electrolyte side of the coatings. This resistance can be
dramatically suppressed upon the cryoaerogel formation with
even 4 orders of magnitude. The experimental data of the
cryoaerogel-coated electrodes can solely be fitted with Randle
circuits containing a Warburg (W) impedance, which
represents the contribution of the diffusion of the electrolyte65

into the porous structure. The values of W show similar
behavior in the terms of diffusion for both nanorod cryoaerogel
structures implying a similar porosity and pore structure.
The results of the electrochemical impedance spectroscopy

measurements imply that the formation of noble-metal

cryoaerogel coatings on MTPS-coated ITO substrate endows
the electrodes with significantly decreased overall resistance
and enhanced electron transfer abilities. Additionally, the
electrolyte can easily penetrate into the porous aerogel
structure (due to its open-pore structure), facilitating the
electrochemical processes on the active sites of the building
blocks. This underlines their superior properties over their
drop-cast counterparts in electrocatalytic applications.

3. CONCLUSIONS

The fabrication of cryoaerogel-coated electrodes consisting of
AuNRs and Au bipyramid-templated AgNRs for electro-
catalytic purposes was demonstrated. The fine-tuned and
upscaled syntheses as well as the surface modification
procedure of the building blocks overcame the concentration
limitations of the use of noble-metal nanorods; thus, highly
concentrated, stable nanorods with narrow size distribution
were obtained. Using flash freezing and subsequent freeze
drying, macroscopic cryoaerogel structures with dendritic pore
structure and open porosity were fabricated on a conductive
substrate. Electrochemical redox reactions (investigated via
cyclic voltammetry) in the presence of Cl− and OH− revealed
that the surface sites of the noble-metal nanorods in both types
of cryoaerogel coatings are electrochemically available. It is
shown furthermore that the applied conductive polymer
(PEDOT:PSS) ligand shell does not hinder the electro-
oxidation and electrochemical stripping of the noble-metal
surfaces. Although the electrooxidative treatment affected the
structure of the cryoaerogel for both building blocks, the
porosity for cryoaerogels of AuNRs was partially retained,
while the AgNRs lost their original morphology. Besides the
dissolution and recrystallization of Ag shell, the Au bipyramid
core particles remained intact, which underlines the lower
electrochemical stability of the silver shell. This reason also led
to a different electrocatalytic activity in sensing test reactions:
while AgNR cryoaerogels show limited response, AuNR
cryoaerogels proved to be active in the redox detection
Fe(CN)6

3+/4+ and D-glucose as well as in ethanol oxidation
reaction. Due to their porous structure, the cryoaerogels
exceeded the performance of the simply dried, drop-cast
counterparts significantly. Electrochemical impedance spec-
troscopy revealed a decreased overall resistance of the ITO/
MPTMS/cryoaerogel structures, facilitating a more effective
electron transfer between the substrate and the electrolyte
through the nanostructured aerogel coatings. This work
foreshadows that noble-metal nanorods can be effectively
used as electrocatalytic building blocks (or even template
particles) in diverse assembled, porous macrostructures.

4. EXPERIMENTAL SECTION AND METHODS
4.1. Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCl4·

3H2O, >99.9% trace-metal basis), hexadecyltrimethylammonium

Figure 6. Electrochemical impedance spectra of MPTMS-coated ITO
(A) and cryoaerogel coatings prepared from AuNRs and AgNRs (B)
recorded in the frequency range of 0.1 Hz−1 MHz. For all of the
measurements, 0.3 M KOH was used as an electrolyte. The insets
represent the corresponding equivalent circuit models used for the
fitting (solid black curves) of the experimental data.

Table 1. Fitted Parameters of the Electrochemical Impedance Spectraa

sample Rs [Ω] R1 [Ω] R2 [Ω] CPE1 [F] n1 CPE2 [F] n2 WOR [Ωs−1/2] WOC [s]b

MPTMS-coated ITO 195 9.99 × 105 4.32 × 108 2.75 × 10−5 1.00 2.58 × 10−5 0.67
AuNR cryoaerogel 199 2.85 × 104 1.29 × 104 2.75 × 10−5 0.87 5.54 × 10−6 0.86 1.76 × 104 5.27
AgNR cryoaerogel 198 4.0 × 105 2.74 × 104 1.66 × 10−5 0.73 7.90 × 10−6 0.88 3.49 × 104 1.10

aR is the Ohmic resistance, CPE is the constant phase element (having an exponent 0 < n ≤ 1), and WO is the open Warburg element consisting of
two parameters: WOR and WOC.

bWOC is the parameter of the Warburg Open element and gives insights into the diffusion as follows: WOC =
dD−1/2, where d is the Nernst diffusion layer thickness [m] and D is the diffusion coefficient [m2s−1].
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bromide (CTAB, BioXtra, ≥99.0%), hexadecyltrimethylammonium
chloride (CTAC, 25wt % in H2O), n-decanol (98%), L-ascorbic acid
(AA, BioXtra, ≥99.0%), sodium borohydride (NaBH4, ReagentPlus,
99%), silver nitrate (AgNO3, >99.0%, ACS Reagent), hydrochloric
acid (HCl, 37 wt % in H2O, 99.999%, trace-metal basis), poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate), (PEDOT:PSS, 3.0−
4.0 wt % in H2O, high conductivity grade), acetone (puriss. p.a., ACS
Reagent, ≥99.5%), 2-propanol (puriss. p.a., ACS Reagent, ≥99.8%),
toluene (puriss. p.a., ACS Reagent, ≥99.7%), hydrogen peroxide
(H2O2, 30%(w/w), puriss. p.a.), NH4OH solution (ACS Reagent,
28−30% NH3 basis), 3-(mercaptopropyl)trimethoxysilane (MPTMS,
95%), 2-methylbutane (isopentane, ReagentPlus, ≥99.0%), potassium
hydroxide (KOH, ACS reagent, ≥85%, pellets), D-(+)-glucose
monohydrate (≥99.5%), potassium chloride (KCl, ACS Reagent,
≥99.0%), potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6,
and ReagentPlus, ≥98.5%) were purchased from Sigma-Aldrich.
Ethanol (EtOH, ROTIPURAN, ≥99.8%) and pH7 buffer (Roti
Calipure, pH = 7.00 ± 0.02 (20 °C)) were supplied by Roth. Tin-
doped indium oxide (ITO) coated soda lime float glass (thickness: 1.1
mm, ITO surface resistance: 12 Ohm per square) was purchased from
VisionTek Ltd.
4.2. Synthesis of Gold Nanorods. 4.2.1. Preparation of CTAB/

n-Decanol Solution. CTAB/n-decanol (50 mM:13.5 mM) solution is
prepared by dissolving CTAB (9.111 g) in 500 mL of Millipore water
in the presence of n-decanol (1.288 mL) under stirring at 60 °C for 1
h. For complete dissolution, the solution is further stirred at room
temperate for 16 h (overnight). The solution is kept at 27 °C in an
oven; thus, the recrystallization of CTAB can be fully avoided.
4.2.2. Synthesis of 1−2 nm Gold Seeds. Singe-crystal Au seeds are

synthesized by following the method of Gonzaĺez-Rubio et al.48

Precursor solution of HAuCl4·3H2O (50 mM, 100 μL) is dissolved in
CTAB/n-decanol solution (10 mL) under stirring at room temper-
ature. The Au3+ ions form an orange color complex with the CTAB
molecules, which takes several minutes to dissolve. After the complex
dissolved, the freshly prepared ascorbic acid solution (100 mM, 50
μL) is injected, and after the solution turns colorless, a freshly
prepared NaBH4 solution (0.02 M, 400 μL, using room-temperature
Millipore water) is swiftly injected under vigorous stirring. After 1 min
of stirring, the seed solution is kept at 26 °C for 1 h to age the seeds
and to fully decompose the residual borohydride. Note that sodium
borohydride is sensitive to moisture; thus, it is recommended to store it
under an inert atmosphere in a glovebox.
4.2.3. Growth of Gold Nanorods. Gold nanorods are prepared by

an upscaled and modified method based on Gonzaĺez-Rubio et al.48

Precursor solution of HAuCl4·3H2O (50 mM, 3 mL) is dissolved in
CTAB/n-decanol solution (300 mL) under stirring at room
temperature. After the complex dissolved, AgNO3 solution (10 mM,
2.4 mL), HCl (1 M, 21 mL), and AA (100 mM, 3.9 mL) are added
subsequently under stirring. After the solution turns colorless, the
solution of presynthesized Au seeds (1.8 mL) is injected rapidly, and
the stirring is continued for a further 30 s. Afterward, the stirring bar is
removed and the solution is kept at 25 °C overnight for the growth of
the nanorods.
4.3. Synthesis of Silver Nanorods. 4.3.1. Synthesis of

Pentatwinned Gold Seeds. Pentatwinned Au seeds are synthesized
using the method of Li et al.51 Precursor solution of HAuCl4·3H2O
(25 mM, 200 μL) and sodium citrate solution (50 mM, 2 mL) are
dissolved in CTAC solution (60.6 mM, 16.5 mL) under stirring in a
water bath tempered at 30 °C. The solution is gently stirred for 10
min followed by the swift addition of the ice-cold NaBH4 solution (10
mM, 1.2 mL, freshly prepared) under vigorous stirring. After 1 min of
stirring, the stirring bar is removed and the solution is kept
undisturbed at 40 °C in an oven for 5 days to induce the twin
plane formation of the original single-crystal seeds. The formation of
the pentatwinned seeds is also visible to the eye: the solution turns
red, and a prominent LSPR peak evolves (centered at 516 nm).
4.3.2. Synthesis of Gold Bipyramids. Pentatwinned Au seeds are

used to grow gold bipyramids using an upscaled protocol of Li et al.51

In a 500 mL bottle, precursor solution of HAuCl4·3H2O (25 mM, 4
mL), AgNO3 solution (10 mM, 2 mL), HCl solution (1 M, 4 mL),

and AA solution (100 mM, 1.6 mL) are sequentially added to CTAB
solution (100 mM, 200 mL) under stirring at 30 °C. After obtaining a
colorless solution, pentatwinned seeds (1.8 mL) are added under
stirring, the stirring bar is removed, and the solution is kept in an oven
at 30 °C for 4 h and afterward at room temperature overnight. The
bipyramids show a strong longitudinal LSPR at 726 nm. The solution
is concentrated by centrifugation using 50 mL Falcon tubes (8000 rcf,
30 min), the supernatant is discarded, and the precipitates are merged
(V ≅ 6 mL). This is further centrifuged in Eppendorf tubes (4 × 1.5
mL, 8000 rcf, 20 min), and the precipitate is redispersed in 4 × 1.4
mL CTAC (10 mM). This step is repeated once more, and the
bipyramids are redispersed in CTAC (7 mL in total, 10 mM). After
determining the concentration of Au in the concentrated bipyramid
solution, the solution is diluted with CTAC (10 mM) to reach the
final Au0 concentration of 0.125 mM and stored at room temperature
in a dark place for further processing.

4.3.3. Growth of Silver Nanorods. Gold bipyramids are used as
seeds for growing the silver nanorods using a slightly modified
procedure based on Sańchez-Iglesias et al.49 Gold bipyramid solution
(0.125 mM in terms of Au0 in 10 mM CTAC, 200 mL) is mixed with
AgNO3 solution (10 mM, 6.2 mL) under stirring in a water bath
tempered at 60 °C. AA solution (100 mM, 2.48 mL) is added, and the
reaction proceeds for 1 h at 60 °C under mild stirring. Numerous
gradual color changes take place upon the growth: the color turns
from brownish to green, later to yellowish-green, and finally to orange
when the growth is complete. After the removal of the stirring bar, the
solution is let cool down to room temperature.

4.3.4. Purification and Concentration of AuNRs and AgNRs. The
nanorod solutions are centrifuged in 50 mL Falcon tubes (12 000 rcf
× 80 min for AuNRs, 6000 rcf × 25 min for AgNRs). The collected
supernatants are centrifuged again under the same conditions. The
precipitates are merged (V ≅ 5 mL) and topped up to 18 mL using
Millipore water. These solutions are divided into 12 Eppendorf tubes
(1.5 mL to each) and centrifuged again (10 000 rcf × 45 min for
AuNRs, 6000 rcf × 30 min for AgNRs). The supernatants are
collected and centrifuged again. Millipore water (1.3 mL to each
tube) was added to the merged precipitates, and the centrifuging step
is repeated. Finally, the particles are redispersed in a total of ca. 2 mL
of water (Vtotal ≅ 2.5 mL).

4.3.5. Surface Modification of the Nanorods with PEDOT:PSS.
The CTAC ligands of the nanorods are replaced by PEDOT:PSS by
following the protocol of Zhang et al.53 Aqueous PEDOT:PSS
solution (45 mL, 0.9 g/L) is prepared by diluting 1.145 mL of
PEDOT:PSS stock solution (3−4 wt % in H2O as it is received from
Sigma-Aldrich) with Millipore water. Under vigorous stirring, the
concentrated nanorod solution (V ≅ 2.5 mL) is swiftly injected into
the PEDOT:PSS solution at room temperature. The solution is gently
stirred for 16 h. Afterward, the particles are further processed as
follows.

4.3.6. Purification and Final Concentration of Nanorods for
Cryogelation. The excess of PEDOT:PSS is removed via
centrifugation (first in 50 mL Falcon tubes, 9000 rcf × 40 min for
AuNRs, 6000 rcf × 15 min for AgNRs). The blue supernatant is
discarded, and the precipitate is further washed in Eppendorf tubes as
described above for the nonmodified NRs. In a further centrifuging
step, the particles are concentrated to reach the final noble-metal
concentrations (c(Au0) = 8.8 g/L, c(Au0 + Ag0) = 5.4 g/L;
determined by atomic absorption spectroscopy). This solution is
used for the cryoaerogel preparation detailed below.

4.4. Preparation of Cryoaerogel Electrodes. 4.4.1. Function-
alization of ITO-Coated Glass Slides. First, the ITO-coated glass is
cut into rectangles (15 mm × 30 mm). The slides are cleaned by
subsequent ultrasonication in acetone, 2-propanol, and Millipore
water for 10 min each. The surface is activated in H2O2/NH4OH
solutions (1:1:5 volume ratio prepared from 30 wt % H2O2 and 28−
32 wt % NH4OH solution) under gentle stirring at 50 °C for 2 h.
After rinsing with Millipore water, 2-propanol, and toluene, the slides
are functionalized in a toluene solution of MPTMS (2 v/v %) under
low stirring at 70 °C for 2 h followed by stirring at room temperature
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for further 24 h. The slides are rinsed with toluene, dried with
pressurized air, and stored in an oven at 50 °C.
4.4.2. Molding. A rectangular mold from adhesive tape (TESA) is

glued onto the MPTMS-coated ITO slides. The mold has an opening
with the dimension of 5 mm × 5 mm, where the nanorod solutions
are drop-cast in the next step.
4.4.3. Cryogelation and Freeze Drying. Into the opening of the

mold, 5 μL of concentrated NR@PEDOT:PSS solution is drop-cast
and spread gently with the tip of the pipette to homogeneously fill the
entire mold with the solution. Using tweezers, the slides are dipped
into 2-methylbutane (isopentane, cooled to 113 K using liquid N2)
for 10 s to flash-freeze the NR solution in the mold. Afterward, the
slides are transferred to liquid N2 to keep them in the frozen state.
Note that the work with cooled isopentane and liquid N2 requires special
care due to the possible injury! Always wear cryogloves and use long
tweezers to avoid f reezing of your f ingers! The slides are stored under
liquid N2 overnight and dried in a freeze dryer (Martin Christ α 1−2
LD Plus) at 0.06 mbar for 24 h to obtain the cryoaerogel-coated
electrodes.
4.4.4. Electrochemical Measurements. The cryoaerogel-coated

ITO samples are placed into the lab-designed electrochemistry cell
and are slowly rehydrated by the electrolyte (or the analyte solution in
the supporting electrolyte). Before the measurements, the sample is
kept in the solution for ca. 10 min to reach the equilibrium and to let
the electrolyte penetrate into the structure.
4.4.5. Cyclic Voltammetry. The measurements are carried out in a

three-electrode setup consisting of a counter electrode (Pt wire,
99.95%, 1.6 mm in diameter, 100 mm in length, Goodfellow), a
reference electrode (Ag/AgCl in 3 M NaCl, purchased from BASi),
and a working electrode (cryoaerogels on ITO-coated glass) using a
Metrohm Autolab PGSTA T204 potentiostat. The active area of the
electrode is 0.196 mm2. The electrolyte solutions (0.3 KOH, 1 M
EtOH in 0.3 M KOH, 100 mM D-glucose in 0.3 M KOH, 20 mM
KCl, pH7 Roti Calipure buffer, and 1 mM K4[Fe(CN)6] in pH = 7
buffer) are prepared freshly and purged with argon for 1 h before the
measurements. The CV measurements are recorded using a scan rate
of 50 mV s−1 for all of the experiments.
4.4.6. Electrochemical Impedance Spectroscopy. EIS measure-

ments are performed in the same three-electrode setup described in
the CV section using a Modulab XM ECS potentiostat from
Solartron. After an equilibration time of 60 s, the measurements are
performed at 0 mV DC potential with an AC modulation of 20 mV in
the frequency range of 0.1 Hz to 1 MHz. All of the experiments are
carried out in 0.3 M KOH electrolyte.
4.5. Structural and Optical Investigations. 4.5.1. Scanning

Electron Microscopy. SEM images of colloidal nanorods are recorded
after drop-casting the NR solution onto Si wafers. Cryoaerogel-coated
ITO slides are glued onto brass SEM holders using carbon pads and
conductive silver lacquer. For imaging and EDX compositional
analysis, a JEOL JFM 6700F scanning electron microscope equipped
with an Oxford Instruments INCA 300 detector is used. The gun is
operated at 2 kV and 10 kV for imaging and EDXS, respectively.
4.5.2. Transmission Electron Microscopy. TEM and HRTEM

images are recorded with an FEI Tecnai G2 F20 TMP microscope
operated at 200 kV. The nanorod solutions are drop-cast onto carbon-
coated copper grids (Quantifoil). Energy-dispersive X-ray spectros-
copy (EDX) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) measurements are performed
with a JEOL JEM-2100F microscope equipped with a field emission
gun operating at 200 kV.
4.5.3. UV/Vis/NIR Extinction and Absorption Measurements.

UV/vis/NIR extinction spectra of the nanorod solutions are recorded
in quartz cuvettes using an Agilent Cary 5000 spectrometer.
Absorption spectra of the cryoaerogel-coated ITO glasses are
recorded using a diffuse reflectance accessory (integrating sphere)
of Cary 5000 using the center mount position.
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