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igations of Au–Ni aerogels:
morphology and element distribution†

Johannes Kresse,a Maximilian Georgi,a René Hübner b

and Alexander Eychmüller *a

The physical properties of nanomaterials are determined by their structural features, making accurate

structural control indispensable. This carries over to future applications. In the case of metal aerogels,

highly porous networks of aggregated metal nanoparticles, such precise tuning is still largely pending.

Although recent improvements in controlling synthesis parameters like electrolytes, reductants, or

mechanical stirring, the focus has always been on one particular morphology at a time. Meanwhile,

complex factors, such as morphology and element distributions, are studied rather sparsely. We

demonstrate the capabilities of precise morphology design by deploying Au–Ni, a novel element

combination for metal aerogels in itself, as a model system to combine common aerogel morphologies

under one system for the first time. Au–Ni aerogels were synthesized via modified one- and two-step

gelation, partially combined with galvanic replacement, to obtain aerogels with alloyed, heterostructural

(novel metal aerogel structure of interconnected nanoparticles and nanochains), and hollow spherical

building blocks. These differences in morphology are directly reflected in the physisorption behavior,

linking the isotherm shape and pore size distribution to the structural features of the aerogels, including

a broad-ranging specific surface area (35–65 m2 g−1). The aerogels were optimized regarding metal

concentration, destabilization, and composition, revealing some delicate structural trends regarding the

ligament size and hollow sphere character. Hence, this work significantly improves the structural

tailoring of metal aerogels and possible up-scaling. Lastly, preliminary ethanol oxidation tests

demonstrated that morphology design extends to the catalytic performance. All in all, this work

emphasizes the strengths of morphology design to obtain optimal structures, properties, and

(performances) for any material application.
Introduction

Miniaturization and improved efficiency represent humanity's
greatest aspirations, as evidenced in transistor technology,1,2

automation,3 or advanced materials4 like catalysts.5 The latter
started with E. Davy, working on powdered platinum.6 Realizing
the benets of a high surface area, research shied toward
various metal sheets, foams, gaze structures, and ultimately
nanomaterials.7 Aerogels, with their three-dimensional non-
ordered structure of interconnected nanochains, are one nal
form of this process. They exhibit a ligament size (diameter of
a nanochain) as small as a few nanometers/several atoms, hence
scratching on the physical limit dened by the atom size. It
further leads to melting point depression8,9 and sparse
mechanical stability,10 the current drawbacks of metal aerogels.
er Weg 19, Dresden 01069, Germany.

de

s Research, Helmholtz-Zentrum Dresden-

tion (ESI) available. See DOI:

the Royal Society of Chemistry
In general, the aerogel state is a unique arrangement of
matter, which is independent of the building material and
synthesis procedure, except for individual elemental properties.
Aerogels are characteristic for their high specic surface area
(SSA) and broad pore size distribution, encompassing micro-,
meso-, and macropores. This allows for efficient mass trans-
port.11 Compared to nanoparticles (NPs), metal aerogels are self-
supporting, eliminating degradation and corrosion issues
caused by the carrier material.12,13 Moreover, they exhibit high
selectivity, activity, and electric conductivity.14–16 But most
importantly, their modular structure preserves the nano-
properties of the building blocks inside a macroscopic body.11

All this makes metal aerogels excellent catalysts, particularly in
electrocatalysis.

Based on the element distribution, multimetallic aerogels
can be categorized similarly to NPs into three classes: hetero-
structures, alloys (which include intermetallics as long-range-
ordered alloys), and core–shell structures.17–19 In the case of
heterostructures, the elements separate spatially into different
aggregates, which can alternate throughout the structure. Alloys
consist of a mixture of elements, whereas intermetallics form
Nanoscale Adv., 2023, 5, 5487–5498 | 5487
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strictly ordered compounds between at least two metals.
Although core–shell structures technically fall under either
class, they represent increased complexity, e.g., classic core–
shell particles or hollow spheres (HS). Depending on this clas-
sication, different element distributions result in unique
features, including multiple reaction zones, tuning of proper-
ties between parent metals combined with synergistic effects,
homogeneous structure, conservation of resources, and
increased surface area.20,21

One- and two-step gelation by reducing metal salts in solu-
tion are the classical synthesis routes for metal aerogels. The
former abstains from ligands, resulting in a transiently stable
sol that spontaneously gels. That method allows fast reaction
kinetics with minimal foreign ions. The two-step gelation, in
turn, utilizes ligands to form a stable sol that only gels upon
controlled ligand destabilization in a separate step. Although
this method takes longer, it offers better control over each
reaction step. Another versatile technique is galvanic replace-
ment. In principle, it mimics a galvanic cell, that is, oxidation of
the less noble metal NPs, while more noble metal ions undergo
reduction. This creates small cavities in the NP surface, on
which the more noble metal deposits as a protective layer. At
this point, the reaction continues by dissolving metal within the
cavities, forming a hollow core. Simultaneously, the NP outer
layer constantly rearranges by alloying to minimize the lattice
stress caused by continued metal deposition.22

Individual Au and Ni NPs have demonstrated a broad range
of applications in various elds, including C–C coupling,23

multiple oxidation24–28 and reduction29–31 reactions, or steam
reforming.32 When Au and Ni are combined, d-orbital coupling
occurs, amplifying their element properties and enhancing the
catalytic performance.33–36 Moreover, and independent of the
catalytic reaction, Au shows high catalytic activity at ambient
temperature and mild conditions but is typically so.37 Intro-
ducing Ni in the system increases the integral stability.38 This
complementary effect is particularly important for aerogels, as
it allows for gentle catalysis, preserving the porous structure
and improving durability. Also to be mentioned is the high
abundance and low cost of Ni.39

Besides miniaturization, metal aerogel performance is
improvable by increasing its complexity. Various examples
include aerogels made up of core–shell particles,40–44 hollow
spheres,45–48 as well as hollow tubes,49 nanoshells,50 hetero-
structures,51 or alloys.52 Likewise, nanowires,53–55 nanosheets,56

dendrites,57 and cuboids58 were demonstrated as non-spherical
building blocks. Doping,59–62 lattice face control,63,64 and 2D
aerogels65 offer even more potential for performance enhance-
ment. However, most of these works predominantly focused on
synthesizing and characterizing one particular morphology,
either always using different element systems or disregarding
comparisons with systems of the same elements. This is also
well illustrated in a comprehensive comparison of bimetallic
aerogels.66 The consequence of these one-sided studies is the
neglect of morphology as a central parameter, which remains
unconnected to important parameters such as element
composition and physicochemical properties. As a rst step to
address this problem, we used Au–Ni as a model system to
5488 | Nanoscale Adv., 2023, 5, 5487–5498
synthesize different metal aerogel morphologies. This had
multiple reasons: rst, AuNi aerogels have not been previously
reported, expanding the synthesis variety of metal aerogels.
Second, an unknown system could be manipulated into
different morphologies, emphasizing the potential of
morphology design for any other element system. Common
metal aerogel “morphologies” of alloys, heterostructures, and
hollow spheres were obtained by using altered versions of the
one-step gelation and the two-step gelation, with HS incorpo-
rating a galvanic exchange process into the two-step gelation.
These transformed alloyed Au–Ni NPs, mixtures of pure Au and
Ni NPs, and Au–Ni hollow sphere NPs into interconnected aer-
ogel networks of nanowires, a combination of NPs and nano-
wires, and hollow spheres, respectively. In addition, the rst two
building blocks convert into nanochains and bigger NP aggre-
gates. Since this morphological description is rather over-
loaded, hereaer, the categorization according to element
distribution will be used to refer to the morphologies as well.
Furthermore, certain synthesis parameters were optimized to
obtain aerogels with the smallest possible yet homogeneous
ligament size. Alloy aerogels focused on the metal and reduc-
tant concentration, while the heterostructure gels emphasized
destabilization with electrolytes, and the HS gels again focused
on the metal concentrations. This revealed some delicate
structural trends for each morphology. Subsequently, the opti-
mized morphologies were subjected to a comparative physico-
chemical characterization of crystallinity, element distribution,
and porosity. These parameters were linked to the differences in
morphology and their delicate structural trends, with most
correlations drawn for nitrogen physisorption. Lastly, prelimi-
nary electrochemical tests regarding the ethanol oxidation
reaction demonstrate that the linkage between morphology and
structural properties directly extends to the catalytic
performance.
Experimental
Chemicals

HAuCl4$3H2O (99.99%, Sigma-Aldrich), NiCl2$6H2O (99.9%,
Sigma-Aldrich), NaBH4 (granular, 99.99% Sigma-Aldrich),
Na3Cit (p.a., Merck), CaCl2$2H2O (p.a., Fluka), BaCl2 (supra-
pur, E Merck AG), NaOH (p.a., Merck), Naon (5 wt%, Sigma-
Aldrich), EtOH (99%, 1% P, Berkel AHK), acetone (p.a., Sigma-
Aldrich), and CO2 (99.8%, Air Liquide) were used as received.
MilliQ water (0.056 mS cm−1) was provided by a coupled system
of RiOs 8 and Milli-Q Academic from Millipore. Prior to use,
50 mM stock solutions for each metal salt were prepared in
water.
Synthesis of Au3Ni, AuNi, AuNi3 alloy aerogels

Adopting the one-step gelation from Liu et al.67 at rst, the
metal stock solutions (50 mM) were mixed in the molar
proportions of Au3Ni, AuNi, and AuNi3. A 2 mL aliquot of these
was diluted in 800, 400 , 200, 100, and 50 mL H2O and degassed
for 30 minutes by N2 perfusion. Simultaneously, a 50 mM
NaBH4 solution was prepared at a xed ratio of reduction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Syntheses scheme of heterostructure AuxNiy aerogels.
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equivalents to electron vacancies nH− : nMei+ of 10, 12 , and 14.
The NaBH4 solution was then swily added to the metal salt
solution and stirred for 2 min at 450 rpm. The mixture imme-
diately turned black. Aer two days, it formed a black gel at the
bottom of the reaction vessel. The hydrogels are puried by
solvent exchange with fresh H2O seven times over two days.
Finally, water was consecutively replaced with acetone, followed
by an exchange to CO2 (autoclave) to supercritically dry the
solvogels at 37 °C and 90 bar. The underlined parameters
represent standard conditions that were used if not stated
otherwise (Fig. 1).
Synthesis of Au3Ni, AuNi, AuNi3 heterostructure aerogels

Taking inspiration from the two-step gelation method of Bigall
et al.16 we synthesized distinctive nanoparticles based on
Herrmann et al.68 (Au) and Wang et al.69 (Ni). Briey, in 40 mL
water, concentrations of 3.75 mM citrate and 0.75 mM Ni2+

(diluted from stock solution) were set before degassing with N2

for 60 min. Then, 2 mL of a degassed (N2) aqueous NaBH4

solution (150 mM) was added (2 mL min−1; 450 rpm). A gradual
change in color to yellow/brown indicated the formation of Ni
NPs. In parallel, concentrations of 0.8 mM citrate and 0.75 mM
Au3+ (diluted from stock solution) were set in 100 mL water
before degassing and reduction by the addition of 1.16 mL
fridge-cold mixed citrate (40 mM) and NaBH4 (45 mM) solution.
This resulted in a red Au NP sol. Subsequently, both NP solu-
tions were mixed to reach a total metal concentration of
0.1 mmol in the following molar ratios: Au3Ni, AuNi, and AuNi3.
The NP solutions were then gelled by the addition of 5 eq.
NaBH4 (or various other electrolytes, see ESI†) in relation to the
total metal concentration, indicated by a slight brightening of
the solution. Aer one day, a black gel formed, which was
further processed the same as the alloy gels (Fig. 2).
Synthesis of AuNi3, AuNi4.4, AuNi6 hollow sphere aerogels

The HS aerogels were fabricated using a modied version of the
method described by Shang et al.70 First, 50 mL of an aqueous
solution containing 1.76, 1.92, 2.01 mM citrate and 1.007, 1.095,
1.150 mM Ni2+ ions were prepared according to the nominal
compositions of AuNi3, AuNi4.4, and AuNi6 respectively. Aer
degassing with nitrogen for 60 min, 5 mL of an aqueous NaBH4

solution (10.5 eq.) was added (2 ml min−1; 450 rpm). The
appearance of a brown/black color indicates the formation of
NPs. Aer the complete addition of NaBH4, the mixture was
stirred for an additional 7 minutes before adding 2.5 mL of
a 0.336, 0.247, and 0.192 mM Au3+ ion solution (1 mL min−1;
Fig. 1 Syntheses scheme of alloy AuxNiy aerogels.

© 2023 The Author(s). Published by the Royal Society of Chemistry
450 rpm). The mixture was le to react for 3–4 days, during
which the color changed from reddish brown to dark blue,
indicating the completion of the galvanic replacement. Aer-
ward, the HS NP solution was concentrated using polystyrene
centrifuge lters (Sartorius, Vivaspin, 20 mL, MWCO 100000).
Before use, the centrifuge lters were washed three times
through centrifugation with water at 1000g (relative centrifugal
force, 1 RCF = 1g). Then, the HS NP solution was stepwise
concentrated by centrifugation at 300g for 15 min to reduce
volume fractions of 20 mL to 5 mL. Aer complete concentra-
tion, the HS NP solution was washed three times by redis-
persion to 15 mL and centrifugation at 300g for 12 min. This
step is crucial to remove impurities in the form of dissolved
ions. In particular, Ni2+ ions can hinder further processing due
to renewed reduction by NaBH4, which is used as a destabilizing
agent. Aer purication, the concentrated HS NP solution was
redispersed to the original reaction volume, and 5 eq. NaBH4

were added to induce gelation. A slight brightening of the
solution indicated the beginning of gelation. Aer one day,
a black gel formed, which was further processed equal to the
alloy gels (Fig. 3).
Instruments and characterization

Supercritical CO2-drying was performed in a model 13200J0AB
autoclave from Spi supplies. For structural analysis, the gels
were examined with a JEOL JEM-1400plus transmission elec-
tron microscope (TEM) equipped with an LaB6 cathode and
operated at an acceleration voltage of 120 kV. Likewise, an
FESEM SU8020 scanning electron microscope (SEM) from
Hitachi was used (2 kV, 10 mA). Energy-dispersive X-ray spec-
troscopy (EDX) was conducted using a silicon dri detector 80
X-MaxN from Oxford Instruments connected to the SEM (20 kV,
10 mA). The atomic compositions are determined as the mean of
16 measurements covering different parts of the sample. Crys-
tallographic phase determination was carried out via a Bruker
D2 Phaser powder X-ray diffractometer (Cu K 1.5406 Å). To
measure the specic surface area, total pore volume (TPV), and
pore size distribution of the aerogels, nitrogen physisorption
Fig. 3 Syntheses scheme of hollow sphere aerogels.

Nanoscale Adv., 2023, 5, 5487–5498 | 5489
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was performed at standard temperature (77 K) and pressure (1
atm) at p/p0= 0.98 on a model Nova 3000e from Quantachrome.
The Brunauer Emmett Teller theory was applied to calculate the
respective parameters, except for the pore size distribution,
which was calculated using the Barrett Joyner Halenda theory.
For nanoscale element composition analysis of the aerogels,
high-angle annular dark-eld (HAADF) scanning transmission
electron microscopy (STEM) and spectrum imaging analysis
based on EDX were conducted on a Talos F200X analytical
electronmicroscope (FEI) operated at 200 kV and equipped with
the ChemiSTEM technology for fast EDX acquisition, including
four windowless silicon dri detectors (Super-X) and a high-
brightness X-FEG electron source. Language improvements
were made with Grammarly (free version) and DeepL by trans-
lating into German and back into English. Further, the AI
chatbot ChatGPT was used to streamline the manuscript
(prompt: please improve my text/writing, but keep it close to the
original:.). Note that only short phrases or single words were
adopted in the manuscript.
Electrode preparation and electrochemical characterization

The electrochemical measurements were conducted under an
N2 atmosphere at room temperature, using a three-electrode
setup comprising a glassy carbon working electrode (d = 3
mm), an Ag/AgCl reference electrode (3.5 M KCl), and a Pt
counter electrode. The system is controlled by a model
PCSTAT128N potentiostat/galvanostat from Autolab. The elec-
trodes are prepared from 3 mL of aerogel ink (mass concentra-
tion 7.54 mg ml−1) by drop-casting and overlaying with 3 mL of
a 0.5 wt% Naon solution. For cyclic voltammetry (CV)
measurements, a potential range from −0.4 to 0.6 V was scan-
ned with a rate of 50 mV s−1 in a 2 M NaOH solution containing
0.25 M EtOH.
Results & discussion
Alloy aerogels by one-step gelation

Au–Ni alloy aerogels were successfully synthesized via one-step
gelation. Note that the presence of alloys and heterostructures
(next chapter) is conrmed only later (see Fig. 7). But to clearly
distinguish the different morphologies, it is already used in this
chapter. Regardless of their composition, a similar reaction
behavior was observed in which the addition of the reductant
triggers a rapid change in color from light yellow to reddish
brown and ultimately black, accompanied by a strong H2 gas
evolution caused by hydrogen synproportionation.71,72 This was
followed by spontaneous gelation, resulting in a voluminous
black precipitate within two days, similar to the ndings of
Bigall et al.16 Likewise, TEM micrographs (Fig. 4) reveal similar
structures of homogeneous, non-ordered, interconnected
nanochain networks with vast interarticular pores and ligament
sizes of 3–6 nm (ESI Fig. S1†).

By varying the element composition (Au3Ni, AuNi, AuNi3)
and NaBH4 excesses (nH− : nMe+ = 10, 12, 14), two delicate
structural trends/tendencies become apparent (Fig. 4A and ESI
Fig. S1†). Firstly, the ligament size decreases with increasing Ni
5490 | Nanoscale Adv., 2023, 5, 5487–5498
content (z2–3 nm), which correlates to the smaller lattice
parameters of Ni (3.50 Å) compared to Au (4.07 Å).73 Assuming
that the intermediately formed NPs consist of a similar number
of atoms for all three aerogels, this leads to smaller diameters
for the Ni-rich NPs and, consequently, a decrease in aerogel
ligament size with increasing Ni content. The second trend is
a decrease in ligament size with increasing NaBH4 excess (z0–1
nm). A higher amount of NaBH4 not only facilitates faster metal
ion reduction but simultaneously increases the temporary
ligand concentration, leading to the formation of smaller
nanoparticles. Moreover, the prolonged stabilization time of the
NPs shis the system towards reaction-limited cluster aggre-
gation (NPs do not necessarily fuse upon impact), which is
governed by the hydrolysis of BH4

−.74 This shi leads to an
increasingly incomplete gel network with higher NaBH4

concentrations, resulting in disconnected nanochains and iso-
lated NPs. In addition, aggregated spots were observed in the
AuNi3 sample. Based on the high contrast differences compared
to the nanochain fragments, the NPs appear to be enriched with
Au. This segregation may be due to a combination of the shi to
reaction-limited cluster aggregation and the miscibility gap
between Au and Ni, which makes Au more susceptible to coa-
lescence.75 One might think these ligament size trends are
unique to Au–Ni aerogels. However, we have also observed them
in Au–Cu aerogels (ESI Fig. S2†). For the same reasons, namely
a smaller lattice parameter of Cu (3.60 Å)73 compared to Au and
the shi towards reaction-limited cluster aggregation, the liga-
ment size decreases with increasing Cu content and NaBH4

concentration. Au–Ni and Au–Cu differ only in the appearance
of discontinued gel strands and copper oxide needles. This
relates to the phase diagram of Au–Cu consisting of discrete
phases instead of a wide miscibility gap as for Au–Ni.76 Hence,
suggesting element-specic changes in the gelation mecha-
nism, however, seemingly not affecting the ligament size
trends. In order to retain the advantages of a high NaBH4 excess
(12 eq.), the total metal concentration was adjusted to promote
complete gelation. This was rst tested for the Au3Ni gel with
total metal concentrations of 0.05 mmol, 0.2 mmol, and
0.4 mmol (Fig. 4B and ESI Fig. S3†). As hypothesized, higher
total metal concentrations resulted in increasingly incomplete
gelation. At 0.4 mmol and above, network defects were no
longer observed. In a higher concentrated reaction media, the
mean free path between the individual NPs is reduced, leading
to an increased number of collisions and a higher probability of
NPs fusing together. The same applies to nucleation. Further-
more, the gelation time was reduced to as low as 12 h while
preserving the small ligament size. Besides, the higher collision
rate causes a transition of particulate to smooth gel strands.
While in dilute reaction media, the NPs have a higher chance of
sticking together loosely, reducing their fusion area.

Since a total metal concentration of 0.4 mmol provided
complete gelation for Au3Ni, it was also applied to AuNi and
AuNi3 (ESI Fig. S4†). Likewise, they fully gel, retain their liga-
ment size and show no aggregated spots. Beyond that, they
exhibit the same trend as discussed in Fig. 4A. In addition to the
structural improvements, up-scaling by increasing the metal
concentration offers signicant technical advantages. For
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEMmicrographs of Au3Ni, AuNi, and AuNi3 aerogels reduced with 10 eq. (A-1), 12 eq. (A-2), and 14 eq. (A-3) NaBH4, respectively, as well
as Au3Ni gels synthesized at constant NaBH4 excess (12 eq.) and total metal concentrations of 0.05mmol (B-1), 0.2mmol (B-2), and 0.4mmol (B-
3). All gels exhibit a fine and homogeneous network structure, where increasing the concentration of the NaBH4 excess and Ni content leads to
smaller ligament sizes. A higher concentrated reaction media, on the other hand, facilitates complete gelation. The XRD patterns show one
crystalline phase with Bragg reflections close to those of Au (C).
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instance, the solvent volume was reduced to a quarter, simul-
taneously saving resources and producing less waste. Moreover,
this procedure facilitates faster production rates compared to
the standard synthesis.68 Depending on the required ligament
size, even further concentration is possible.

Alternatively, ethanol can be used as a reaction medium with
faster gelation kinetics. The lower dielectric constant (16.2)
compared to H2O (80.3) leads to the formation of smaller
solvent shells, resulting in faster gelation.77–79 Although this
approach facilitates complete gelation to similar networks as
described before, the ligament size and corresponding size
distribution are signicantly larger (z6–11 nm) (ESI Fig. S5†).

The nal compositions of the aerogels were validated by EDX
measurements (ESI Table S1†). While nominal and nal
compositions are generally close, minor deviations of up to 4
at% occur. This may be caused by slight oxidation and subse-
quent detachment of Ni from the network during the aerogel
synthesis.

Phase analysis by XRD (Fig. 4C) reveals a single crystalline
phase with Bragg peak positions between those of Au and Ni.
Notably, and independent of their composition, they only show
a minuscule shi to higher angles compared to the Au reference
position. This observation is in accordance with the wide misci-
bility gap between Au and Ni, which only allows stable phases of
the nearly pure elements (spinodal decomposition). Therefore, Ni
can be incorporated more easily into the Au lattice than vice
versa.38,75 This stable Au-rich crystalline phase is expressed by the
small angular shi. The absence of the Ni-rich phase could be
due to oxidation and subsequent dissolution, which relates to the
slight loss of Ni in the nal composition and a strong oxidation
behavior (see next chapter). The remaining Ni of a random Au:Ni
composition may form an amorphous phase within the misci-
bility gap, resulting in an X-ray amorphous behavior.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Heterostructure aerogels by two-step gelation

The rst step to synthesizing the heterostructure aerogels via
two-step gelation was preparing the corresponding NPs. For Au,
stable NPs (red solution) with an average size of (3.3 ± 0.8) nm
(Fig. 5A-1) form, while the Ni NPs (brown solution) have
a slightly larger diameter of (7.0 ± 1.6) nm. However, Ni NPs
(citrate-capped) tend to aggregate (Fig. 5A-2) and completely
dissolve in O2-containing aqueous solutions in just a few hours
(ESI Fig. S6†). Tests on this dissolution behavior showed that
the stability of Ni NPs was only 1 h before a signicant loss
occurred, indicated by a decolorization of the solution. Conse-
quently, the following experiments were performed by rapid
destabilization under the exclusion of air. Whether or not
destabilization is successful depends strongly on the electrolyte
species.43,80,81 To gain an overview, rstly, Ni NPs were destabi-
lized with various electrolytes. Those potent enough to facilitate
gelation were subsequently applied to Au NPs and the mixture
of both (ESI Fig. S7†). Promising results were obtained with
chloride-containing bivalent electrolytes such as CaCl2, BaCl2,
and MgCl2. However, EDX measurements revealed the absence
or a signicant loss of Ni in the nal structure (ESI Table S2†).
Thus, either during or aer gelation, the Ni NPs still dissolve,
leaving behind a pure Au gel. Although the electrolytes could
not be used for further destabilization, they contributed to
expanding the Hofmeister series on metal aerogels.43

In contrast, NaBH4 is a special electrolyte that not only
facilitates gelation but simultaneously keeps Ni inside the
nanoparticle assembly. NaBH4 increases the ionic strength but
also has reducing properties, resulting in a certain depot effect.
If Ni NPs are oxidized during or aer the synthesis, they will be
immediately reduced again as long as the reducing agent is
present. In addition, the reaction vessels are sealed, causing the
Nanoscale Adv., 2023, 5, 5487–5498 | 5491

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00359k


Fig. 5 TEM micrographs of the primary Au NPs (A-1) and Ni NPs(A-2). Furthermore, TEM micrographs of the Au3Ni (B-1), AuNi (B-2), and AuNi3
(B-3) gels destabilized by 5 eq. NaBH4 show a bipartite structure of seamlessly connected nanochains and NPs. The latter increased in number as
the Ni content increased. This indicates that the nanowires contain more Au, as more Ni is integrated into the nanoparticles. The XRD patterns
show only one crystalline phase with Bragg reflections close to those of Au (C).
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build-up of H2 gas and a slight overpressure, protecting the
reaction medium from O2 entry.

Upon addition of NaBH4 to the reddish brown Au and Ni NP
mixture, the solution initially brightens before slowly turning
grey. Aer two days, voluminous monolithic black precipitates
form, showing a distinct bipartite structure in TEM micro-
graphs (Fig. 5B). It consists of randomly interconnected NPs
and nanochains that form an overarching gel network. As ex-
pected, there are no size-dependent structural trends due to the
same building blocks of all compositions. This results in liga-
ment sizes of approx. 5 nm for nanochains and diameters
between 15 and 30 nm for NPs. Notably, the number of NPs
increases with increasing Ni content, indicating that Ni makes
up the bulk of the NPs. Surprisingly, this is not expected from
the literature, which suggests that mixed pure NPs would form
hybrid gel strands during gelation.51 Such a unique network was
observed for the rst time and may be attributed to the misci-
bility gap that prevents the formation of mixed gel strands.

Similar to the alloy gels, small deviations of 6–10 at%
between the nominal and nal element composition were
found by EDX measurements (ESI Table S1†). Again, this is due
to the oxidation and subsequent dissolution of Ni from the gel
structure. However, the deviation is more pronounced in this
case because of the intrinsic separation of Au and Ni in indi-
vidual NPs, facilitating oxidation/dissolution of Ni.

The XRD patterns (Fig. 5C) show similar results compared to
the alloy gels. All Bragg reections point to a single phase whose
positions lie between the Au and Ni reference, with only
minimal shis to higher diffraction angles. This can be ex-
pected due to a comparable inuence of the miscibility gap,
with the assumption of separation of Au and Ni further sup-
porting this effect. Surprisingly, no Ni or possible nickel oxides
are observed as secondary crystalline phases. That leads back to
the assumption that X-ray amorphous proportions are present
in the aerogels.
5492 | Nanoscale Adv., 2023, 5, 5487–5498
Hollow sphere aerogels by two-step gelation coupled with
galvanic replacement

Adding Au3+ ions to a freshly synthesized Ni NP solution
resulted in an immediate color change from brown to black.
Aer the complete addition of Au3+ ions, the solution is dark
brown and gradually changes to an intensive blue over the next
four days. TEM micrographs (Fig. 6A) reveal exclusive HS NPs
with a size of (33.6 ± 9.5) nm, (29.3 ± 7.7) nm, and (27.6 ±

3.4) nm, respectively, for the AuNi3, AuNi4.4, and AuNi6 HS NPs.
All show a broad hollow interior. The galvanic replacement
occurred uniformly in each NP as well as in the overall system.
These observations are consistent with the mechanism
described above.22 The nominal metal composition and ratio of
Au3+ ions to Ni NPs exert a signicant inuence on the struc-
tural properties of the resulting HS NPs. As the Ni content
increases, the shell thickness and particle diameter decrease,
and the particle size distribution narrows. This correlates with
the number of Ni NPs in relation to the Au3+ ions. When the
Au3+ ions are less abundant, fewer react per NP, gradually
thinning the shell and the overall NP size. However, the
decrease in HS NP size is too large to be attributed to the
nominal composition alone. An additional effect must be
assumed. One possible explanation is light compression during
the alloying process, which is less pronounced in NPs with
thicker shells due to higher internal stability. The trend in size
distribution can be attributed to the surface roughness of the
NPs, which is amplied depending on the shell thickness.

If the degassing time of the initial Ni NPs is prolonged, from
7 to 60 min, more fractured and particulate hollow spheres are
formed (ESI Fig. S8†). This is likely due to the onset of oxidation,
which blocks some facets for Au deposition and causes a ake-
like shell. Since the resulting HS NPs are rather large, smaller Ni
NPs were synthesized and processed with galvanic replacement
(ESI Fig. S9†).48,69 Although this yielded a minority of HS NPs,
they occurred in a mixture with solid NPs, core–shell NPs, ring
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AuNi3 (A-1), AuNi4.4 (A-2), and AuNi6 (A-3) HS NPs before and AuNi4.4 HS NPs after gelation with 0 eq. (B-1), 2.5 eq. (B-2), and 5 eq. (B-3)
NaBH4. Before gelation, the HS NPs show a homogeneously formed shell with an empty core. An increase in the nominal Ni content causes
a narrowing of the HS NP size, shell thickness, and size distribution. After gelation, significant compression of the HS NPs has taken place. The
XRD patterns reveal only one crystalline phase with Bragg reflections close to those of Au, as predicted by the composition (C).
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structures, or big agglomerates. This limited success could be
due to the additional shrinking effect described above, which
may be more pronounced for smaller NPs. In addition, oxida-
tion occurs faster and more intensively for smaller Ni NPs. This
indicates a strong dependence of the galvanic replacement on
the initial (sacricial) size of the NPs. Another crucial step in the
synthesis is centrifugation, which serves as a pretreatment for
destabilization/gelation. This induces considerable mechanical
stress on the NPs. Even at mild conditions of 300 g, the AuNi4.4
HS NPs contract to diameters of approx. 16 nm. This effect can
be attributed solely to centrifugation, as the contraction occurs
independently of the addition of electrolytes. Although the
hollow spheres gel by redispersion alone, adding a small
amount of electrolyte can increase the contact area between the
HS building blocks. Hence, adding electrolytes is a gentle
method to improve the connectivity without putting further
stress on the HS NPs during gelation. This results in homoge-
neous, non-ordered networks of interconnected hollow spheres
(Fig. 6B). As an alternative to NaBH4: CaCl2 and BaCl2, which
had been identied as potent destabilizing agents for hetero-
structure gels, were successfully used to promote the destabi-
lization of HS NPs with subsequent gelation (ESI Fig. S10†).

In contrast to the other morphologies, the HS aerogels
display a strong deviation between the nominal and nal
element compositions, ranging from 50 to 65 at%. Moreover,
the nal ratios are very close to each other, falling in between
Au80Ni20 and Au90Ni10 (ESI Table S1†). This can only be
explained by the pronounced oxidation and dissolution of Ni
from the gel network. Considering the color change from dark
brown to blue, it is most likely that specically non-alloyed Ni
dissolves during this period. For clarity, the nominal metal
ratios will continue to be used for naming the aerogel samples.

XRD phase analysis (Fig. 6C) shows the same characteristics
as the alloy and heterostructure gels. All Bragg reections
© 2023 The Author(s). Published by the Royal Society of Chemistry
correspond to a single phase inbetween the positions of the Au
and Ni reference Bragg peaks. Again, with a slight shi to larger
angles compared to Au. This is in line with the EDX results, as
only a small amount of Ni remains in the nal gel. However, the
effect of the miscibility gap may also be relevant.
Further physiochemical characterization

Regardless of the synthesis procedure and the resulting
morphology of the Au–Ni samples, SEM micrographs (Fig. 7I
and ESI Fig. 11–13A, B) reveal a typical three-dimensional
sponge-like aerogel structure and further conrm the
morphologies observed in previous TEM micrographs. Fig. 7
provides an overview of the different morphologies. Different
aerogel compositions of the same morphology are compared in
the ESI Fig. S11–S13.† The alloy gels exhibit homogeneous
interconnected nanochains, whereas the heterostructure gels
display a bipartite network comprising nanochains and nano-
particles. Signicant contrast differences in backscattered
electron imaging conrm the separation of both elements into
Ni-rich NPs and Au-rich nanochains, whereby the number of
NPs increases with increasing Ni content. In the case of HS gels,
interconnected HS building blocks are observed, while high-
magnication SEM micrographs display the hollow-spherical
character. Moreover, the element distribution on the nano-
scale was monitored by spectrum imaging analysis based on
EDX in scanning TEMmode (Fig. 7(2) and ESI Fig. S11–13C†). In
the alloy gels, both elements are fairly homogeneously distrib-
uted throughout the whole gel network and individual gel
strands. However, there may be a slight tendency for Ni to be
located closer to the surface. This observation resonates with
the slight loss of Ni in the nal compositions and would support
the formation of an oxide layer. In the heterostructure gels, the
nanochains consist predominantly of Au but are evenly doped
Nanoscale Adv., 2023, 5, 5487–5498 | 5493
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Fig. 7 SEM micrographs (1) and STEM-EDX-based element mapping (2) of the alloy AuNi3 (A), heterostructure AuNi3 (B), and HS AuNi6 (C)
aerogels. All samples exhibit a sponge-like gel character regardless of their morphology. Moreover, the structural trends observed by TEM
reappear. Alloy gels and HS gels show fairly homogeneous element distributions (with enhanced Ni signals at the surfaces), while in the het-
erostructure gels, the elements separate into Ni NPs and Ni-doped Au nanochains.
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with small amounts of Ni. Although the gels can not be
considered a heterostructure of Au nanochains and Ni NPs
anymore, they can still be considered a heterostructure of Ni
NPs and Ni-doped Au nanochains, with a clear interface
between NPs and nanochains. The doping with Ni is likely due
to the use of NaBH4 as a destabilizing agent, which also reduces
leover Ni2+ ions. The NPs, on the other hand, consist entirely
of Ni. Again, it becomes clear that the NPs are entangled by
several nanochains forming a bipartite morphology. The
structure is also covered with an oxide layer, which has a larger
thickness compared to the alloy aerogels (especially for the Ni
NPs), explaining the higher deviation in the nal composition.
The HS gels, which essentially are alloy gels with a special
hierarchical morphology, exhibit the same behavior. A homo-
geneous distribution of Au and Ni is observed, while Ni is
slightly more abundant at the inner and outer surfaces of the
hollow spheres. Likewise, they are covered with an oxide layer.

The physical characterization for each Au–Nimorphology and
composition is completed by nitrogen physisorption (Fig. 8A and
ESI Fig. S14A†). All isotherms exhibit characteristics of type II/IV
behavior arising from the simultaneous presence of micro-,
meso-, andmacropores.82 These pores are formed as interparticle
spaces between nanochains, NPs, hollow interiors, or a combi-
nation thereof. Although multi-layer adsorption becomes
progressively less favorable as p/p0 decreases, most isotherms do
not adhere to the BET theory since their hysteresis fails to close at
p/p0 = 0.42. One possibility is a breathing effect of the entire
aerogel, whose network swells upon adsorption and shrinks
upon desorption. That is supported by measurements and
calculations from Reichenberger et al. taken for silica aero-
gels.83,84 Another factor contributing to hysteresis is the possi-
bility of N2 retention by pore blockage or bottleneck pores. This is
less relevant for loose networks such as the alloy and hetero-
structure gels, but the interior voids of the HS gels can act as such
bottleneck pores, as evidenced by their broader hysteresis loop.
5494 | Nanoscale Adv., 2023, 5, 5487–5498
Consequently, the pore type and morphology are directly related
to hysteresis. As a result, hysteresis closes rst for more spacious
networks, with the order being: heterostructure, alloy, and HS
gels. It should be noted that increasing the Ni content causes the
hysteresis to close at a higher p/p0.

The pore size distribution (Fig. 8B and ESI Fig. S14B†) of all
morphologies shows the expected broad spectrum of meso- and
macropores, while micropores are recorded as surface roughness,
including smaller mesopores (up-down pattern). This minimizes
diffusion barriers and allows for efficient mass transport. Equally
important, the size distribution of mesopores can serve as
a ngerprint of a particular morphology. Alloy gels consist largely
of small mesopores formed in the interparticle spaces between
nanochains. In Heterostructure gels, the interparticle spaces are
more complex due to the mixture of nanochains and NPs, result-
ing in high proportions of smaller and larger mesopores. Lastly,
HS gels, which again are based on only one building block, form
predominantly small mesopores, but their hollow interiors
provide additional medium-sized mesopores.

The aerogels show a wide range of SSAs between 30 and 100
m2 g−1 (Fig. 8C-1), increasing from HS gels to alloy gels to
heterostructure gels. This order is due to the slightly larger shell
thickness of the HS gels (3–6 nm) compared to the ligament size
of the alloy gels (3–4 nm). Although the same is true for heter-
ostructure gels, their bipartite structure allows for nearly free-
standing NPs and shortened nanochains that expose more
surface area. Moreover, there is a general trend across all
morphologies whereby the specic surface area increases with
increasing Ni content. This connects back to the structural
discussion of individual morphologies. For the alloy and HS
gels, the ligament size or building block diameter and shell
thickness decrease, while the heterostructure gels transition to
a higher number of NPs and nanochains, which are also
shortened in length. However, this effect cannot explain the
exceptionally high SSA of the AuNi3 alloy gel. One possibility is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Representative N2 physisorption isotherms (A) and pore size distributions (B) of the alloy AuNi (1), heterostructure AuNi (2), and HS AuNi3
(3) aerogels measured at STP (standard temperature at 77 K and pressure). All isotherms show a characteristic mixture of type II/IV behavior
caused by a broad distribution of micro-, meso-, and macropores. In addition, the pore size distribution and isotherm shape are greatly influ-
enced by the morphology. The SSA (C-1) and TPV (C-2) mostly show the same dependency on the morphology, which usually increases with
increasing Ni content due to shrinking building blocks or their increase in number or size.
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the formation of a porous oxide layer, which is supported by the
slightly higher Ni concentration at the surface. It is noteworthy
that prolonged storage of the gel in the air leads to the devel-
opment of a white shimmer.

The total pore volume (Fig. 8C-2) of most aerogels also
increases with increasing Ni content, following the same
structural dependence as the SSA. As already indicated by the
pore size distribution, the alloy gels exhibit the lowest TPV of
approx. 0.125 cm3 g−1 due to the absence of larger mesopores.
On the other hand, heterostructure and HS gels have a higher
TPV of approx. 0.2 cm3 g−1. In particular, the heterostructures
exhibit a strong dependence on the element ratio, which
correlates with the number of NPs and nanochains. Similar to
the SSA, the TPV of the Au3Ni gel also proves to be larger than
expected. Likewise, the AuNi4.4 HS gel does not follow the TPV
trend. Part of the reason may be a temperature effect, as the
samples were synthesized during different seasons, potentially
intensifying the stress during centrifugation for AuNi4.4.
Preliminary ethanol oxidation reaction catalysis

With the successful synthesis of Au–Ni aerogels in three
different morphologies and elemental compositions, the inu-
ence of both factors on the electrochemical properties was
© 2023 The Author(s). Published by the Royal Society of Chemistry
investigated in initial tests, using ethanol oxidation as an
example. Stability tests revealed (Fig. 9) that each morphology
exhibits a unique CV shape that depends on the element
composition. This, in turn, affects current density and stability.
Alloy and HS gels have already shown similarities in their
structural trends, and the same is true for their catalytic
behavior. Both show two redox pairs at around 0.17/0 V and
0.38/0.22 V for the alloy gels and 0.1/0.05 V and 0.45/0.38 V for
the HS gels. The former are respectively assigned to the Ni/Ni2+

redox pair and the latter to Ni2+/Ni3+. Ethanol oxidation occurs
shortly aer oxidation to Ni3+, also indicated by the absence of
a corresponding reduction peak. In contrast, the hetero-
structure gels show only a mixed redox pair around 0.5/0.28 V,
accounting for both Ni2+/Ni3+ and ethanol oxidation. This is
caused by an increased abundance of NiO, which can directly be
converted to NiOOH. Ni, in turn, is rst converted into the
intermediate Ni(OH)2 and only then to NiOOH. This is consis-
tent with Ni/NiO nanoparticles on carbon supports.85 Thereby,
NiOOH possibly enhances the catalytic reaction by mediating
protons and electrons.86 However, its potential could not be
fully utilized in the heterostructure gels because the NiO
regions are spatially separated from Au, preventing their
synergistic effects.
Nanoscale Adv., 2023, 5, 5487–5498 | 5495
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Fig. 9 Cyclic voltammetry of the Au3Ni, AuNi3 alloy, and hetero-
structure gels as well as the AuNi4.4 and AuNi6 HS gels. Depending on
the morphology, the gels display a specific CV shape. Both the alloy
and HS gels show two redox pairs of Ni/Ni2+ and Ni2+/Ni3+ and ethanol
oxidation shortly after the second. However, the HS gels exhibit lower
stability caused by the depletion of Ni. The heterostructure gels, on the
other hand, only show one mixed peak of Ni2+/Ni3+ and ethanol
oxidation close to Ni/NiO on carbon.
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The current density decreases from the alloy (6 mA cm−2) to
the HS (2 mA cm−2) to the heterostructure gels (1 mA cm−2).
This indicates a dependence on the element (composition and)
distribution. Although the alloy and HS gels have a fairly
homogeneous element distribution, the latter contains a higher
Au content combined with a lower SSA. Consequently, less
NiOOH is formed to support catalysis. This is not the case for
the heterostructures, but the spatial separation of the elements
throttles the synergistic effects.

The highest cycling stability is observed for the heterostructure
gels, owing to their segregated structure that allows for a smooth
reintegration of temporarily oxidized Ni in the aerogel network.
While the random element distribution allows the same in alloy
gels, a signicant decrease is observed for the HS gels.When nickel
oxidizes, the HS structure may rearrange to minimize lattice stress.
As a result, Ni is less likely to be reintegrated into the HS than to be
accumulated on the surface or deposited in the electrolyte.

Although increasing the Ni content does not affect the het-
erostructure gels, the current density of the alloy and HS gels
decreases slightly. It is likely that the more Ni is present in the
gel, the more the CV shape slowly shis toward the hetero-
structure behavior as thicker oxide layers form, increasingly
separating the elements. While this provides some initial
5496 | Nanoscale Adv., 2023, 5, 5487–5498
insight into the effect of morphology and element distribution
on catalysis, more in-depth studies will be needed.

Compared with the literature, the Au–Ni gels show a rather
poor performance.87,88 But this can be neglected in this study as
the important part to illustrate the impact of morphology
design on the catalytic performance was clearly demonstrated.

Conclusions

Au–Ni aerogels were successfully developed as a new element
system ofmetal aerogels. Moreover, the synthesis was effectively
manipulated to yield three common metal aerogel morphol-
ogies: alloys, heterostructures, and hollow spheres. Of partic-
ular note, our heterostructures are unique in that they consist of
a coherent network of NPs and nanochains, distinguishing
them from previously reported morphologies that only contain
nanochains. In addition, several subtle structural trends related
to the Au–Ni aerogels of each morphology were identied. They
all allow tailoring of the respective structural parameters. These
differences in morphology, in conjunction with the subtle
structural trends, were revealed to directly affect the physico-
chemical and catalytic properties. This can be particularly
benecial in gaining new insight into known materials or
developing new ones. This is underlined by some trends
seemingly not depending on the element system, such as the
ligament size, so they may apply to metal aerogels in general.

N2-physisorption and STEM-EDX further highlighted differ-
ences among the individual aerogel morphologies, which were
evident in different element distributions and porosities.
Accordingly, the morphological differences and trends observed
by electron microscopy were directly related to changes in phys-
isorption behavior. The isotherm and pore size distribution serves
as a ngerprint for each morphology. A similar relationship
between the morphology and catalytic behavior of the aerogels is
evident in preliminary ethanol oxidation reaction experiments, as
reected by changes in current density and cycling stability.

This study proves that morphology design is a versatile tool
to introduce and control certain physicochemical characteris-
tics, which in turn affect the catalytic performance. This is
complementary to a thoughtful ne-tuning of the synthesis
parameters. However, morphology was considered rather
linguistically and linked to specic structural features and
trends observed in TEM micrographs. In future works, it would
be desirable to establish a quantitative measure for the
morphology of metal aerogels, similar to the K-index developed
by Leventis et al. for polyurethane gels.89 Such measure would
act as a predictor, descriptor, and correlator between
morphology and physicochemical properties.
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