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Aerogels are a unique class of materials due to their low density, high porosity, high

surface area, and an open and interconnected pore structure. Aerogels can be organic,

inorganic and hybrid with a plethora of surface chemistries. Aerogel-based products for

thermal insulation are already in the market and many studies are being conducted

in many laboratories around the world to develop aerogel-based products for other

applications including catalysis, adsorption, separations, and drug delivery. On the other

hand, bimetallic nanoparticles dispersed on high surface area carriers, which have

superior properties compared to their monometallic counterparts, are used or are in

development for a wide variety of applications in catalysis, optics, sensing, detection, and

medicine. Investigations on using aerogels as high surface area carriers for dispersing

bimetallic nanoparticles are leading to development of new composite materials with

outstanding properties due to the remarkable properties of aerogels. The review focuses

on the techniques to synthesize these materials, their properties, the techniques to tune

their pore properties and surface chemistry and the applications of these materials.

Keywords: aerogel, nanocomposite, support, nanoparticles, bimetallic, mesoporous

INTRODUCTION

Aerogels
A wide variety of aerogels were first synthesized in 1931 (Kistler, 1931) by replacing the liquid part
of a gel with air without collapsing the gel. Aerogels are generally considered as materials with low
densities, high surface areas and high porosities. Since the development and commercialization of
silica aerogel-based blankets for thermal insulation, the number of studies that are being conducted
at many laboratories around the world on using aerogels for applications other than insulation
is growing at an accelerating pace. Aerogels can be organic (e.g., starch aerogel, STA, alginate
aerogel, ALA, resorcinol formaldehyde aerogel, RFA), or inorganic (e.g., silica aerogel, SA; alumina
aerogel, AA; titania aerogel, TA) (Pierre and Pajonk, 2002). Carbon aerogels (CAs) is another
class of aerogels obtained by pyrolysis of organic aerogels. Aerogels have particularly attractive
properties as adsorbents, catalysts, and drug delivery devices. The properties of aerogels can further
be enhanced by making composites of aerogels with other materials, such as polymers (Sanli
and Erkey, 2013), fibers, and metallic nanoparticles (NPs) (Vallribera and Molins, 2008). Among
these, a wide variety of aerogel supported monometallic NPs have been developed for various
applications. For instance, Pt/CA (Barim et al., 2017), Pt/graphene aerogel (GA) (Sarac Oztuna
et al., 2017), N-doped Co/CA and Fe/CA (Sarapuu et al., 2015) were synthesized and tested as
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electrocatalysts for oxygen reduction reaction (ORR). Cu/CA
(Han et al., 2019) was utilized for CO2 reduction reaction and
Pt/CAs were investigated for proton exchangemembrane fuel cell
(Smirnova et al., 2005) and direct methanol fuel cell (DMFC)
(Wei et al., 2009) applications. TiO2/CA was investigated as a
photoelectrocatalyst for wastewater treatment (Jin et al., 2011).
Ni/CA and Fe/CA were used as ammonia adsorption catalysts
for gas purification (Gómez-Cápiro et al., 2018). SnO2/GA was
used as a NO2 gas sensor (Liu et al., 2014; Li et al., 2015).
Ag-AgBr/TiO2/GA was used for photocatalytic destruction of
organic dyes and bacteria (Zhang et al., 2019). Recently, the
emphasis has shifted to aerogel supported bimetallic NPs which
have superior properties than their monometallic counterparts
due to a wide variety of factors including tunable properties
by varying composition of metals, higher thermal stability,
enhanced metal-support interactions, higher resistance to
poisoning and/or coke deposition, prevention of NP growth and
higher catalytic activity and selectivity of supported bimetallic
NPs compared to monometallic counterparts (Takanabe et al.,
2005; Koh et al., 2007; Chen et al., 2010; Yu et al., 2015; Hossain
et al., 2017; Zhou et al., 2017; Wang and Zhu, 2018).

This review gives an overview of the advantages and
disadvantages of the techniques used to synthesize aerogel
supported bimetallic NPs, the properties of thesematerials as well
as their applications. Bimetallic NPs and supported bimetallic
NPs, their formation and growth, and their importance in various
applications are discussed in section Bimetallic Nanoparticles
and Supported Bimetallic Nanoparticles. Advantages of aerogels
as support materials are explained in section Advantages of
Aerogel Supported Bimetallic Nanoparticles. Synthesis routes
and material properties of aerogel supported bimetallic NPs are
given in section Synthesis and Properties of Aerogel Supported
Bimetallic Nanoparticles. Their applications in catalysis, optics
and sensors are given in section Applications. The research
needs for further development and commercialization of
these materials are discussed in section Conclusions and
Future Directions.

Bimetallic Nanoparticles and Supported
Bimetallic Nanoparticles
Bimetallic NPs are composed of two different metals. Bimetallic
NPs are of both academic and industrial interest as their
properties are often different from either of the two pure NPs.
Similar to bulk alloys, bimetallic NPs exhibit a very wide range
of combinations and compositions. Bimetallic NPs (AmBn) can
be generated with more or less controlled amount (m + n) and
composition (m/n) with main mixing patterns given in Figure 1.

The formation and growth of single component NPs
usually consist of a number of steps including nucleation,
diffusion and growth. All these steps are usually governed by
kinetic phenomena (Mondloch et al., 2012). The degree of
segregation/mixing and atomic ordering in AmBn bimetallic
NPs depends on a variety of factors including relative strengths
of A-A, B-B, and A-B bonds, relative surface energies of bulk
A and B, relative atomic sizes, strength of binding to surface
ligands (or surfactants) and specific electronic/magnetic effects

FIGURE 1 | Schematic representation of the examples of some possible

configurations for bimetallic NPs: (A) core-shell, (B) segregated/Janus particle,

(C) surface segregated, (D) disordered alloy, (E) ordered alloy. The illustrations

display cross sections of the NPs showing an hypothetical face-centered

cubic (FCC) (111) plane.

(Ferrando et al., 2008). The structure of the NP and degree of
A-B segregation may also depend on kinetics of nucleation and
growth for which the method and conditions of NP generation
(type of particle source, metal precursor (MP), support,
surfactant, temperature, pressure, etc.) becomes important.

The knowledge on the phase behavior of the alloys is
important. Although the phase diagrams of bulk alloy systems
have been extensively reported, their extension to the nanometer
sized regime is not trivial since the perturbations in both
morphology and electron density due to finite sizes at nanoscale
can give rise to non-bulk like properties (Oviedo and Leiva,
2013). For instance, pairs of elements, such as FeAg (Ferrando
et al., 2008) or AuPt (Wanjala et al., 2010) have large miscibility
gaps in bulk crystalline state but can mix as NPs. PtRu bimetallic
NPs with 1.5 nm diameter and with a Pt:Ru ratio of 0.2 display
an FCC closed-packed crystal structure whereas bulk alloy of the
same species with the same composition exhibit a hexagonal-
closed packed (HCP) structure (Michael S. Nashner et al., 1997).
These observations point out that a divergence may exist between
the structural properties predicted by the bulk phase diagrams
and those displayed by metal NPs.

Supported NPs are NPs which are dispersed on the surface of
highly porous substrates or films (Eppler et al., 1997). Because
of their high surface energy and intrinsic instability, NPs tend
to form agglomerates which diminish their desirable properties.
Therefore, supports with high surface areas are often used
to serve as carriers and stabilizers. Supports also prevent the
oxidation of NPs to some extent. Thus, the intrinsic properties
and morphologies of NPs are conserved depending on the
support-metal interaction or support topology. Supported NPs
are used in a number of technologically important areas, ranging
from catalysis (e.g., catalytic converters in automobiles and
electrochemical fuel cells) to optics, electronic, magnetic, and
medical applications (Kitchin et al., 2004). In catalysis, supports
have a crucial role in the transport of the reactants and products
to and from the active sites (Antolini, 2009) and in some
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cases they may participate in the catalytic reactions as well
(Vanrysselberghe and Froment, 1996; Deka et al., 2013).

In catalysis, supported bimetallic NPs are used to enhance the
performance and for economic reasons (Sankar et al., 2012). The
activity of bimetallic NPs depends on the metal concentration,
morphology, and atomic ordering. In alloy NPs, the intrinsic
catalytic activity adjustment originates from two cumulative
phenomena called the ligand and the strain effect. The addition
of another metal causing alteration in the electron density of
the system (ligand effect) and the metal-metal bond length
change (strain effect) may lead to improved catalytic activity
(Kitchin et al., 2004; Bosco et al., 2009). The incorporation of a
second metal into the structure may also prevent the poisoning
of the catalyst and prolong its aging behavior (Winkler et al.,
2010; Wiebenga et al., 2012). Since catalytic reactions occur only
at catalytic sites residing on the surface of NPs, a significant
proportion of the atoms are effectively wasted in the catalytic
process. This is particularly important for expensive catalyst
metals, such as Pd and Pt (Ghosh Chaudhuri and Paria, 2012). In
order to reduce costs, there is, therefore, considerable interest in
synthesizing A-B core-shell NP catalysts, where A is a relatively
inexpensive metal (e.g., Co, Ni, Cu), which is (generally) less
catalytically active residing at the core, and B is a more expensive,
more catalytically active metal (typically Pd or Pt) residing at the
shell. Synergetic electronic effects toward catalytic reactions can
also be significant in alloy or core-shell NPs via the introduction
of a change in the d-band center of the metal via the addition
of second metal (Greeley and Nørskov, 2005; Koh and Strasser,
2007). Good examples of these phenomena are highest intrinsic
activity of Pt3Ni (Stamenkovic et al., 2007) and dealloyed PtCu3
(Mani et al., 2008) as compared to pure Pt toward the ORR.

Bimetallic NPs, in particular, core-shell NPs, have very
special optical properties that can be tuned with structural and
compositional modification. The relative modification of core
and shell radii produces spectral shifts in a wide range that is
in some cases as important as the morphological changes in
a single component NP along with some possible applications
in Surface Enhanced Raman Spectroscopy (SERS) (Negre and
Sánchez, 2013).

Advantages of Aerogel Supported
Bimetallic Nanoparticles
Aerogels as supports have many advantages compared to
conventional porous materials used as supports for bimetallic
NPs. The pore size of aerogels can be adjusted by changing
synthesis conditions (Pekala, 1989). Moreover, aerogels have also
a very narrow pore size distribution. Both of these factors may
enable better control over the rates of diffusion of reactants
and products to and from catalytic sites consisting of bimetallic
NPs leading to higher conversions or selectivities in a particular
reactor. Moreover, combination of powerful sol-gel chemistry
with new techniques, such as supercritical deposition to prepare
supported bimetallic NPs are leading to development of aerogel
supported materials with superior properties (Barim et al., 2018).
Unlike conventional porous materials, aerogels can also be
produced in any form, such as beads, cylinders and monoliths

which may be advantageous for various applications, such as
optofluidic microreactors (Özbakir et al., 2017). There are also
aerogels which are organic-inorganic hybrids with very complex
morphologies which may be beneficial in designing systems for
a wide range of reasons, such as to reduce deactivation rates or
improve stability of bimetallic NPs (Kanamori et al., 2007, 2008;
Hayase et al., 2014).

SYNTHESIS AND PROPERTIES OF
AEROGEL SUPPORTED BIMETALLIC
NANOPARTICLES

Routes to synthesize aerogel supported bimetallic NP synthesis
are similar to the ones for conventionally supported bimetallic
NPs (Vallribera and Molins, 2008). They can either be formed by
deposition of the MPs on the pre-synthesized aerogel support,
or by synthesis of the aerogel support along with the deposition
of metal NPs or MPs; followed by the conversion of MPs to
NPs. The most commonly used methods include sol-gel method,
liquid phase impregnation, supercritical deposition, microwave-
assisted deposition and electroplating. Their advantages and
disadvantages; along with literature examples are summarized in
Table 1. The routes and properties of prepared nanocomposites
are explained in detail in the following subsections.

Sol-Gel Route
Sol-gel method is a simple and widely used technique
to prepare aerogel supported bimetallic NPs under mild
experimental conditions (Liu et al., 2013, 2015; Herrmann
et al., 2014; Rechberger and Niederberger, 2017; Wen and
Eychmüller, 2017). The method is based on polymerization
chemistry which enables evolution from a molecular state to
a continuous network via hydrolysis and polycondensation
reactions (Schubert, 1996). Different strategies to synthesize
inorganic aerogel supported bimetallic NPs have been developed
using the sol-gel route (Mörke et al., 1994; Vallribera and Molins,
2008; Corrias and Casula, 2011) which consist of following steps:
hydrolysis, introduction of the metals as precursors or NPs,
condensation/gelation, solvent exchange, drying and thermal or
chemical treatment of gels in order to convert MPs to their
metal forms. Depending on the addition step of the metal (before
or after hydrolysis) or the form of metal introduced (either as
NPs or as MPs), four different routes are possible as shown in
Figure 2. In the first route (Route A in Figure 2), MP solutions
are mixed with skeleton precursor solution prior to hydrolysis.
Multicomponent sol then undergoes condensation/gelation.
After gelation, MPs are trapped inside the gel (Mörke et al.,
1994). Subsequently, solvent exchange and supercritical drying
are applied. Afterwards, MPs are converted to bimetallic NPs via
thermal treatment or reduction by hydrogen, depending on the
precursor properties. Hydrogen treatment at high temperatures
(e.g., 300-800◦C) can be applied to transform the bimetallic NPs
into alloy NPs (Heinrichs et al., 1997; Job et al., 2005; Lambert
et al., 2005). Alternatively, MPs can be introduced to the sol after
hydrolysis of skeleton precursor (Route B in Figure 2). Resulting
multicomponent sol undergoes condensation/gelation reactions,
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TABLE 1 | Advantage and disadvantages of aerogel supported bimetallic nanoparticle synthesis methods.

Method Synthesized Nanocomposites Advantages Disadvantages

Sol–Gel PdAg/SA

FeCo/SA

FeMo/SA

FeCo/AA

RuNi/AA

CoNi/AA

AuAg/TA

PdRu/CA

CoNi/CA

PdNi/CA

PtPd/GA

- Simple procedure with well-defined steps

- Enables good control of loading

and composition

- Presence of metallic precursors may change

polymerization pathways

- Pre-formed NP aggregation or sedimentation

may hinder homogeneous dispersion within

the gels

Liquid phase

impregnation

PtNi/CA

PtRu/CA

PtCu/SA

- Simple procedure with well-defined steps

- Straightforward control of metal loading,

therefore suitable for deposition of

expensive metals

- Evaporation of solvent or reduction of

precursors may result in agglomerates of

metal NPs

- Size control is difficult due to slow diffusion of

ions through liquid solvent

- High surface tension of liquid solvents may

result in pore collapse of aerogels

- Usually nitrate salts of metals are used

as precursors

Supercritical deposition PtCu/CA

PtFe/GA

- Fast deposition, rapid penetration and

wetting of pores due to enhanced mass

transfer rates

- Prevention of pore collapse of aerogels due

to the lack of a liquid phase

- Easy control over metal loading, particle size

and distribution

- High conversion rate of MPs due to complete

miscibility of reactant gases in SCFs

- Requirement of SCF-soluble MPs, which are

generally expensive

- Limitation of maximum metal loading in

accordance with MP solubility in SCF and

affinity of MP with the support

Microwave-assisted

deposition

PtCu/SA

PtAu/CA

- Relatively fast route compared to

aforementioned methods

- Agglomerates of NPs may be formed due to

hot spots during microwave treatment

Electroplating FeCoP/GA - Simple and conventional route to prepare

good candidates of metal/support

composites for electrocatalysis applications

- Not suitable for inorganic support decoration

due to the usage of electrodes

solvent exchange, supercritical drying and conversion of MPs to
bimetallic NPs, as in Route A.

Another technique of producing aerogel supported bimetallic
NPs is the utilization pre-formed colloidal NPs, which are
synthesized via reduction of MPs in a solution by the help of a
reducing agent with or without stabilizing agents, depending on
precursor and reducing agent properties (Reetz, 2007). Colloidal
NPs can be introduced to the sol either before (Route C in
Figure 2) or after (Route D in Figure 2) hydrolysis (Vallribera
andMolins, 2008; Sadrieyeh andMalekfar, 2018a,b; Tesfaye et al.,
2019). A similar procedure to Route C was reported by Da Silva
et al. (2015) for Pt/rGO/TA (Pt multilayer reduced graphene
oxide TA) synthesis. However, it has not yet been applied to
aerogel supported bimetallic NPs to our knowledge. Since metals
are already introduced as NPs in these routes, thermal treatment
or chemical reduction is not necessary after drying step.

Among a broad range of inorganic aerogels, SA has
been extensively investigated due to its well-developed sol-gel
chemistry. PdAg/SA catalyst for selective dehydroclorination
of 1,2-dichloroethane to ethylene was prepared via Route B
using tetraethyl orthosilicate (TEOS), and palladium(II) acetyl
acetonate and silver acetate, followed by supercritical drying,
calcination and reduction with H2 (Heinrichs et al., 1997).
TEM images demonstrated that aerogels were decorated with
small and large alloy NPs with diamaters ranging from 2 to 3
and 7 to 10 nm. Magnetic FeCo/SA was synthesized through

Route A using TEOS, iron(III) nitrate and cobalt(II) nitrate,
and an acid catalyst followed by high temperature supercritical
drying and thermal treatment with H2 at 800◦C (Casula
et al., 2002, 2003). The procedure resulted in formation of
homogenously dispersed spherical FeCo alloy NPs with ∼10 nm
in size within the porous SA matrix with a high surface area
of ∼800 m2/g. The same group later demonstrated that urea-
assisted co-gelation of silica and MPs led to fast gelation in
preparation of FeCo/SA. The alloy NPs were 2-3 nm in size
and homogeneously distributed in the pores of SA after a
prolonged heat treatment (Casula et al., 2007; Casu et al., 2008).
This route was then adapted for the synthesis of FeMo/SA
(Marras et al., 2015). Fe and Mo NP sizes were in the range
of 4-10 and 15 nm, respectively, however, alloy formation was
not addressed.

AA was also used as a support for bimetallic NPs. FeCo/AA
was prepared using Route B based on pre-hydrolysis of
aluminum precursor, aluminum tri-sec-butoxide, subsequent co-
gelation with iron(III) nitrate and cobalt(II) nitrate followed by
high temperature supercritical drying and a reduction treatment
(Corrias et al., 2004; Casula et al., 2005). Nanocomposites with
overall alloy loading of 10 wt%, high surface area (300m2/g)
and low density (∼0.03 g/cm3) were obtained. RuNi/AA was
prepared via Route A, using aluminum isopropoxide as the
skeleton precursor with nickel(II) nitrate and ruthenium(III)
acetyl acetonate (Hossain et al., 2017). The gel was dried
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FIGURE 2 | Schematic of preparation of aerogel supported bimetallic NPs via sol-gel method with the addition of MPs (Route A and B) or metal NPs (Route C and D)

(A) before hydrolysis and (B) after hydrolysis.

by supercritical drying, then calcined and heated under H2

flow to promote the alloy formation in the alumina matrix.
Average NP size was found to be 7.9 nm. BET surface area
was 380m2/g and pore volume was found to be 0.75 cm3/g.
XRD and H2-TPR results indicated the formation of RuNi
alloy formation. Co/AA and CoNi/AA were synthesized via
Route B, using aluminum nitrate as skeleton precursor, and
cobalt(II) nitrate and nickel(II) nitrate as MPs. After gelation
followed by supercritical ethanol drying at 260◦C and 8.0MPa,
a composite powder was formed (Chen et al., 2010). Then,
the sample was calcined at 650◦C for 4 h in air. The average
size of CoNi alloy NPs was 17 nm, while the average NP
size of Co/AA was 25 nm. Also, the BET surface area of
bimetallic aerogel (207.8m2/g) was more than the monometallic
Co/AA (170m2/g).

AuAg/TAs were synthesized using Route D (Sadrieyeh and
Malekfar, 2018a). The pre-synthesized Au and Ag NPs were
added to a titania sol which was prepared with titanium
isopropoxide. After gelation, solvent exchange, and supercritical
drying steps, AuAg/TA was obtained. TEM results showed that
uniform dispersion could not be obtained. Size of NPs varied
between 6.5 and 7.5 nm.

CAs are mesoporous materials with enriched porosity
and high specific surface areas, making them favorable for
many practical applications (Thirumalraj et al., 2018; Tesfaye
et al., 2019). They are generally produced by pyrolysis of
organic aerogels. PdRu/CA was prepared via dropwise addition
of palladium(II) chloride and ruthenium(III) chloride to
phloroglucinol-formaldehyde (PhI-F) sol (Thirumalraj et al.,
2018). Following gelation, curing, carbonization, and drying
steps, PdRu alloy NPs with particle size ranging from 50 to
100 nmwere homogeneously distributed on the surface of the CA
matrix. Recently, CoNi/CA was prepared by first mixing sodium
alginate solution with a salt solution to form granular hydrogel,
followed by freeze-drying, annealing, and carbonization (Xie
et al., 2019). NPs with diameters ranging from 10 to 20 nm
were uniformly dispersed. CoNi alloy NPs with a core-shell
hierarchical structure covered with graphitized carbon materials
were observed in TEM images. NiCo/MWCNT (multiwalled
carbon nanotube) was fabricated by a polyol reduction method
starting with nickel(II) chloride and cobalt(II) chloride (Tesfaye
et al., 2019). NiCo/MWCNT/PVAA (polyvinyl alcohol aerogel)
was produced by mixing PVA solution with NiCo/MWCNT
powder and freeze drying of the resulting hydrogels. Ni and
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Co NPs were uniformly distributed. When Co:Ni ratio was
>0.25, agglomeration and growth of Co crystals started to occur.
For smaller Co:Ni ratios, presence of Co decreased NP size.
N and S doped PdNi/CA was prepared by adding raw cotton
into palladium(II) chloride and nickel(II) acetate solution (Raj
kumar et al., 2019). After hydrothermal treatment with thiourea,
PdNi anchored carbon fiber hydrogels doped with N and S
were obtained. XRD and SAED patterns confirmed that highly
crystalline PdNi NPs were formed on N, S doped CA.

GAs are a class of carbon aerogels produced from layers
of graphene. PtPd/GA on Ni foam (NF) were prepared
using potassium hexachloroplatinate(IV) and potassium
hexachloropalladate(IV) as MPs (Tsang and Leung, 2017, 2018;
Tsang et al., 2017, 2019). MPs were added to a solution of
graphene oxide (GO) dispersed in water and mixed. NF strip
was added to the solution with ultrasonic treatment for 20min
and then kept at room temperature for 2 h. Vitamin C was added
to the solution to form bimetallic NPs. PtPd/GH/NF (PtPd
graphene hydrogel on NF) was obtained after thermal treatment
at 60◦C for 48 h. Afterwards, PtPd/GA/NF was obtained by
freeze drying. TEM images showed that PtPd NPs had irregular
shapes and were significantly larger than those in other studies
involving GAs. The agglomeration of metal NPs was attributed to
the absence of continuous stirring during formation of PtPd/GA
network on NF. TEM, EDX and XRD analyses indicated PtPd
alloy formation.

The presence of metallic precursors used in sol-gel route
may cause undesirable pore properties since they may adversely
affect the polymerization pathways (Bozbag and Erkey, 2015).
Although it is a simple route and enables a good control of
loading and composition, the aggregation and/or sedimentation
of the pre-formed NPs may hinder the development of a
homogenous dispersion in the gels. This can be overcome by
functionalization of the surface of the NPs before gelation. Soft
sonication may prevent sedimentation of the NPs during this
stage (Hund et al., 2004; Vallribera and Molins, 2008).

Liquid Phase Impregnation
In liquid phase impregnation technique, a solution of MP
is contacted with the support followed by filtering, drying
and reduction steps. Wet impregnation and incipient wetness
impregnation are two types of liquid impregnation based on the
amount of solution used. If the volume of precursor solution
used for impregnation is more than total pore volume of
the support, the method is called wet impregnation. If the
volume of the precursor solution is precisely equal to the pore
volume of the support, then the technique is called incipient
wetness, or dry impregnation method. Filtration step is not
required for incipient wetness method. It is necessary to apply
thermal treatment in a calcining and/or reducing environment
in order to remove the anions (Pinna, 1998; Mehrabadi et al.,
2017). In wet impregnation, the MP solution is contacted with
support for a desired time and then the mixture is washed,
filtered, and dried. MPs could potentially adsorb chemically
and/or physically on the support. Physically adsorbed molecules
may be removed during washing, filtration, and drying steps.
Initial concentration of the precursor, temperature, pH of

the solution, support pore volume and its surface chemistry
are the important factors affecting the loading of the MPs
on the support (Pinna, 1998). Surface oxygen containing
groups, such as hydroxyl in inorganic oxide supports and
surface oxygenated groups in carbonaceous supports determine
the charge of support surface which play an important role
in binding the oppositely charged MPs with surface ionic
sites. The pH of aqueous solutions can change the surface
charge of the supports since the surface oxygen containing
groups react either with protons or hydroxyl groups in the
solution. Therefore, pH and precursor concentration should be
tuned accordingly.

Both wet and dry impregnation routes can be carried out
via simultaneous or sequential impregnation of metals. In
simultaneous impregnation, both MP solutions are mixed with
support at the same time, followed by the subsequent steps
of impregnation. In sequential impregnation, one of the MP
solution is added to the support and treated as in the preparation
of supported monometallic NPs. Subsequent to the preparation
of supportedmonometallic NPs, the secondMP solution is added
to the prepared composite and then the subsequent steps of
impregnation are applied.

PtNi/MWCNT-GA was prepared via simultaneous wet
impregnation (Wang et al., 2017b). GO was synthesized via
Hummer route. Two mixtures of the synthesized GO and
MWCNT were prepared and sonicated. A precursor solution
containing platinum(IV) chloride, nickel(II) chloride, sodium
glutamate and 10mL of EG solution containing 0.5M NaOH
was added to the GO and MWCNT suspension and stirred for
30min. Then the mixture was maintained at 200◦C for 10 h to
form a cylindrical foam followed by washing, freeze drying and
heat treatment at 450◦C under N2/H2 gas mixture to obtain
PtNi/MWCNT-GA. XRD of the prepared sample did not show
any metallic Ni or Ni-oxide peaks indicating that Ni atoms were
successfully incorporated into the Pt lattice as evident from the
contraction in the lattice parameter obtained from XRD and
TEM. Despite a substantially high PtNi metal loading of 80%,
authors reported that PtNi NPs were distributed homogenously
on the aerogel surface with an average PtNi NP size of 15
± 1.0 nm showing that porous structure of the aerogel led to
high metal dispersion at a very high metal content of 80 wt.%
(Figure 3). Pt:Ni mole ratio was given as 1:1.05.

PtRu/CA was prepared via simultaneous wet impregnation
(Du et al., 2007). CA was ultrasonically mixed with isopropanol
and water for 1 h. Then, the resulting slurry was mixed with
hexachloroplatinic acid and ruthenium(III) chloride. NaBH4 was
used as the reducing agent Then, the catalysts were dried at
75◦C in air. Total metal loading was 20 wt%. Prepared CA
had a high surface area of 576m2/g and a narrow pore size
distribution with average pore size of 11.4 nm indicating a highly
mesoporous structure. XRD showed that all plane angles were
shifted to higher 2θ values showing that PtRu disordered alloy
NPs were successfully formed on CA. TEM images showed that
PtRu dispersion is better on CA when compared commercial
PtRu catalyst on carbon black with slightly higher mean NP size
(∼3 nm). Better dispersion was attributed to higher surface area
of CA than carbon black.
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FIGURE 3 | (A) TEM image, and the inset is the particle size distribution of PtNi NPs for PtNi/CA; (B) HRTEM image of a single PtNi NP; (C) EDS line scan of one PtNi

NP and (D) Pt, Ni distribution. Reprinted from Wang et al. (2017b), ©2017, with permission from Elsevier.

PtCu/SA was synthesized via sequential wet impregnation
(Wang and Zhu, 2018). First, copper(II) nitrate was dissolved
in water followed by dropwise addition of ammonia solution
to adjust the pH. SA was then added and stirred for 4 h. The
blue powder was collected by filtration and washing and then
dried at 80◦C. Then, the resulting powder was added to the
hexachloroplatinic acid ethanol solution followed by stirring,
filtering, and drying at 80◦C for 12 h to remove the ethanol
solvent. Final PtCu/SA was obtained after treatment at 300◦C
under H2 flow. The XRD patterns of the PtCu/SA and Pt/SA
showed that the peaks of Pt(200) and Pt(220) disappeared in
PtCu/SA indicating that the incorporation of Cu to the crystal
lattice of Pt. Moreover, the size of Pt particles was decreased, and
the dispersion of Pt was improved. Particle size calculations based
on the Scherrer equation revealed that the introduction of Cu
decreased the Pt particle size from 21.5 nm in Pt/SA to 11.0 nm
in PtCu/SA.

Liquid phase impregnation has some disadvantages.
Evaporation of the solvent or reduction of inorganic precursors
at high temperatures may lead to agglomeration of metal NPs
on the support surface. It is difficult to control the size of metal
NPs if the pore size distribution is broad. Furthermore, it is
difficult to control NP size due to slow diffusion of ions through
the liquid solvent. In addition, nanopores of the aerogels could

collapse due to high surface tension of the liquid solvents,
leading to a reduction in surface area and blockage of pores. As
the liquid solvent is removed from the pores during the drying
step, meniscus of retreating liquid creates locally strong forces
which may lead to collapse of the pores (Bourikas et al., 2006;
Erkey, 2009).

Supercritical Deposition
Supercritical deposition (SCD) is a powerful alternative
technique for the preparation of supported metallic NPs which
was first introduced in 1995 (Watkins and McCarthy, 1995).
A supercritical fluid (SCF) is a fluid that has been heated and
compressed above its critical temperature and pressure. Figure 4
shows three major steps of SCD which are dissolution of a MP in
a SCF followed by adsorption of the precursor onto the surface
of the support and conversion of the precursor to its metal form
by various routes (Erkey, 2009; Bozbag et al., 2012; Türk and
Erkey, 2018). Simultaneous (Cangül et al., 2009) deposition and
sequential (Bayrakçeken et al., 2010) deposition are basically
two approaches utilized for the synthesis of supported bimetallic
NPs via SCD. In simultaneous SCD, two MPs are dissolved in
SCF at the same time and then the subsequent steps of SCD are
carried out whereas in sequential SCD, the single component
SCD procedure is repeated twice.
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FIGURE 4 | Sequential (A) and simultaneous (B) SCD with in-situ reduction. M, metal; MP, metal precursor, subscripts A and B denote two metals.

Due to gas-like diffusivity and viscosity, mass transfer rates
in the presence of a SCF are fast. This enables fast rates of
deposition, rapid penetration and wetting of pores as compared
to liquid solvents (Zhang et al., 2008). A wide range of MPs can
be dissolved in SCFs due to their liquid-like density (Erkey, 2009;
Türk and Erkey, 2018). Using SCF as a solvent also prevents
the pore collapse that may occur for nanostructured substrates,
such as aerogels when organic solvents are used. Adjusting the
thermophysical properties of SCFs like temperature and pressure,
can be a very useful tool for the synthesis of supported NPs with
remarkable control on loading, particle size and distribution.
Furthermore, due to complete miscibility of SCFs with reactant
gases, such as H2 and O2, high concentrations of the reactant
gases can be obtained within SCF. This leads to high conversion

rates of MPs to their metal forms, given that the reaction is
not zeroth order with respect to the reactant gas. CO2 has been
the most commonly used SCF (scCO2) since it is inexpensive,
non-toxic, and non-flammable and has relatively easily accessible
critical conditions Tc (31.1◦C) and Pc (7.38 MPa).

The first study on the preparation of aerogel supported
bimetallic NPs using SCD was reported by Erkey’s group (Bozbag
et al., 2013), who synthesized PtCu/CA using simultaneous SCD
in scCO2. In this study, the binary adsorption isotherms of MPs
on CAs in a SCF medium were measured for the first time
and modeled using the Ideal Adsorbed Solution Theory. The
control over bimetallic NP properties, such as metal loading
and metal composition was possible through the usage of the
binary adsorption isotherms of the MPs. For the synthesis,
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bis (1,1,1,3,5,5,6,6,6-nonafluorohexane-2,4 diiminate) copper
and dimethyl(1,5-cyclooctadiene)platinum(II) were dissolved in
scCO2 and adsorbed on the CAs. The adsorption equilibrium
was reached in 4 h depending on the initial concentration of the
MPs. Following the adsorption step, the adsorbed MPs on the
CAs were thermally converted to their metal form under flowing
N2 at 400◦C for 4 h. Prepared nanocomposite was characterized
by TEM, XRD, and XPS. TEM images showed a homogeneous
dispersion of NPs with a sharp particle size distribution. The size
of the particles ranged from 2.9 to 7.2 nm. XRD patterns showed
systematic shift in peaks indicating disordered FCC PtCu alloy
phase as Cu content increased. XPS results revealed that PtCu
NPs had Pt enriched shells.

PtFe/GA was successfully synthesized via simultaneous SCD
(Zhou et al., 2017). XRD data showed PtFe/GA had FCC
structure with all plane angles shifted to higher 2θ values
indicative of alloy formation. Furthermore, there was a shift of
0.3 eV in the Pt 4f5/2 peak in the Pt 4f XPS spectra for PtFe/GA
compared to Pt/GA. TEM images showed that PtFe NPs were
finely dispersed on GA with average NP 2.0 nm.

Recently, PtCu/CA was prepared via sequential SCD using
scCO2 followed by annealing (Barim et al., 2018). The effects
of deposition order (either Pt or Cu first), Pt/Cu ratios, and
annealing temperature on physical properties of the composite
NPs were studied. Dimethyl(1,5-cyclooctadiene)platinum(II)
and copper(II) trifluoroacetylacetonate precursors were adsorbed
sequentially on the surface of CAs in presence of scCO2 at 35◦C
and 10.7 MPa. In order to obtain the desired metal loading
and composition, single metal adsorption isotherms for the MP-
CA systems in scCO2 were used. PtCu/CAs were annealed at
different temperatures. XRD and TEM EDXS analyses showed
that disordered PtCu alloy NPs were dispersed homogenously
on the interior surface of CA. Alloyed fraction of total PtCu
increased with increasing annealing temperature. Average PtCu
alloy NP size increased from 1.8 to 4.5 nm with increasing
annealing temperature.

SCD is an easily operated technique and has great potential to
synthesize highly dispersed bimetallic NPs on aerogel supports
without pH control of the solution. However, there are some
disadvantages of this route. SCD requires SCF-solubleMPs which
are more expensive compared to water-soluble counterparts. Low
solubilities of some of the MPs in scCO2 may lead to very long
deposition times. The type of ligand and oxidation state of the
metal of MPs were found to affect the solubility of the MPs in
scCO2 (Aschenbrenner et al., 2007). For complexes with the same
ligand, as oxidation state of the metal atom increases, the MP
becomes more soluble. Using ligands with higher solubility, such
as fluorinated ligands or addition of a modifier may be beneficial
to increase solubility of the precursors (Murphy and Erkey, 1997;
Aggarwal et al., 2013).

Microwave-Assisted Deposition
Microwave assisted preparation of supported bimetallic NPs
consists of preparation of a solution of the MP followed by
the addition of the support to this solution. Subsequently, the
solution is placed and heated in a microwave oven for a certain
time at a desired microwave power and at practical microwave

frequencies between 2.45GHz and 900MHz. Materials are
then cooled down to room temperature, filtered, washed with
deionized water and dried. Microwave technique enables the
heating of materials or the reagent which possess adequate ratios
of dielectric loss factor to dielectric constant via absorption
of the microwave energy through molecular interaction with
the electromagnetic field and then conversion to heat. During
this process, MPs adsorb and convert to metal NPs on the
support materials and the ligands should either desorb or
be extracted with the washing step (Horikoshi and Serpone,
2016). PtCo/SA was prepared using the sequential approach
where Co was first deposited using copper(II) nitrate via wet
impregnation and NaBH4 as the reducing agent which was
followed by the deposition of Pt via microwave assisted route
using hexachloroplatinic acid in ethylene glycol (Yu et al., 2016).
Catalysts had good dispersion and 3 nm of average NP size
according to TEM data.

PtAu/CA was prepared by simultaneous deposition of
hexachloroplatinic acid and gold(III) chloride into CAs via
microwave-assisted polyol route (Zhu et al., 2012). The sample
was dried in vacuum oven at 80◦C for 12 h. N2 physisorption
analysis indicated that CA had high surface area (637m2/g) and
was mesoporous with an average pore diameter of 18.8 nm. XRD
data showed shifts to lower 2θ degrees in all plane angles when
compared to pure Pt. These shifts signify alloy formation between
Pt and Au since lattice parameter of Au is higher than that of
Pt. HRTEM images showed dispersed PtAu NPs on CA with
little agglomeration and the average particle size was determined
as 4.3 nm. Microwave assisted technique offers a relatively
fast route for the preparation of supported bimetallic NPs.
However, care must be taken to avoid hot spots that may form
during microwave treatment that could potentially cause the
agglomeration of NPs at certain regions of the support material.

Electroplating
Electroplating (electrodeposition) is usually performed to coat
relatively flat surfaces with metal films for decorative purposes
or to avoid metal corrosion. Technique is carried out in an
electrolytic cell where a negative charge is applied on a support
to be coated which is dipped to a solution containing positively
charged metal cations which are then deposited onto the support
due to applied potential difference (Rao and Trivedi, 2005). The
electroplating approach was used to prepare FeCoP/GA (Zheng
et al., 2016). Iron(II) sulfate, cobalt(II) sulfate, trisodium citrate,
boric acid, sodium hypophosphite were dissolved in deionized
water. The pH of the solution was adjusted to 5-6 using H2SO4.
The temperature of the electrolyte was increased to 60◦C. A GA
with a height of about 5-10mmwas mounted on a titanium plate,
which was used as a working electrode operating at a voltage
of 1.0 V with respect to SCE. The samples were electroplated
for 2-8 h. The resulting aerogel supported bimetallic NPs were
amorphous according to XRD data and their sizes which varied
between 30 and 100 nm depended on the plating time.

The electroplating technique offers a simple and conventional
route to prepare metal/support composites that could be
good candidates as electrocatalysts. However, the fact that the
technique requires an electrode for the preparation of supported
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NPs makes it difficult to decorate the inorganic supports used in
non-electrocatalytic applications with NPs.

APPLICATIONS

Catalysis
Fuel cells are devices that convert chemical energy of a fuel,
such as hydrogen and methanol into electricity by employing
redox couple reactions occurring on an electrocatalyst surface.
Since they are not heat engines, they are not bound by the
Carnot cycle efficiency which makes them highly promising
energy converters. Electrolyzers, on the other hand, utilizes
electricity to convert water to hydrogen and oxygen on an
electrocatalyst surface. Electrolyzers produce extremely pure
hydrogen without any harmful emission making them suitable
for use with hydrogen fuel cells to obtain a sustainable energy
cycle (Zhang et al., 2016). Moreover, the energy obtained
from renewable energy resources, such as sun, wind, and
hydrothermal, can be stored in the chemical bonds of hydrogen
through electrolyzers. Currently, hydrogen is mostly obtained
by steam reforming of methane resulting in carbon dioxide
emissions. Although, fuel cell and electrolyzers are quite
advantageous from an environmental standpoint, the problems
of durability, stability, poisoning and high cost of the noble metal
based electrocatalysts have hindered their widespread utilization.
Furthermore, electrolyzer technology requires the development
of electrocatalysts with lower overpotential toward overall water
splitting in order to reduce the energy consumption (Walter
et al., 2010). Therefore, many research efforts are directed to
improve electrocatalysts.

CAs are promising materials as electrocatalyst support in
various electrochemical applications, such as fuel cells and
electrolyzers due to their high electrical conductivity (Pekala,
1989; Maldonado-Hódar et al., 2000; Smirnova et al., 2005; Barim
et al., 2017; Cai and Eychmüller, 2018). Recently, GA has emerged
as a new class of electrically conductive, porous electrocatalyst
support obtained via mild hydrothermal treatment of GO
dispersions followed by supercritical or freeze-drying (Sarac
Oztuna et al., 2017; Cai and Eychmüller, 2018). Importance
of support material to obtain high performance electrocatalyst
cannot be overstated since support significantly affects the
parameters that are directly related to electrocatalytic activity,
such as metal NP size and NP morphology. Supported metal NPs
on CA, GA and their composites have been investigated for fuel
cell and electrolyzer applications (Cai and Eychmüller, 2018).

The first study involving CA supported bimetallic NPs
was conducted by utilizing PtRu/CA as electrocatalyst for
DMFCs (Du et al., 2007). Results were compared with the
commercial PtRu/C electrocatalyst. Commercial electrocatalyst
showed the lowest onset potential toward methanol oxidation
due to smaller PtRu NP size. Furthermore, increasing Ru
content increased the onset potential and authors attributed
it to the requirement of three neighboring Pt atoms for the
adsorption and dehydrogenation of methanol which is the rate
determining step in methanol oxidation. The maximum power
density obtained fromPtRu/CA and PtRu/Cwas similar although

the metal content of PtRu/C was 1.5 times higher than that
of PtCu/CA.

PtAu/CA was synthesized via microwave-assisted polyol
method with the objective to improve the methanol tolerance
of DMFC electrocatalysts (Zhu et al., 2012). High ratio of the
oxidation current peak to reduction current peak (If/Ib) indicated
a good methanol tolerance and PtAu/CA exhibited a higher
If/Ib ratio than Pt/CA demonstrating the better performance of
bimetallic systems. The authors also attributed this to the highly
graphitized and mesoporous structure of CA that enhanced the
electrical conductivity and mass transport, however, comparison
to conventional supports, such as carbon blacks were not given.

The electrocatalytic activity of PtNi/CA was also investigated
(Wang et al., 2017b) after theoretical calculations that
indicated that PtNi3 system gave the highest electrocatalytic
performance toward ORR (Greeley and Nørskov, 2005).
Prepared electrocatalyst showed 1.4 times higher mass activity at
0.9 V (vs. reversible hydrogen electrode, RHE) than commercial
Pt/C. Furthermore, after accelerated stress tests, PtNi/CA
electrocatalyst showed a 29% decrease in mass activity (35.7-
25.3mA/mgPt) whereas commercial Pt/C electrocatalyst
exhibited a 52% decrease (25.2-12.1mA/mgPt) indicating that
highly porous structure of CA combined with the PtNi NPs
resulted in highly durable and active ORR electrocatalysts.
The methanol oxidation performance was also investigated
in methanol added 0.5M HClO4 electrolyte. PtNi/CA gave
slightly higher overpotential in the presence of methanol when
compared to pure electrolyte, however, methanol tolerance was
found to be higher than Pt/C.

PtFe/GA was synthesized and compared with Pt/GA (Zhou
et al., 2017). Electrocatalysts were dealloyed electrochemically
through continuous cycling to leach out Fe. New active sites
were created with dealloying which was evident from the
higher electrohemical surface area (ESA) of PtFe/GA (78m2/g)
than commercial Pt/C (69m2/g). ORR curves of the dealloyed
electrocatalyst shifted to higher potential when compared to
commercial Pt/C. Furthermore, mass and specific activity of the
dealloyed PtFe/GA were much higher than commercial Pt/C
and also higher than the target set by U.S. Department of
Energy, showing that highly active ORR electrocatalysts could
be prepared by dealloying. Authors also compared Pt/GA and
commercial Pt/C to investigate the effect of GA. Pt/GA showed
19mV shift in the ORR curves to higher potential indicating
that highly porous structure of GA resulted in maximized
electrocatalyst surface area and enhancedmass transfer. The high
activity of PtFe/GA can be attributed to the synergistic effects of
GA support and alloying.

PtCu/CA also showed improved electrocatalytic activity
toward ORR (Koh et al., 2008); therefore, ORR performance
of PtCu/CA prepared via sequential SCD was investigated
(Barim et al., 2018). Prior to electrochemical activity tests,
electrocatalysts were dealloyed by continuous cycling in which
ORR inactive excess Cu was selectively leached out of the PtCu
NPs (Koh and Strasser, 2007; Dutta et al., 2010). Deposition
order significantly affected the electrochemical performance as
first Cu deposited samples showed no activity toward ORR
due to Cu-enrichment on the surface of the PtCu alloy NPs
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upon dealloying which resulted in unfavorable NP morphology.
Optimum annealing temperature was determined as 800◦C.
Furthermore, electrocatalytic activity increased with increasing
Pt:Cumole ratio from 1:1 to 1:3 consistent with the earlier reports
on similar systems (Koh et al., 2008). Electrocatalytic activities
of the PtCu/CA samples were also compared with commercial
Pt/C and higher ESA and mass activity (at 0.85V vs. normal
hydrogen electrode, NHE) were obtained with the dealloyed
PtCu/CA prepared with a Pt:Cu mole ratio of 1:3 and annealed
at 800◦C (Barim et al., 2018).

For PEM fuel cells, electrode fabrication process involves
applying an ink solution prepared by sonicating a solution of
electrocatalyst and a binder to the surface of the carbon paper
or the membrane. Subsequently, the membrane is sandwiched
between two layers of carbon paper using a hot press to form
a membrane electrode assembly (MEA). Utilizing binders may
block the active sites and processes, such as sonication and
hot pressing can destroy the structure of the electrocatalyst
both of which lead to a decrease in electrocatalytic activity.
PdPt/GA on NF was used as binder free anodes for direct
glucose fuel cells (DGFCs) and direct ethanol fuel cells (DEFCs)
(Tsang and Leung, 2017, 2018; Tsang et al., 2017, 2019). Authors
suggested that the preparation of the electrocatalyst directly
on the conductive and macroporous NF might eliminate the
aforementioned problems. Fuel cell testing was also done using
DGFC (batch) and DEFC (continuous) where PtPd/GA/NF was
employed in the anode and Pt/C was employed in the cathode
and results were compared with the monometallic counterparts.
At a Pd:Pt ratio close to 1:1, PtPd/GA/NF exhibited higher
maximum power density than the monometallic Pt/GA/NF and
Pd/GA/NF for both reactions showing the synergistic effects
of Pt and Pd leading to higher electrochemical performance.
Binder (Nafion R©) added PdPt/GA/NF electrode was also tested
and resulted in a significantly lower maximum power density
than that of binder-free electrode in both cases confirming
the blockage of active sites via addition of binder. Supported
Pd electrocatalysts also suffered from rapid degradation and
poisoning (Li et al., 2016). N and S doped PdNi/CANPs confined
in carbon nanotubes (CNT) were tested for ethylene glycol
oxidation by cyclic voltammetry (CV) in alkaline electrolyte and
in a microfluidic direct ethylene glycol fuel cell (Raj kumar
et al., 2019). Authors reported that CNT growth increased
the flexibility of CA and the carbon shell around the PdNi
NPs prevented agglomeration, delamination, and dissolution,
hence increasing the stability. Prepared electrocatalyst exhibited
superior electrochemical performance toward ethylene glycol
oxidation than the monometallic Pd/CA and also Pt/C. Authors
attributed the superior performance of PdNi/NSCNT/CA to
the combined effects of PtNi and porous structure of CA that
facilitated maximum utilization of fuel, enhanced the mass
transport of fuel and ions and prevented the fuel crossover.

Non-PGM bimetallic systems were also investigated as
electrocatalysts. The electrochemical activity of NiCo/MWCNTA
(MWCNT aerogel supported NiCo) toward urea oxidation
reaction was studied (Tesfaye et al., 2019). NiCo/MWCNTA
showed a 50mV decrease in onset potential for urea oxidation
when compared to Ni/MWCNTA which was attributed to

enhanced specific area and structural defects created with the
addition of Co which evidently promoted the electron transfer
by allowing Ni to reach a higher oxidation state. Authors
also compared the performance of MWCNTA to conventional
MWCNT powder and MWCNTA showed significantly lower
onset potential indicating that high surface area and hierarchical
pore structure of MWCNTA enhanced the mass transport which
enhanced the electrochemical performance.

Recently, aerogel supported bimetallic NPs were also
investigated as electrocatalysts for electrolyzers (Gu et al., 2018;
Zhang et al., 2018). Currently used electrocatalysts are active for
either oxygen evolution reaction (OER) or hydrogen evolution
reaction (HER) and thus research efforts are directed to develop
highly active and inexpensive bifunctional electrocatalysts for
overall water splitting (Wang et al., 2017a; Zhang et al., 2017; Pan
et al., 2018). CoFe/GAs which were N, S- and N-doped under
different annealing conditions (N2 or NH3) were synthesized
(Zhang et al., 2018). SEM images showed that the porous
structure of rGO aerogel allowed high dispersion of CoFe
NPs on the rGO sheets. Confinement within the graphene
sheets prevented the dissolution and agglomeration of NPs
by increasing the interfacial contact. Based on TEM and SEM
images authors concluded that the annealing gas had no effect
on the average CoFe NP size and the composition. However,
it affected the morphology and the electrocatalytic activity of
the resultant CoFe NPs. Annealing under N2 atmosphere led
to highly crystalline N, S-doped NPs CoFe2O4/GA which had
low onset potential for OER whereas annealing under NH3 led
to amorphous N doped CoFe/GA NPs which had low onset
potential for HER. N-doped NiFe/GA NPs with Ni:Fe mole ratio
of 3:1 annealed under NH3 environment were investigated for
OER and HER (Gu et al., 2018). Prepared electrocatalyst showed
high electrochemical activity toward OER and HER with good
stability over 100 h in alkaline media. DFT calculations revealed
the combined effects of Ni, Fe, and N enhanced the electrical
conductivity and promoted electron transfer from metal NPs to
rGO which in turn increased the activity and tuned the electronic
distribution of metal nitrides on the surface.

There are numerous catalytic applications of aerogel
supported bimetallic NPs other than electrochemistry. CO2

reforming of methane for hydrogen production has been
investigated due to the demand for safer, cleaner, and more
economical energy sources. Reforming of methane can be done
by dry methane reforming, steam methane reforming and
methane oxidative CO2 (Oxy-CO2) reforming (Jang et al., 2019).
Ni-based and Co-based catalysts are preferred over their noble
metal counterparts for reforming reactions due to their lower
price and wide availability, yet they suffer greatly from catalyst
deactivation as a result of either coke formation or sintering of
active metals. Nevertheless, CoNi bimetallic catalysts on various
supports have been shown to yield higher or similar activities
and longer stability for methane reforming compared to their
monometallic counterparts (Takanabe et al., 2005; Koh et al.,
2007; Chen et al., 2010), indicating that there is a synergistic
effect between Co and Ni. Catalytic activity and stability of
CoNi/AA catalysts, with 20% metal loading and Co:Ni ratio of 9,
were investigated for methane oxy-CO2 reforming (Chen et al.,
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2010, 2011a, 2014). CoNi/AA performed better than Co/AA at
various reactant gas ratios in a fixed bed reactor (Chen et al.,
2010). XRD analysis on spent Co/AA showed that Co oxidized
to less active Co3O4 during the reaction. XRD of fresh and spent
CoNi/AA indicated the formation of CoNi metal alloy, and
prevention of Co oxidation by the presence of Ni. Formation of
metal alloy prevented metal sintering during reaction, which was
also supported by H2-TPR of calcined CoNi/AA. Suppression
of Co oxidation and prevention of agglomerate formation by
CoNi/AA was claimed to create a synergistic effect toward
methane oxy-CO2 reforming activity. In the same study, fixed
bed reactor, conventional fluidized bed reactor, and magnetic
assisted fluidized bed reactor (MAFB) were compared for
methane oxy-CO2 reforming activity of CoNi/AA catalyst. Due
to enhanced gas-solid contact efficiency and longer residence
time within the bed, MAFB was found to be the best performing
reactor for this reaction. Among different ratios of Co:Ni of
CoNi/AA catalyst (CoxNiy/AA, x and y being indicators of metal
loading of Co and Ni, respectively where x, y = 0, 3, 5, 7, 10 wt%
and x + y = 10), Co5Ni5/AA and Co3Ni7/AA were found to be
the best performing catalysts in a fixed bed reactor (Chen et al.,
2011a). TEM images showed that Co5Ni5/AA and Co3Ni7/AA
catalysts had the smallest NP sizes after reduction. Since methane
reforming is a structure sensitive reaction where defect sites,
edges and kinks of metal NPs can be the active sites, catalysts
with smaller particle sizes, where more metal-support interfacial
structures occur, can result in higher activities. Afterwards,
carbon deposition behavior was studied with different types
of reactors. Again, MAFB was found to be the most suitable
for methane oxy-CO2 reforming reaction as the least catalyst
deactivation occurred in this reactor (Chen et al., 2014).

Supercritical water gasification (SCWG) of biomass is an
emerging technology for hydrogen production. In this process,
biomass is hydrothermally converted to gaseous products at
conditions above the critical point of water. Conventionally,
SCWG is conducted using activated carbon, ZrO2, Ru, Ni,
NaOH, K2CO3, KOH, and Na2CO3 catalysts (Susanti et al.,
2014). Among these, Ni-based catalysts are favorable because
of their low price and availability; however, they suffer from
coke deposition at high temperature applications. Addition
of a noble metal as promoter has been shown to increase
activity and selectivity toward hydrogen and decrease coke
deposition (Mukainakano et al., 2007). Ru is known to prevent
coke deposition and yield high activity and selectivity for
SCWG. Therefore, Ru was incorporated as the promoter of
Ni-based catalyst for SCWG of glucose (Hossain et al., 2017).
Several RuNi/AA were compared with Ni/AA, Ni/Al2O3, and
RuNi/Al2O3 xerogel (RuNi/AX) in terms of catalytic activity
toward SCWG of glucose. H2-TPR results showed that RuNi/AA
had stronger metal-support interaction than RuNi/AX due to the
presence of NiRu alloy. RuNi/AA gave the highest activity in tests
carried out in a batch reactor. Spent catalysts were analyzed by
XRD for deposited coke. Graphitic carbon peak was not observed
in RuNi/AA and RuNi/AX after SCWG at 500◦C. Formation of
RuNi alloy, having strong metal-support interaction and high
dispersion resulted in higher activity, selectivity, and effective
prevention of coke deposition by RuNi/AA for SCWG of glucose.

Another route for hydrogen production is dehydrogenation of
chemical hydrates. Ammonia borane (AB) is a suitable candidate
for hydrogen production due to its high hydrogen content,
stability, and solubility in water at room temperature. Noble
metals, such as Pt, Ru, and Pd as well as non-noble metals,
such as Co, Ni, Cu, and also their bimetallic combinations have
been used for dehydrogenation of aqueous ammonia borane. In
general, bimetallic catalysts were shown to exhibit higher H2

yield. Aerogel supported Co-based catalysts were also shown
to be catalytically more active than Co/MCM-41 due to higher
dispersion of metals on aerogel support (Yu et al., 2015).
To investigate the synergy between Co and Pt, PtCo/SA was
compared with monometallic Pt/SA and Co/SA in terms of
physical properties, activity, and stability (Yu et al., 2016). Six
different bimetallic catalysts were prepared by varying the molar
ratio of Pt:Co while keeping the loading amount of Co constant.
Among bimetallic catalysts, the shortest time for complete
hydrolysis was obtained with PtCo/SA having molar ratio of
Pt:Co = 0.27:0.73, and which had highly dispersed small NPs
without agglomeration. Reaction rates were found to be in the
following order: Co/SA< Pt/SA< PtCo/SA. Turnover frequency
of PtCo/SA was found to be 123.1mol H2/min. mol metal,
which was higher than several previously reported multimetallic
catalysts (Yu et al., 2016). This result was attributed to the
synergy between closely contacted Pt and Co and/or formation
of PtCo alloys.

Production of fine chemicals, polymers, perfumes,
agrochemicals, and pharmaceuticals involves selective
catalytic hydrogenation of unsaturated aldehydes. Selective
cinnamaldehyde (CAL) hydrogenation to yield cinnamyl alcohol
(COL) is facilitated by Pt-based catalysts. Some studies showed
that introduction of a second metal may increase selectivity
toward COL production (Vu et al., 2006; Guo et al., 2010). Pt/SA
and PtCu/SA were synthesized and their activity toward selective
hydrogenation of CAL were compared (Wang and Zhu, 2018).
TOF of Pt/SA for COL production increased 10-fold when Cu
was added. This increase was attributed to the increased fraction
of Pt0 on the surface of PtCu/SA due to increased electron
transfer between Pt and Cu.

It is known that addition of transition metals, such as Co,
Ni, and Cr or base metals, such as Na and K greatly enhances
the activity of Pt toward oxidation reactions (Liu et al., 2012).
The activities of Pt/SA and PtCo/SA toward CO preferential
oxidation were compared with commercial Pt/Al2O3 (Choi et al.,
2008). Pt/SA was prepared by solvent exchange of wet gels with
ethanol solution of hexachloroplatinic acid. Cobalt(II) nitrate
was added either in series by the same method (PtCo/SA),
or by impregnation (Co/Pt/SA). Activity tests were conducted
within a temperature range of 25-300◦C. Overall, catalytic
activities were in the order of Co/Pt/SA ≈ PtCo/SA >> Pt/SA
> commercial Pt/Al2O3. Light-off temperature for bimetallic
catalysts were around 70◦C while it was around 170◦C for Pt/SA
and commercial Pt/Al2O3.

Fischer-Tropsch (FT) synthesis can be used for the production
of transportation fuels fromH2 and CO obtained from renewable
sources. The reaction yields paraffins, olefins, and alcohols;
ranging from C1 to C40 hydrocarbons (Mahmoudi et al., 2018).
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Mostly usedmetal catalysts include Fe, Co, Ru, and Ni. Bimetallic
FeCo catalysts, either in oxide form or as a FeCo alloy, were
shown to improve product quality and selectivity, compared to
monometallic analogs (Duvenhage and Coville, 2005). 5 and
10 wt% FeCo/SA were prepared for FT reaction (Loche et al.,
2012). FeCo alloy formation was observed by X-ray absorption
spectroscopy (XAS) after reduction with H2 at 800◦C. FeCo/SA
became catalytically active after alloy formation and it yielded
more than 20% CO conversion at 180◦C. In general, 5 wt%
catalyst showed lower conversion than 10 wt% catalyst while
both were stable during runs which lasted from 72 to 96 h.
Although different supports or monometallic counterparts of
these catalysts were not studied in this research, comparison with
literature (Bali et al., 2009) revealed that alloy FeCo/SA was active
at lower temperatures compared to Fe aerogels and Fe xerogels;
and did not need a promoter, such as potassium.

MWCNTs can be produced by catalytic chemical vapor
deposition (CCVD) where hydrocarbons or alcohol gases are
catalytically decomposed on a supported metal NPs to form
CNTs. FeMo/SA was investigated for MWCNT production via
CCVD (Marras et al., 2015). Three FeMo/SA catalysts were
prepared with Fe:Moweight ratio being 5:1, 3:1, or 0.7:1. All three
catalyst were found to be effective for MWCNT production. The
highest CNT yield was obtained at 800◦C.

Optics
Noble metal bimetallic NPs, such as AgAu and AgCu exhibit
enhanced surface plasmon resonance (SPR) with visible light
at well-defined frequencies and when hosted in a dielectric
matrix, they can give rise to enhanced optical effects in SERS
which makes them ideal substrates in detection of chemical
and biological species (Ferrando et al., 2008; Bigall et al.,
2009; Chen et al., 2011b; Cortie and McDonagh, 2011; Fan
et al., 2013; López Lozano et al., 2013; Tang et al., 2014; Wen
and Eychmüller, 2017). The incident light interacts with the
structural units of the aerogels in sub-optical wavelengths and
generates intense local electromagnetic field at the so-called
“hotspots” between NPs leading to signal enhancement. The
recent studies revealed great potential of bimetallic aerogels for
use as highly sensitive SERS platforms to detect environmental
and biological target molecules of trace concentrations (Bigall
et al., 2009; Wen and Eychmüller, 2017). The use of AuAg
NPs in sensing platforms is gaining considerable attention due
to their high extinction coefficients and unique size dependent
optical properties (Liu et al., 2011; Patra and Gopinath, 2016).
AuAg alloy NPs and self-supported AuAg bimetallic alloy aerogel
monoliths were tested for SERS performance (Gao et al., 2016).
The nanocomposites exhibited a remarkable sensing capability
down to 1 nM with enhanced signal intensities that were 42
times than those obtained from the AuAg alloy NPs. The
improvement in the SERS performance of the aerogels is
attributed to their highly porous mesoporous three-dimensional
structures with irregularities and surface roughness at the
nanoscale, which can possibly form large number of hot spots.
Unique features of aerogel structures were found to enhance
the SERS signals (Sadrieyeh and Malekfar, 2018a). AgAu/TA
nanocomposites with spherical NPs having estimated average

size lower than 10 nm were used as the SERS substrates for the
detection of a probe molecule, crystal violate. The highly porous
nanocomposite networks enabled the probe to diffuse into the
aerogel network with efficient interaction with the metal NPs,
which resulted in detection of crystal violate in concentrations
as low as 10−10 M.

Aerogels comprising of SPR-active NPs have been also gaining
increasing attention to fabricate plasmonic photocatalysts
with excellent light absorption and superior photocatalytic
performances in various environmental and energy conversion
applications. These materials are composed typically of noble-
metal NPs and semiconductor photocatalysts supported in
an aerogel matrix, which enable to spatially separate and
electrochemically connect plasmonic sensitizers to metal NP co-
catalyst (Rosseler et al., 2010; DeSario et al., 2017; Sadrieyeh
and Malekfar, 2018a,b). Visible-light absorption is enhanced
in these aerogel-based plasmonic photocatalysts through SPR
and generates reactive electron-hole pairs to drive visible-light
photochemistry and solar fuels chemistry (Rosseler et al., 2010;
Lou et al., 2014; Patra and Gopinath, 2016; DeSario et al.,
2017). AuAg/TA with enhanced photocatalytic activities were
developed (Sadrieyeh and Malekfar, 2018b). Working principle
of the photocatalyst AuAg/TA was illustrated in Figure 5A.
The photocatalytic activities of the AgAu/TA were investigated
through the degradation rate of amodel compound, salicylic acid,
under a solar simulator. It was demonstrated that photocatalytic
activities of the nanocomposites were higher than pure TA
regardless of the NP type, size and even the synthesis method
(Figure 5B). TEM and FESEM images in Figure 5C along
with nitrogen sorption experiments showed that the NPs were
spherical with an average particle size between 6.5 and 7.5 nm,
and they were embedded into interconnected porous network
of TA. The metallic NPs enabled the absorption of longer
wavelengths of solar spectra toward the visible.

The approach of coupling plasmonic metallic nanostructures
in the porous network has the potential to impact a number
of optical technologies including but not limited to solar
energy harvesting, and photocatalysis. Owing to their unique
physical and chemical properties including high electrical
conductivity with effective surface area and mechanical strength,
CAs have been particularly attractive in optoelectronic device
applications, such as perovskite solar cells. A recent study
demonstrated that core-shell hierarchical structured CoNi/CA
with uniformly dispersed CoNi alloy particles with a particle
diameter of 10-20 nm in the porous carbon medium could be
successfully integrated in the solar cell assembly between the
carbon electrode and the perovskite layer, thereby effectively
improving the interface quality between the perovskite layer
and the electrode and hole transporting ability (Xie et al.,
2019). The number of optical and photonic applications of
aerogels is expected to increase in the coming years, as
the relationship between the nanostructure of aerogels and
their optical properties is better understood. In addition,
increasing market availability of different aerogels makes these
materials attractive for the development of nanophotonic devices
and ultra-lightweight plasmonic biosensors applications on a
commercial scale.
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FIGURE 5 | (A) Schematic of plasmonic AuAg/TA, (B) photocatalytic performances of different AuAg/TA and pure TA, and (C) FESEM and TEM images of AuAg/TA.

Reprinted from Sadrieyeh and Malekfar (2018b), ©2018, with permission from Elsevier.

Sensorics
Catalytic gas sensors are used for early leak detection of gases,
such as hydrogen and hydrocarbons by a catalytic combustion
reaction. Combustible gas sensors detect the temperature change
caused by selective catalytic surface reaction between the target

gas and oxidant. Aerogel supported metal nanocomposites can
be used as the catalyst for this purpose. GA and boron nitride
aerogel (BA) supported platinum or palladium NPs were used
as the catalyst in a microheater-based combustible gas sensors
(Harley-Trochimczyk et al., 2015). Hydrogen and propane
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FIGURE 6 | Preparation and application of the PdRu/CA nanocomposite toward sensitive electrochemical detection of SY. Reprinted from Thirumalraj et al. (2018),
©2017, with permission from Elsevier.

could be detected with remarkable selectivity, faster response
and recovery time when compared with commercial detectors
(Harley-Trochimczyk et al., 2016). The promising performance
of these type of sensors has attracted researchers’ interests on
the development of aerogel supported bimetallic catalysts toward
sensing of chemical and biochemical materials.

Recently, PdRu/CA was studied as a catalyst for
electrochemical detection of a food dye, sunset yellow (SY)
(Thirumalraj et al., 2018). Figure 6 summarizes the preparation
of PdRu/CA catalyst via sol-gel route and usage of this catalyst
in detection of SY. The electrochemical performances of the
modified screen printed carbon electrode (SPCE) for detection of
SY were evaluated by CV in [Fe(CN)6]3−/4− electrolyte system.
PdRu/CA-modified SPCE exhibited a more intense oxidation
peak current and smaller peak to peak separation value, 1Ep,
indicating a higher conductivity and increased electrocatalytic
activity of the electrode compared to other modified electrodes,
especially Pd/CA catalyst. Furthermore, various concentrations
of SY (0.02-130.14µM) were correlated with intensity of
oxidation peak current by a linear equation. Incorporation of
Ru as the secondary metal provided synergy between bimetallic
PdRu NPs and the porous CA support which improved the
electron transfer process during electrooxidation of SY. There
are very few studies on aerogel supported bimetallic sensors,
however they have a great potential for detection of chemical and
biochemical compounds.

CONCLUSIONS AND FUTURE
DIRECTIONS

The aerogel market is growing at an accelerated pace and is
expected to reach 1.27 billion USD in 20261. The market price

1https://www.prnewswire.com/news-releases/aerogel-market-to-reach-usd-2-
97-billion-by-2026--reports-and-data-300943078.html

of a wide variety of aerogels is also decreasing due to the
advancements in aerogel production technologies. For example,
improvements in our understanding of the supercritical drying
process is leading to reductions in operating pressures and
drying times which are reducing the capital and operational
costs of aerogel production (Özbakir and Erkey, 2015; Sahin
et al., 2017, 2019). Using aerogels instead of conventional porous
materials as supports for bimetallic NPs is becoming more
attractive due to their open and interconnected pore structure,
high porosity, high surface area and easily tunable properties.
Therefore, aerogel supported bimetallic NPs can be considered
as an emerging class of nanocomposites with superior properties
with potential applications in optics, catalysis, adsorption, and
medicine. Despite their potential, only a very small fraction of
possible kinds and compositions of metallic NPs on aerogel
supports have been synthesized and studied until now. Further
studies on synthesis with different bimetallic NPs and different
kinds of aerogels are definitely needed. There is a very limited
number of studies which compare the performance of non-
aerogel supported and aerogel supported bimetallic NPs. It
is well known that support type can alter textural properties
and performance of a nanocomposite as a result of different
metal-support interactions, porosity of the support, thermal and
chemical stability. Studies are needed on comparison of aerogel
supported and non-aerogel supported bimetallic NPs in order
to fully reveal the potential of combining superior properties of
aerogels as support and bimetallic NPs.

Newer techniques, such as SCD and pulsed laser deposition
have potential to produce materials that cannot be produced with
conventional techniques. Understanding the factors controlling
the morphology, size, and composition of these bimetallic NPs
on the interior surface of aerogel supports is necessary so that
these can be tuned to desired levels for a specific application. In
the case of SCD, it is important to understand the adsorption
kinetics of MPs in order to control NP size and metal loading
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(Bozbag et al., 2013). Binary adsorption kinetics may differ from
single component kinetics (Bozbag et al., 2011). Investigation of
binary adsorption isotherms may be very beneficial for further
development of preparation of aerogel supported bimetallic NPs
via SCD.

Studies on the effects of the surface chemistry andmorphology
of the aerogels on the formation and growth of nanoalloy
particles would be especially welcome. Along this line, coupling
in-situ characterization studies with computational atomic scale
modeling should be extremely beneficial and accelerate the
development of these materials for commercial applications.
Surface modification of aerogels can enhance their properties,
such as surface charge, surface energy, roughness, hydrophilicity,
reactivity, electronic, magnetic, and mechanical properties (Sanli
and Erkey, 2015). Using surface-modified aerogels as supports for
bimetallic NPs can enhance the performance and even broaden
the application range of this emerging class of nanocomposites.

Although aerogels have been shown to be good support
materials for catalysis and sensorics applications, it is important
to note that they may suffer from pore collapse when the aerogel
is contacted with a liquid phase, or when temperature and
pressure changes result in condensation of vapor phase within
the pores of aerogels or increased surface tension. This can be
overcome by using aerogels having higher density. While denser
aerogels have smaller porosity, their network strength is higher
which may prevent pore collapse (Deshpande et al., 1992).

The newly developing electrochemical energy conversion
systems, such as alkaline fuel cells, water, and CO2 electrolyzers
and lithium ion batteries will definitely benefit from the
superior properties of CA or GA supported bimetallic
NPs. SA supported bimetallic NPs with high transparency
could also have potential applications in photovoltaics or in
photoelectrochemical processes.

Combining the optical and electronic properties of bimetallic
NPs supported on aerogels could lead to the development
of smarter materials in a variety of areas ranging from

electronics to textiles. The need for the versatility of textural
properties such the combination of micro and mesostructured
support materials is accelerating for many areas including
industrial catalysis. Aerogel supported bimetallic NPs and
their composites with microporous materials such the MOFs
(Ulker et al., 2013; Inonu et al., 2018) could bring many
advantages, such as selectivity control for such processes.
No studies on using carbohydrate aerogels as supports for
bimetallic NPs have been reported so far. Their cheap price and
interesting properties should lead to development of exciting
nanostructured materials for a wide variety of applications in
sensing and medicine (Ganesan et al., 2018; Wang et al., 2019).
Organic-inorganic hybrid aerogels have been gaining attention
due to their enhanced thermal and mechanical properties
(Pirzada et al., 2019). Combining unique characteristics of
organic and inorganic aerogels, hybrid aerogels can be used in
extended fields of application. They have already been used as
superinsulators, electrodes, and absorbents to separate oil-water
mixtures (Kanamori, 2016), they can also be used as support
materials for NPs. There is a limited number of studies on
aerogel supported trimetallic NPs. Incorporation of a third metal
can further enhance the performance of the nanocomposites
in electrocatalysis (Kolla and Smirnova, 2015; Zhou et al.,
2017). This knowledge can be applied to other applications
as well.

We expect that our review on aerogel supported bimetallic
NPs will pave the way for both experimental and theoretical
researchers to broaden the applications of these nanocomposites
and to incorporate with novel technologies for the invention
of nanocomposites with even more improved properties in
the future.
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