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Abstract: Nowadays, great efforts have been spent on addressing concerns over energy and envi-
ronmental crises. Among these efforts, electrocatalysis is widely recognized and studied for its high
efficiency and easy processability. As a class of emerging electrocatalysts, metal aerogels (MAs) stand
out in the last decade. In virtue of their three-dimensional conductive pathways, their library of
catalytically/optically active sites, and their robust network structures, MAs have unique advan-
tages in electrocatalysis. However, due to the short history of MAs, there is insufficient research
on them, leaving significant room for material design and performance optimization. This per-
spective will mainly focus on electrocatalysis with MAs, aiming to summarize the state-of-the-art
progress and to guide the on-target design of efficient MAs-based electrocatalysts towards energy-
and environment-related applications.
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1. Introduction

Electrocatalysis plays a critical role in diverse energy- and environment-related pro-
cesses, such as the oxygen reduction reaction (ORR) and the fuel oxidation reaction (e.g.,
the alcohol oxidation reaction (AOR) and the hydrogen oxidation reaction (HOR)) in fuel
cells [1-4], the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER)
in water splitting [5-7], and the carbon dioxide reduction reaction (CO;RR) in producing
high value-added chemicals [8,9]. Besides a high efficiency, the electrochemical process can
flexibly utilize the stored electricity generated from renewable energy, thus alleviating the
energy crisis resulting from the excessive use of fossil fuels. Therefore, to promote these
electrochemical processes, the development of high-performance electrocatalysts is central
for both the scientific and the industrial community.

In principle, efficient electrocatalysis calls for abundant accessible active sites, high
single-site activity, high electrical conductivity, and reasonable cost. In the past several
decades, a wide range of materials, including metals, metallic compounds (e.g., metal
oxides and metal dichalcogenides), nanocarbons, and various composites, have been
extensively investigated as electrocatalysts [10-16]. In particular, nanostructuring can
endow original bulk materials with a large specific surface area (SSA), high reactivity,
and dramatic size effects, thus promoting their performance. While significant advances
have been achieved in the creative synthesis of nanomaterials, the intrinsic instability of
this nano-sized matter and the relatively poor electrical connection pose difficulties in
achieving high-performance and robust electrocatalysis. In this regard, the exploration of
new catalysts is of paramount importance.

Metal aerogels (MAs), a new class of porous materials developed in 2009 [17,18], are
promising for addressing the aforementioned issues. As these aerogels are entirely built up
by nanostructured metals, MAs inherit the unique physicochemical properties of metals
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(e.g., catalytic activity, electrical conductivity, and special optical properties) and structural
features of aerogels (e.g., porous network, large SSA, and monolithic architecture) [19,20].
In this light, featuring numerous active sites, rapid mass/electron transfer pathways,
robust structure, and tunable compositions, MAs manifest unprecedented potential as
highly active and durable electrocatalysts, overwhelming conventional non-metal and
unsupported metallic catalysts [21]. Despite these unique attributes, the development of
MAs has not been smooth, particularly in their early years, which can be attributed to
an insufficient materials basis resulting from their unconventional formation behavior,
immature fabrication methods, and less-explored physicochemical properties [22,23]. In
this regard, the corresponding application studies, such as those for electrocatalysis, have
inevitably been slowed down. Although quite a few synthesized MAs have been proven to
efficiently catalyze diverse electrochemical processes [22-25], their design principles are
not clear, and their performance needs further improvement.

In the past few years, several reviews have summarized the controlled synthesis
of MAs and/or their analogs, as well as their diverse applications [19,26,27]. However,
an overview dedicated to the on-demand design of MAs for electrocatalysis is absent.
Additionally, the recent research progress for MAs may inspire new insights into this topic.
From this perspective, we will first summarize the synthesis of MAs from a historical
view. In the following sections, electrocatalysis with MAs for fuel oxidation reactions,
oxygen-related reactions, hydrogen-related reactions, and other electrochemical processes
will be sequentially discussed. Finally, the challenges and opportunities associated with
MAs for electrocatalysis will be summarized to guide the on-target engineering of MAs as
efficient electrocatalysts.

2. A Brief Overview of Metal Aerogel Synthesis

Strictly speaking, aerogels are materials derived from a sol-gel process followed
by special drying [28]. In this context, special drying usually refers to freeze-drying or
supercritical drying, which is used to transfer as-formed wet gels to aerogels. The use of
special drying can alleviate the structural collapse incurred by the strong capillary forces
generated around the gel network during the drying process, which is realized either by
fixing the solid network via freezing (i.e., freeze-drying process) or by transforming the
solvent into the supercritical state (i.e., supercritical drying process) before removing it.

MAs are usually defined as free-standing all-metal-made aerogels obtained in the
same way as mentioned above. So far, most reported MAs are structured from noble metals,
which, however, only account for less than 10% of all metal elements in the periodic table.
This is probably because of their relatively higher redox potential compared with other
metals, which leads to an easy synthesis, as well as the high stability of the derived noble
MAs. Apart from the limited compositions, the synthesis and applications of MAs are also
severely hindered by the shortage of structure controllability. As mentioned above, MAs
are usually prepared by sequential gelation and drying process. Since the drying method is
mature, attention is often paid to the design of the sol-gel process. Usually, depending on
whether a separate metal nanoparticle (NP) formation step is involved or not, the gelation
methods are divided into two-step and one-step strategies. Following this classification,
this section will summarize the state-of-the-art fabrication methods of MAs.

In the early studies on MAs, the two-step strategy was adopted at first, where the sol-gel
process undergoes separate metal NP formation and the wet gel formation stage [18,29,30].
Initiated by Bigall et al. in 2009, Au, Ag, Pt, Au-Ag, and Pt-Ag (Figure 1a) aerogels were
synthesized by an oxidation-triggered two-step method [18]. In short, the concentrated
noble metal NP solutions (the concentration of the metal salts ¢y = 10 mM) were prepared
from a dilute metal salt solution (cp = 0.2 mM) by NaBHy-induced reduction followed
by ultracentrifugation. After the addition of oxidants (e.g., HyO,) or ethanol, NPs sponta-
neously fused and eventually formed a hydrogel after ~2 weeks. Finally, the corresponding
free-standing MAs were obtained by supercritical CO, drying. However, the expensive
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ultracentrifugation process and long gelation time are not suitable for practical production.

a

Semi-dilute Gel Network Aerogel
i formation

Figure 1. Synthesis of MAs by (a—f) two-step and (g,h) one-step methods. (a) TEM image of a Pt
aerogel obtained by using ethanol. Adapted with permission from Ref. [18]. Copyright 2009, Wiley-
VCH. (b) Schematic representation of an Ag nanowire (NW) aerogel produced by concentrating the
corresponding dilute suspension. Adapted with permission from Ref. [31]. Copyright 2012, Springer
Nature. (c) Au/Ag aerogel prepared by concentrated colloidal sols obtained from a rotary evaporation
technique; inset shows the individual nanoshell (NS) precursor. Adapted with permission from
Ref. [32]. Copyright 2013, American Chemical Society. (d,e) TEM images of aerogels assembled
from (24.1 £ 4.5) nm outer diameter Ag NSs; insets show digital photos of the gels induced by
applying different amounts of C(NO,)4. Adapted with permission from Ref. [33]. Copyright 2014,
American Chemical Society. (f) Aerogel assembled from Pt nanocubes by using NoH4-H,O. Adapted
with permission from Ref. [34]. Copyright 2017, American Chemical Society. (g) Pt5oPdsy aerogel
synthesized by direct solution-based reduction with NaBH,. Adapted with permission from Ref. [35].
Copyright 2013, Wiley-VCH. (h) Assembly of an aerogel from Pd nanosheets by a CO-bubbling
method. Adapted with permission from Ref. [36]. Copyright 2019, Elsevier.

Following the aforementioned study, the two-step strategy has been widely attempted.
Apart from initiating gelation by adding oxidants and organic solvents, taking advantage
of the salting-out effect, diverse salts (e.g., NaCl, CaCl,, and NH4F) were successfully used
to efficiently induce the gelation process for Au, Ag, Pd, Pt, etc. [32,37-39]. In particular,
by adjusting the ion—metal NPs interactions by applying specific salts, the proportion of
the isotropic van der Waals attraction force and the anisotropic electrostatic repulsion force
could be manipulated, thus leading to Au aerogels with modulated ligament sizes ranging
from 6.9 to 113.7 nm [38]. Interestingly, a study reported by Wen et al. found that non-
dissociative dopamine can serve as an efficient initiator, capable of producing Au aerogels
with a ligament size of as small as ~5 nm and a SSA of up to 50.1 m? g~ ! [24]. However,
the underlying gelation mechanism is not clear. In a follow-up study by the same group,
with the assembly of D-penicillamine-stabilized ultrasmall Au nanoclusters (a diameter of
1.4 nm) with dopamine, the ligament size of the Au aerogels could be further cut down
to ~3.5 nm [40]. Furthermore, controlled evaporation offers an initiator-free strategy for
creating metal gels. As demonstrated by Jung et al., the aqueous suspension of as-prepared
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anisotropic 1D Ag NWs can be directly converted into a gel by gradual concentration
via controlled evaporation at 313 K (Figure 1b), thus avoiding the introduction of extra
impurities [31].

Considering that the NPs’ formation and assembly steps are decoupled in the two-step
strategy, the NP precursors can be easily engineered before assembly, thus deriving MAs
with controlled structures at both nano- and micro-scales [32-34,41-45]. Pioneered by
Kulugammana and co-workers in 2013, as-prepared Au-Ag, Pd-Ag, and Pt-Ag alloy NSs
were adopted for assembly [32]. As illustrated in Figure 1c, the obtained Au-Ag aerogel
displays a hierarchical structure at different scales. In another interesting study, despite
the fact that the same precursors (e.g., Ag NSs) were applied, the microstructure and thus
the macroscopic transparency of the acquired aerogels could be substantially altered by
controlling the etching degree by applying different amounts of C(NOy)4 (Figure 1d,e) [33].
Concentrating on the Pt system, a study prepared Pt nanocubes and nanospheres in an or-
ganic phase before treating them with NoHy-H,O [34], eventually yielding a hierarchically
structured aerogel (Figure 1f). Taking Ni NPs as sacrificial templates, by performing gal-
vanic replacement reaction (GRR) with Pd and/or Pt salts, various Ni-Pd,Pt, nano-building
blocks with hollow spheres or dendrite-like structures were created as precursors [44,45].
Assembling these specific nanostructures leads to the formation of diverse hierarchically
structured multi-metallic aerogels. However, the aforementioned strategies usually require
a tedious pre-synthesis step for specifically engineered NPs. Besides deliberately shaping
NPs, a counterintuitive phenomenon was reported; that is, the spatial element distribution
of the resulting bimetallic aerogels is closely dependent on the chemical composition of
the NP precursors [46]. It was found that the assembly of Au NPs and Ag NPs, Au NPs
and Pd NPs, and Pd NPs and Pt NPs resulted in gels with uniform element distribution,
core-shell structure, and separate element domain structures, respectively. This might be
attributed to the composition-specific atomic reorganization during the gelation process.

Despite the above achievements, the available morphologies are still limited. On this
occasion, when the as-prepared metal gels are regarded as “precursors”, certain complex
structures can be created after specific treatment. For example, by performing GRR on
a pre-synthesized Ag hydrogel with Pt salts, the derived Pt-Ag bimetallic gel exhibits
a unique nanotubular-structured network with thin NWs (~2.6 nm in diameter) as the sec-
ondary structure [47]. Another study reported a PdAu-Pt core-shell aerogel by sequential
underpotential Cu deposition and GRR [25]. However, these methods often suffer from
time-consuming and/or costly processes. Recently, a dynamic-shelling approach was devel-
oped by our group, where the semi-finished gel was used as a precursor [22,38,48]. During
the fabrication of a bimetallic gel, the “second metal” source was added after the partial
gelation of the “first metal”. In this way, the “second metal” will nucleate and grow on
the half-formed network of the “first metal”, thus giving rise to core—shell-structured MAs
without an additional post-treatment step. This approach may point out a new direction on
facile crafting complex structures in MAs.

Although the two-step strategy is advantageous in shaping multiscale structures, it
often suffers from high costs and tedious operation. Therefore, the one-step strategy offers
a feasible solution. In 2013, a one-step strategy was proposed by Liu and co-workers [35].
Briefly, Pd, Pt, and Pt-Pd gels were obtained from dilute metal salt aqueous solutions after
3-17 days by applying 1.5 equivalents of NaBHj (Figure 1g). This strategy merges the metal
NP formation and the gelation into one step by only applying appropriate reductants, thus
considerably simplifying the operation and reducing contamination. Obviously, the core of
the one-step strategy lies in the rational selection of the type and the amount of reductants
and also provides a comprehensive understanding of the roles played by the reductants in
specific scenarios.

Following the first study on the NaBHj-directed one-step method as described above,
an array of reductants, including hydrazine, dimethylamine borane, sodium hypophosphite
monohydrate, borane ammonia complex, and glyoxylic acid, were attempted, resulting
in MAs based on Au, Ag, Pd, Pt, and Cu [23,36,49-55]. Among them, an interesting study
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found that a common organic solvent, i.e., N-methyl pyrrolidone, can function as both
a reductant and a nitrogen source during a hydrothermal reaction [55]. The resulting Pt-Cu
aerogels feature b oth a porous structure and unique metal-N bonds. Another study took
gas-phase CO as a reductant, where Pd gels structured from 2D Pd nanosheets (thickness
of 6.89 nm) were obtained from an acetic acid solution (Figure 1h) [36]. It is claimed that
CO can not only reduce the Pd salts, but also serves as a ligand to promote the generation
of the Pd nanosheets.

Very recently, our group systematically investigated the roles of NaBHs—the most
widely used reductant—in the gelation process [23]. It was found that the functions of
NaBH, depend on the ratio of NaBHy to metal (R/M). At a low R/M (<2), all reductants
are used for reducing the metal salts, resulting in metal aggregates. A moderate R/M (2-50)
leads to a stable metal sol, at which the anions of the products and unreacted reductants can
stabilize the as-formed metal NPs. A high R/M (>50) activates the salting-out function of
NaBHy, causing the formation of metal gels. In particular, an excessive amount of NaBH,
can substantially promote the gelation process, where a short gelation time of several hours
can be realized (vs. several days by other initiating approaches under similar conditions).
Furthermore, the high efficiency of NaBH, allows the application of various ligands (e.g.,
trisodium citrate, sodium deoxycholate, 3-alanine, and polyvinylpyrrolidone (PVP) for
manipulating the behavior of the NP growth, enabling the fabrication of Au aerogels with
a small ligament size (~4.8 nm) and a large SSA (59.8 m? g~ !). Meanwhile, single-metallic
Ru, Rh, and Os aerogels were also obtained for the first time in the same study. Hence,
deep analysis and subtly utilizing the multifunction of reactants (e.g., reductants, initiators,
and solvents) are critical for a smart design of MAs.

For both one-step and two-step strategies, conventional studies mostly focus on
modulating the reactants. However, it needs to be pointed out that smartly modulating
external physical fields may offer a new dimension for controlled synthesis.

From the perspective of modulating the temperature field, an elevated temperature
is frequently applied to accelerate the gelation process [51,56-58]. The first study was
reported in 2013, where a substantially shortened gelation time was observed for the Au-
Ag system from 2-3 weeks at room temperature (298 K) to 12 h at 348 K [56]. By performing
gelation at 333 K, Shi et al. reported the quick synthesis of AuPt, metal hydrogels within
2—4 h (Figure 2a) [57]. Meanwhile, the low-temperature field has also been studied, which
can induce gelation and/or shape hierarchical structures [59-68]. For example, by setting
a temperature gradient (from 223 K to 263 K) to promote the unidirectional growth of
ice crystals, Ag NW aerogels with anisotropic structures and tunable pore sizes were
obtained from an Ag NW precursor solution [62]. Starting from highly concentrated metal
NP colloids (cp > 100 mM), monolithic aerogels (Au, Ag, Pd, and Pt) consisting of self-
supported networks can be obtained by freeze-casting (Figure 2b). However, ligands
are required to stabilize this high-concentration precursor solution, resulting in residual
impurities in the product [63]. To overcome the aforementioned issues, a freeze—thaw
method was developed by our group, capable of building hierarchically structured noble-
metal gels (e.g., Au, Pd, Rh, Au-Pt, and Au-Rh) directly from low-concentration NP
solutions (cp < 0.5 mM) [67]. As shown in Figure 2c, metal NPs form aggregates (or gel
pieces) upon freezing. Then, due to their self-healing property, these aggregates precipitate
and link together during the following thawing process, eventually yielding a monolithic
gel. In particular, the ligament size of the resulting Au aerogel is as small as (35.0 & 7.2) nm,
which is about one order of magnitude thinner than that of the freeze-casting-prepared one
(200-500 nm).
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Figure 2. Synthesis of MAs under external fields. (a) Schematic illustration of synthesis of Au-Pt

hydrogels under elevated temperature. Adapted with permission from Ref. [57]. Copyright 2017, The
Royal Society of Chemistry. (b) Photographs of Au, Ag, Pd, and Pt aerogels prepared by freeze-casting.
Adapted with permission from Ref. [63]. Copyright 2016, Wiley-VCH. (c) Proposed mechanism for
the freeze—thaw-directed gelation process. Adapted with permission from Ref. [67]. Copyright 2020,
Wiley-VCH. (d) The stirring-directed ultrafast gelation of a gold NP solution and the corresponding
aerogel. Adapted with permission from Ref. [22]. Copyright 2020, Elsevier.

Furthermore, the influence of external force fields on aerogel synthesis has been
studied. To meet practical production times, it is critical to accelerate the slow gelation
process in metal systems (several hours to several weeks). To address this issue, our group
proposed an unconventional disturbance-directed gelation strategy to accelerate the mass
transfer [22,48]. Inspired by the self-healing properties of metal hydrogels, a shearing
field generated by stirring was introduced for promoting the mass transfer. After the
formation of Au aggregates, the reaction system was left still for gelation via self-healing
of the as-formed aggregates (Figure 2d). In this light, the gelation time can be reduced
to 1-10 min, which is 2—4 orders of magnitude faster than that reported by conventional
methods. It needs to be mentioned that the nature of the self-healing properties of metal
hydrogels has not been well understood. Additionally, the feasibility of expansion of such
disturbance-directed synthesis tactics to more gel systems should be a meaningful while
under-investigated direction.

3. Fuel-Related Electrocatalysis
3.1. Alcohol Oxidation Reaction

Direct alcohol fuel cells, which are fueled by alcohols (e.g., methanol and ethanol),
have drawn increasing attention due to their high energy efficiency and low pollution
emissions compared with fossil fuels [69]. However, the anodic alcohol oxidation reaction
(AOR) is hindered by a high overpotential (1) and sluggish kinetics compared to hydrogen
oxidation, thus calling for a new generation of electrocatalysts [70,71]. In this regard, MAs
play a critical role due to their excellent performance in the electrocatalytic oxidation of
diverse alcohols, including methanol, ethanol, and ethylene glycol. In practice, the design
of MAs for AOR can roughly be divided into composition and structure aspects.

Composition design is mostly performed by imparting specific metals or tuning
the proportions of different metals, so as to enhance the electrical conductivity and/or
modulate the electronic structure [38,44,51,57,58,72-75]. In most studies, Pd- and Pt-based
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aerogels are employed for AOR catalysis due to the intrinsically high activity of Pd and
Pt. In an early study, «-, 3-, or y-cyclodextrins-modified Pd aerogels were applied for the
ethanol oxidation reaction (EOR) [74]. The corresponding forward anodic peak current
densities (If) normalized by the Pd mass (4.12 to 7.39 A mg’l) are larger than that of
commercial Pd/C (3.43 A mg~!), showcasing a higher catalytic activity. The ratios of the
peak current densities obtained from forward /backward scans (I¢/1;,) of those aerogels are
1.06 to 1.17 times higher than that of commercial Pd/C, suggesting more efficient oxidation
during the forward anodic scan. The high electrocatalytic activity is considered to be the
abundant active sites and mass transfer channels of the aerogel, as well as the host—guest
interaction between the cyclodextrins and ethanol. Then, a batch of studies were dedicated
to enhancing the performance by using bi-/tri-MAs. For instance, by introducing Au and
Pt, the resulting Au-Pd and Au-Pd-Pt aerogels exhibit substantially higher performance
with If of 2.65 and 4.82 A mgpg.p; !, respectively (2.8 to 6.1 times higher than that for
commercial Pd/C) [38]. This is rationalized by highly conductive 3D networks offered by
gold and potential synergy effects from several metals. Furthermore, considering the cost,
inexpensive Cu has also been included [58]. As seen from Figure 3a,b, the PdggCus; aerogel
delivers a high forward current density of 3.47 A mgpy ~! in 1.0 M KOH + 1.0 M ethanol
solution, presumably due to its large electrochemically active surface area (37.9 m? g1,
higher than 13.8 m? g_1 of Pd/C).
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Figure 3. Electrocatalysis towards AOR with MAs. (a-d) Composition design of MAs for EOR.
(a,b) TEM image of a PtCu aerogel and current—voltage (CV) measurements of several Pt-Cu aerogels
performed in nitrogen-saturated 1.0 M KOH + 1.0 M ethanol solution. Adapted with permission
from Ref. [58]. Copyright 2016, Wiley-VCH. (c,d) Ligand-directed modulation for EOR. Correlation
between I and the valence states of metals for ligand-modified Au-Pd aerogels, and the proposed
mechanism of PVP-enhanced ethanol oxidation. (e-h) Structure manipulation of MAs for EOR.
Adapted with permission from Ref. [75]. Copyright 2020, Wiley-VCH. (e,f) TEM image of a hi-
erarchically structured Ni-PdgyPtsg aerogel and CVs performed in 1.0 M NaOH + 1.0 M ethanol
solution. Adapted with permission from Ref. [44]. Copyright 2017, Wiley-VCH. (g,h) TEM image of
a hierarchically structured Au-Pd aerogel, and CVs performed in 1.0 M KOH + 1.0 M ethanol solution.
Adapted with permission from Ref. [67]. Copyright 2020, Wiley-VCH.

Apart from modulating the metal compositions, specific ligands were adopted to
adjust the valence state of the aerogels by utilizing the electron charge transfer between the
metals and ligands. As shown in Figure 3c,d, a partial electron transfer from the metal to
PVP was observed, resulting in a higher surface oxidation state of Au-Pd aerogels and thus
promoting the oxidation reaction [75]. In this light, an EOR activity 5.3 times higher than
that for Pd/C was realized with the PVP-modified Au-Pd aerogel.

On the other hand, the manipulation of the aerogel structure has been explored
at both the nanoscale and the meso-/macroscale to boost the electrocatalytic perfor-
mance [36,43,44,52,54,67,76]. Bearing a unique core-shell structure at the nanoscale,
a Pd3Pb;@Pd aerogel shows a high I of 6.4 A mgpg~! (5.8 times higher than that for
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Pd black) towards the ethylene glycol oxidation reaction in 1.0 M KOH + 0.5 M ethylene
glycol [54]. In another study, Ni-PdPt aerogels with hollow-spherical and dendritic mor-
phologies at the nanoscale were designed (Figure 3e) [44]. Thanks to the large numbers
of accessible catalytic sites, the dendritically structured Ni-PdgyPtsy aerogel manifests
an impressive I of 10.6 times higher than with Pd/C (Figure 3f). At the meso-/macroscale,
Au-Pd aerogels featuring hierarchically porous structures demonstrate unique advantages
(Figure 3g) [67]. As illustrated in Figure 3h, a high I; of 8.4 A mg~! was obtained due to
a combination of enhanced mass transfer and abundant active sites.

In addition to conventional electrocatalysis, MAs have been recently explored as a pho-
toelectrocatalysis (PEC) platform by utilizing the combined optic and catalytic activities
endowed by nanostructured metals. This endeavor was pioneered in 2020 by our group,
where the photocatalytic performance for EOR was evaluated with an Au-Pd-Pt aerogel
under a white-light LED source (wavelength range of 350-800 nm) (Figure 4a) [22]. As seen
from Figure 4b, It of the Au-Pd-Pt aerogel raises stepwise from 9.1 to 13.2 A mgpd+pt’l
as the light power density increases from 0 to 133 mW cm~2, which are 5.0 to 7.3 times
higher than that of commercial Pd/C in the dark. This light-enhanced performance may
be attributed to both the plasmonic absorption of nanostructured noble metals, as well as
the photothermal effect from multiple light absorption/scattering inside the gel network.
Interestingly, this property may also find applications in sensing. As shown in Figure 4c,
switching on/off the light during a chronoamperometry test results in repeated current
fluctuations, manifesting a sensitivity of >40.2 pA mW~!. A follow-up study explored PEC
for EOR by using hierarchically structured Au-Pd and Au-Pt aerogels (Figure 4d—f) [67].
Similarly, a ~40% improvement in Iy was observed with an Au-Pd aerogel under irradiation
compared with that in the dark (11.8 vs. 8.4 A mg~!), both considerably outperforming
that for commercial Pd/C (1.8 A mg ™! in the dark).
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Figure 4. MAs for photoelectrocatalysis. (a—c) Application of an Au-Pd-Pt aerogel for photoelectro-
catalysis. Energy-dispersive X-ray spectroscopy (EDXS)-based element distribution, dependence
of I; on the input light power density, and light response behavior. Adapted with permission from
Ref. [22]. Copyright 2020, Elsevier. (d-f) EDXS-based element distributions of Au-Pd and Au-Pt
aerogels and the dependence of I on the input light power density. All tests were performed in
nitrogen-saturated 1.0 M KOH + 1.0 M ethanol solution. Adapted with permission from Ref. [67].
Copyright 2020, Wiley-VCH.

3.2. Formic Acid/Formate Oxidation Reaction

FOR has also drawn substantial interest in recent years on account of the high energy
density and security of formic acid/formate [77]. MAs have also been applied for electrocat-
alyzing FOR [47,50,78-81]. In 2018, a Pd-Cu aerogel was reported for efficiently catalyzing
formic acid oxidation [50]. In a 0.5 M H,SO4 and 0.5 M HCOOH solution, the Pd-Cu
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aerogel displayed a high current density of 3.13 A mgpg ~!, which nearly doubled that of
Pd/C (1.67 A mgpq ~'). This improved performance can be attributed to the self-supported
nature of aerogels, which eliminates the potential carbon substrate corrosion that happens
in commercial Pd/C. Recently, an in situ high-potential-driven restructuring strategy was
proposed to promote electrocatalytic HCOOK oxidation in alkaline media [80]. As schemed
in Figure 5a, the potential cycling of a ternary Ag-Pd-Pt aerogel leads to an outward dif-
fusion of Ag and thus generates amorphous Ag,O-coupled Pd-Pt on the surface. This
architecture can weaken the chemisorption of H,g intermediate because of the lowered
d-band center, thus promoting FOR. By cycling Ag-Pd-Pt aerogels between 0.1 Vand 1.3V,
the resulting materials exhibit outstanding activity (5 times higher than that for Pd/C) and
stability (Figure 5b).
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Figure 5. Electrocatalysis towards FOR, GOR, and BOR with MAs. (a,b) FOR with MAs. Schematic
illustration of the surface restructuring process of an Ag-Pd-Pt aerogel and stability tests performed
in 0.5 M KOH + 0.5 M HCOOK solutions. Adapted with permission from Ref. [80]. Copyright
2019, The Royal Society of Chemistry. (c) GOR catalyzed by different Au aerogels. Adapted with
permission from Ref. [24]. Copyright 2016, American Chemical Society. (d,e) BOR with MAs.
SEM and a digital photo of an AuspCuyg aerogel and CVs of different Au-Cu aerogels recorded in
a 0.1 M NaBHjy + 3.0 M NaOH solution. Adapted with permission from Ref. [73]. Copyright 2018,
Wiley-VCH.

3.3. Glucose and Borohydride Oxidation Reaction

Glucose is a long-sought-after renewable fuel that can largely advance green energy
technologies, and MAs play a critical role in catalyzing the glucose oxidation reaction
(GOR) [24,37,40,82]. On the one hand, MAs can act as an auxiliary component to promote
the GOR. For example, a Pd aerogel was used as a porous and electrically conductive host
to load catalytically active glucose oxidase (GOD) [37]. In this way, mass/electron transfer
was enhanced, thus considerably raising the bioelectrocatalytic current compared to that
for a bare GOD electrode. On the other hand, MAs can also directly catalyze GOR [24]. As
seen in Figure 5¢, the current density increases linearly with increasing concentration of
glucose from 0 to 20 mM. Particularly, the 3-CD-modified Au aerogel displays the highest
sensitivity of (332.9 £ 7.6) pA mM~!, which might be attributed to the intermolecular
interaction between glucose and (3-CD.

Besides the GOR, the borohydride oxidation reaction (BOR) has also been studied
recently [73]. As seen from Figure 5d,e, Au-Cu aerogels manifest composition-dependent
BOR performance. Among them, the Aus;Cuyg aerogel features the most negative onset
potential and the highest current density (53 mA cm~2), which is believed to originate from
its desirable electronic structure that can excellently balance the borohydride adsorption
and intermediate desorption.
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4. Oxygen-Related Electrocatalysis

OER and ORR are two oxygen-related electrocatalytic reactions, which are important
in the field of energy conversion and storage [83-86]. OER is found as the anodic reaction
in water electrolysis, while its large 7 (usually >300 mV) seriously affects this process [5].
On the other hand, as the cathode reaction in fuel cells and metal-air batteries, ORR is the
bottleneck reaction because of its sluggish four-electron transfer process [2]. Commercial
OER and ORR catalysts are usually noble-metal-based materials (e.g., Ir- and Ru-based
catalysts for OER and Pt-based catalysts for ORR), while their high cost can pose a large
constraint for upscaled use. In this regard, MAs may offer unprecedented opportunities by
considerably increasing the performance-to-cost ratio for their extended reaction sites and
mass transfer highways.

4.1. Oxygen Evolution Reaction

Diverse MAs have been applied for OER catalysis [23,87-89]. As seen in Figure 6a,b,
based on the synergy of the highly conductive Au core network and the catalytically active
Ir shell, Au-Ir core-shell aerogels manifest a small # (245 mV at 10 mA cm?) and Tafel
slope (36.9 mV dec™!) in 1.0 M KOH, considerably outperforming commercial Ir/C and
[rO; catalysts (7 > 311 mV and Tafel slope > 54.3 mV dec1!) [23].
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Figure 6. Electrocatalysis for oxygen-related reactions with MAs. (a-d) OER with MAs. (a,b) Polar-
ization curves and Tafel plots of Au aerogels, Au-Ir aerogels, and commercial catalysts performed
in Np-saturated 1.0 M KOH aqueous solution at 1600 rpm. Adapted with permission from Ref. [23].
Copyright 2020, Nature Publishing Group. (c,d) Electron energy-loss spectroscopy-based element
distribution of an Ir3Cu aerogel and the polarization curves of various Ir,Cu aerogels obtained in
O;y-saturated 0.1 M HClIOy4 aqueous solution at 1600 rpm. Adapted with permission from Ref. [88].
Copyright 2018, American Chemical Society. (e-h) ORR with MAs. (e,f) Polarization curves and
stability test of an AuspCuyg aerogel. Adapted with permission from Ref. [73]. Copyright 2018,
Wiley-VCH. (g,h) TEM image of a PdAu-Pt core-shell aerogel as well as the mass activity and specific
activity of PdyM-Pt core-shell aerogels (M = Au, Ni, Co, Cu) as a function of the lattice parameter of
the PdyM core aerogels and the Pd-Pd interatomic distance (dpq.pq). Adapted with permission from
Ref. [25]. Copyright 2018, Wiley-VCH.

To reduce the cost, non-noble metals are introduced into MAs in recent studies. For
instance, Ru-Co aerogels were found with high electrical conductivity, as well as abundant
active sites, resulting from the presence of oxygen vacancies, thus delivering a small OER
7 (272 mV at 10 mA cm™2) and Tafel slope (41.6 mV dec™1) in 1.0 M KOH [87]. Another
study reported nanovoids-incorporated IryCu aerogels for enhanced OER performance
(Figure 6¢) [88]. By balancing the binding energy of the oxygen-involved intermediates and
the desorption energy of the generated oxygen via tuning the composition, the optimized
Ir3Cu aerogel exhibits the smallest 77 (298 mV at 10 mA cm~2) in an O,-saturated 0.1 M
HClO, aqueous solution (Figure 6d). Recently, a noble-metal-free Fe-Co-Ni aerogel, as
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a cost-effective OER electrocatalyst, was found to deliver an exceptionally low # (235 mV
at 10 mA cm~2) and a small Tafel slope (50 mV dec™!) in 1.0 M KOH, outperforming that
for commercial RuO; and thereby offering opportunities towards commercial use [89]. The
enhanced performance is due to the synergistic effect of three metals as well as abundant
catalytically active structural defects found in the aerogel.

4.2. Oxygen Reduction Reaction

MAs have also been used for catalyzing ORR in recent years, particularly with Pt-
based aerogels [35,39,90,91]. The first study was reported in 2013 with Pd-Pt bimetallic
aerogels [35]. By tuning the d-band center of the aerogels via modulating the Pd-to-Pt ratio,
the optimized PdyPtgy aerogel exhibits a 5-times-higher mass activity (1.17 A mngPd’l)
than that for commercial Pt/C (0.23 A mgp,~'). By introducing highly conductive Au
to enhance the electron transfer, the acquired Au-Pt aerogel delivers an impressive pH-
universal ORR catalytic performance, exhibiting a high specific activity (>3 times compared
with that for Pt/C) and stability in both 0.1 M KOH and 0.1 M HClIO4 aqueous solutions [39].
Inspired by the outstanding ORR catalytic performance of Pt-Ni nanostructures [92], Pt-
Ni aerogels were fabricated as cathode catalysts for fuel cells, showcasing both excellent
specific activity (0.2 mA cmp; 2 at 0.95 Vgyg under acidic conditions, which is 3 times
higher than that for Pt/C) and stability (~10% decrease in mass activity at 0.9 Vryg after
10,000 potential cycles) [90,91]. Furthermore, Pt-free MAs, such as Au-Cu aerogels, were
also investigated [73]. As seen from Figure 6e,f, the charge transfer from Cu to Au can
lower the d-band center of Au, thus the resulting in the Aus;Cuyg aerogel displaying
a more positive onset potential compared with commercial Pt/C (1.00 V and 0.96 V vs.
RHE, respectively) and sustaining high specific activity (0.891 mA cm~2) and mass activity
(0.920 A mga, ') after 10,000 potential cycles. This is presumably associated with the
superior stability provided by the Au component.

On the other hand, structure engineering of MAs can also enhance the ORR per-
formance. For example, taking advantage of the synergy of the highly conductive Au
core network and the Pt3Pd shell, a specially designed Au@Pt;Pd core—shell aerogel was
shown to deliver much higher mass activity and specific activity (0.812 A mngpd’l and
24.3 mA cm~2) than that for commercial Pt/C (0.412 A mgpt_1 and 10.5mA cm~2) at 0.85 V
vs. RHE [42]. Core-shell-structured Pd,Au-Pt aerogels, consisting of an ultrathin Pt shell
and a composition-tunable Pd,Au core, were also explored as electrocatalysts [25]. By
manipulating the lattice strain through designing the lattice mismatch between the outer
Pt and various core metals, the optimized Pd Au-Pt core—shell aerogel exhibits incredible
mass activity and specific activity of 5.25 A mgp; ! and 2.53 mA cm 2, which are 18.7- and
4.1 times higher than those of Pt/C (Figure 6g,h).

5. Hydrogen-Related Electrocatalysis

Electrocatalysis with hydrogen can be divided into two classes, i.e., the hydrogen
oxidation reaction and the hydrogen evolution reaction. The eco-friendly HOR process acts
as the anodic reaction in hydrogen fuel cells, while the HER process is the cathodic reaction
in the electrochemical water splitting that is critical for hydrogen production.

5.1. Hydrogen Oxidation Reactions

So far, electrocatalytic HOR has been only sporadically studied with MAs. As seen
from Figure 7a, 2D lamellar Pt-Rh nanoalloy aerogels (NAAs) made up of ultrathin in-
terweaved NWs were reported [93]. The authors claimed that strong electronic coupling
between Pt and Rh can weaken the hydrogen binding energy (Figure 7b), thus leading to
a lower half-wave potential (E; ;) of 17 mV, as well as the highest specific activity and mass
activity (5.5 and 2.6 times higher than that of commercial Pt/C, respectively, at # = 50 mV)
amonyg all tested catalysts (Figure 7c,d).
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Figure 7. Electrocatalysis for hydrogen-related reactions with MAs. (a—d) HOR with a lamellar
PtgsRh3, aerogel. SEM image (inset: TEM image), proposed catalytic mechanisms, polarization
curves, and normalized activities (at # = 50 mV) of a PtggRhg; aerogel performed in Hj-saturated
0.1 M KOH solution under 1600 rpm. Adapted with permission from Ref. [93]. Copyright 2019,
Elsevier. (e f) HER with Pt NW aerogels. SEM image of the Ptnw-L2 aerogel and polarization
curves of various catalysts. Adapted with permission from Ref. [94]. Copyright 2019, American
Chemical Society.

5.2. Hydrogen Evolution Reactions

Recently, MAs were also extensively studied for HER [39,93-95]. In terms of the struc-
ture, besides HOR catalysis, 2D-sheets-assembled Pt-Rh NAAs also perform well towards
alkaline HER, exhibiting a smaller # of 55 mV at 10 mA cm~2, as well as a 2.3-times-higher
mass activity in 1.0 M KOH solution compared to Pt/C [93]. In another study, by grafting
two kinds of ligands (L1 and L2) bearing thiol and glutamic acid moieties on Pt NWs for
controlled assembly, the resulting aerogels displayed different HER performances [94]. The
strong self-assembling ability of L2 renders the Ptnw-L2 aerogels (Figure 7e) with an op-
timized performance (the lowest 7 of 45 mV at 10 mA cm~2) among the tested materials
(Figure 7f), but the specific reason is unclear. On the other hand, the smart design of the
composition also plays a critical role. By screening various bimetallic systems, Au-Rh
aerogels were found to deliver the smallest 77 (18-22 mV at 10 mA cm~?2) and Tafel slopes
(29-47 mV) at different pH values (pH = 0-14), considerably outperforming commercial
Pt/C catalysts [39]. However, a clear explanation is absent.

6. Electrocatalysis in Other Processes

Apart from the above examples, MAs have also been involved in various other impor-
tant electrocatalytic processes, such as the CO, reduction reaction (CO,RR) and the nitrate
reduction reaction.

Electrochemical CO;RR provides a promising way of meeting current energy demands
and reducing greenhouse gas emissions by producing value-added chemicals with renew-
able electricity. MAs also play a critical role in this field [48,96-99]. Lu et al. reported the
first study on CO,RR with Mas [97]. By regulating the composition of bimetallic Pd-Cu
aerogels, the Pdg3Cuyy aerogel with the highest (Cu! + Cu®)/Cu!' ratio displayed the best
performance, with a faradaic efficiency of 80.0% at a current density of 31.8 mA cm~2 for
CH3OH production in 1-butyl-3-methylimidazolium tetrafluoroborate aqueous solution.
The excellent performance is rationalized by the efficient adsorption of CO,4s and CHO,4s
on Cu! + Cu’ species. From the structure aspect, a well-defined Au-Pd core-shell aerogel
(Figure 8a) was found to efficiently promote CO; activation while suppressing H, activation
evolution compared to common Au-Pd aerogels as suggested by both experimental and
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theoretical studies (Figure 8b,c), thus manifesting outstanding Faradaic efficiency of up to
99.96% for CO selectivity and sustaining a FEco > 98% at #7 = 390 mV over 12 h [48].
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Figure 8. Electrocatalysis for other reactions with MAs. (a-c) CO,RR with MAs. Synthesis process of
core—shell-structured Au-Pd aerogels, and the corresponding CO and H; partial current densities
versus the applied potential in 0.1 M KHCOj3. Adapted with permission from Ref. [48]. Copyright
2021, The Royal Society of Chemistry. (d,e) Nitrate-to-ammonia conversion with Cu-Pd bimetallic
aerogels. Polarization curves performed in 0.5 M K,S5O4, and NHj yield rates, as well as faradaic
efficiencies for various catalysts. Adapted with permission from Ref. [100]. Copyright 2021, The
Royal Society of Chemistry.

Besides CO, conversion, a growing level of nitrate (NO3~) places another potential
threat to the environment. To address it, Cu-rich Cu-Pd bimetallic aerogels were developed
by choosing Pd as the active metal and Cu as the promoting metal [100]. Among all tested
catalysts (Figure 8d,e), the Cu-Pd (3:1) aerogel stands out for the enhanced hydrogen
adsorption at Pd-sites and the well-tuned d-band center of Cu. In this light, a high NO3~
conversion rate (95.27%), ammonia selectivity (77.49%), and ammonia faradaic efficiency
(90.02%) at 0.46 V vs. RHE were acquired. The superior performance could be attributed
to the abundant catalytically active sites provided by the aerogel structure as well as the
synergy of Cu and Pd.

7. Conclusions and Perspectives

The last decade witnessed the discovery and prosperous development of MAs as
well as their widespread applications in electrocatalysis. As one of the latest members in
the aerogel family, MAs have proved highly desirable for diverse applications, including
catalysis, optical devices, and sensing. Meanwhile, the uniqueness of MAs also brings
about quite a few challenges.

Fundamentally, the distinctive properties of metals (e.g., high mass density, plasticity,
and delocalized electrons) lead to abnormal gelation behavior compared to conventional gel
systems. Despite tremendous efforts devoted, a general and unambiguous understanding
of the physical picture of the gelation process is still absent, thus restricting investigations
of controlled synthesis as well as properties. For the following five or more years, it is
expected that the development of the synthesis methodology, the enrichment of the material
basis, and the exploration of basic physicochemical properties of MAs are sought-after
directions in this field.

Practically, it is accepted that the most promising application of MAs at present is
electrocatalysis based on the combined effects of a highly conductive network, large SSA,
and abundant active sites. Principles for performance optimization can be summarized into
composition tuning (for enhancing the conductivity and adjusting the electronic structure)
and structure tuning (for increasing accessible sites). Currently, most studies concentrate
on noble metal systems, which inevitably raises the cost. Additionally, quite a few studies
only superficially demonstrate catalytic performance without investigating underlying
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mechanisms, which contributes little to the development of practical applications. Thirdly,
the aerogel form seems useless under the conventional catalyst preparation process (grind-
ing and dispersing). The subtle utilization of the free-standing feature of MAs needs to be
considered when applied for electrocatalysis and beyond. Finally, the unique features of
metals are still less explored. Our group has pioneered photoelectrocatalysis with MAs by
taking advantage of their optical properties, while more attributes of metals and MAs are
waiting to be discovered.

To sum up, as a class of cutting-edge materials, MAs deserve much more attention
due to unsolved fundamental challenges and broad application perspectives. Researchers
with multi-disciplinary backgrounds ranging from chemistry, materials science, physics,
and biology are welcome to jointly explore this young and promising field.
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