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Electrocatalysis plays a prominent role in renewable energy conversion and storage, enabling a 

number of sustainable processes for future technologies. There are generally three strategies to 

improve the efficiency (or activity) of the electrocatalysts: (i) increasing the intrinsic activity of 

the catalyst itself; (ii) improving the exposure of active sites; and (iii) accelerating mass transfer 

during catalysis (both reactants and products). These strategies are not mutually exclusive and 

can ideally be addressed simultaneously, leading to the largest improvements in activity. 

Aerogels, as featured by large surface area, high porosity, and self-supportability provide a 

platform that matches all the aforementioned criteria for the design of efficient electrocatalysts. 

The field of aerogel synthesis has seen much progress in recent years, mainly thanks to the rapid 

development of nanotechnology. Employing precursors with different properties enables the 

resulting aerogel with targeted catalytic properties and improved performances. This report 

demonstrates the design strategies of aerogel catalysts and reviews their performances for 

several electrochemical reactions. The common principles that govern electrocatalysis are 

further discussed for each category of reactions, thus serving as a guide to the development of 

future aerogel electrocatalysts.
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1. Introduction 
 
 

The efficient conversion of chemical energy to electricity and vice versa, in combination with 

the utilization of renewable energy resources, is considered to be a viable solution to the fossil- 

fuel crisis. Great expectations are held for technologies such as fuel cells and electrolyzers 

where the performance relies heavily on the electrochemical conversion processes that can 

produce and store energy through breaking or forming chemical bonds of molecules like water, 

hydrogen, oxygen, carbon dioxide, and hydrocarbons.[1] However, the cost-effective 

deployment of these technologies is severely impeded by the efficiency, selectivity, and 

durability of the electrocatalysis of the chemical transformations involved. Therefore, the 

development of improved catalysts and innovative approaches to the catalysts cannot be more 

urgent. Over the past decades, the combination of theoretical and experimental studies working 

in concert has provided rational guidance toward the development of next-generation 

electrocatalysts (i.e. increase the number of active sites and/or increase the intrinsic activity of 

each active site). 

Recent research efforts in this field have led to tremendous improvements of nanostructured 

electrocatalysts (composed of metals, carbon materials, metal oxides, and sulfides, etc.) in terms 

of morphology engineering, interface manipulation within hybrid or composite materials, and 

tuning of electronic structure or surface properties. Among them, the use of three-dimensional 

(3D) aerogel frameworks as catalysts or catalyst supports represents a rapidly growing branch 

of research as it combines the desirable bulk properties and processability with the unique 

nanoscale properties.[2] As a synthetic solid material, aerogels have outstanding and often 

record-breaking physical properties, including ultralow density (approaching 1.2×10-4 g cm-3), 

high continuous porosity and extremely large surface areas (up to 1000 m2 g-1), giving them 
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immense importance in catalysis and many other applications such as energy storage, 

piezoelectrics, thermoresistors, and sensors.[3, 4] 

The conventional aerogels are usually obtained based on condensation or polymerization 

reactions of certain molecular precursors, thus restricting the modification of surface properties 

and then limiting their further application in catalysis.[5] To tackle this issue, using catalytically 

active nanomaterials (e.g. nanocrystals, graphene, carbon nanotubes) as the precursors have 

opened tremendous opportunities for designing aerogels with improved catalysis performance 

while maintaining the bulk properties. New features often arise during the gelation or assembly 

of these nanoarchitectures and the resulting aerogel catalysts offer desirable combinations of 

high exposure of reactive sites, conducting and self-supporting skeletons and straightforward 

mass transfer pathways. Therefore, the past two decades have witnessed a remarkable progress 

in the development of carbon nanomaterial-based aerogels, metallic aerogels, metal 

oxide/sulfite aerogels, and their composite aerogels with improved electrocatalysis 

performance. 

Considering the increasing number of publications dedicated to aerogel-based electrocatalysts, 

they can be divided into three representative categories: i) heteroatom-doped nanocarbon 

aerogels based on graphene, carbon nanotubes (CNTs), and organic derived carbons; ii) 

nanocarbon-based composite aerogels decorated by catalytically active species; iii) pure 

metallic aerogels built on noble metals and their alloys with transition metals. This report 

summarizes the design and synthetic strategies of these aerogel catalysts by analyzing different 

steps during the sol-gel process. Their physical and chemical properties are correlated with the 

enhancement effects for electrocatalysis. Furthermore, their application in four representative 

reactions related to fuel cells and water electrolysis were systematically reviewed by organizing 

and comparing the activities of different aerogels. A better understanding of the synthesis, the 

resulting structures, and the subsequent performances in electrocatalysis is expected to pave the 
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way to a future design of aerogel catalysts. Finally, perspectives on the challenges for future 

developments of aerogel electrocatalysts are given. 

 
 

2. Sol-gel Synthesis and Features of Aerogels 
 

The explosive studies on heterogeneous catalysis have sparked enormous interests on catalysts 

with aerogel-like properties, such as large specific surface areas and high porosity. 

Summarizing the large variety of aerogel materials reported to date, the term “aerogel” can be 

described as a synthetic solid with meso- and macropores with diameters up to a few hundred 

nanometers and a porosity of more than 95% of its volume occupied by gas.[6] Since the first 

report on aerogels in the 1930s, research on aerogels has been extensively explored by widening 

the material from inorganic (e.g. metal oxide, carbide, chalcogenide, pure metal) to organic (e.g. 

polymer, cellulose) and carbon (e.g. CNTs, graphene) materials.[5, 6] The general synthesis of 

aerogels follows the sol-gel process, where a networked monolith (i.e. a hydrogel) separates 

from the solution, followed by replacement of the solvent with air while retaining the 3D 

structure. 

 
 

2.1. Sol – Selecting Appropriate Building Blocks 
 
 

For the conventional aerogels, e.g. silica, metal oxides and organic polymers, the gels are 

obtained from the gelation of certain molecular precursors. The similar characteristic of those 

molecules is that they can act as reactants in condensation or polymerization reactions to form 

sol particles and gels. For instance, metal alkoxides M(OR)n, which can participate in a 

hydrolysis-condensation reaction which leads to the formation of “M-O-M” bonds, are widely 

used as precursors for oxide aerogels.[7] Polymeric species that can form strong “-(C-C) -” 

covalent  bonds  are effective precursors for organic  aerogels  and  carbon  aerogels,  such  as 

resorcinol and formaldehyde.[8] Those precursors hold great potential for large-scale production 
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of aerogel, but they usually lead to aerogels with low crystallinity and limit the capability for 

the modification of surface properties.[3] 

At this point, colloidal nanomaterials have served as promising precursors for the design and 

the synthesis of aerogels with desired physical and chemical properties.[6] The use of 

nanocarbons as precursors, such as graphene (or its oxide) and CNTs, has recently seen a 

renewed interest for carbon aerogels due to their excellent electrical conductivity, chemical 

stability, tensile strength, and elasticity.[9, 10] Owing to their strong adhesion to catalyst particles, 

nanoparticles (NPs) anchored on graphene or CNTs have also been applied as precursors for 

hybrid aerogels which combine the features of both NPs and nanocarbons.[11] On the other hand, 

the pioneering work on quantum dot aerogels in 2005 proved that stable colloidal solution can 

also act as sol for sol-gel processing, thus opens tremendous opportunities for the design and 

synthesis of inorganic aerogels.[12] Advances in chemical synthesis have led to numerous kinds 

of colloidal NP-based electrocatalysts by a rational control of size, morphology, composition, 

and structure.[13-15] Implementation of these NPs (especially noble metal-based NPs, such as Pt, 

Au, Pd, and their alloys) into aerogel synthesis, has led to a very promising class of unsupported 

aerogel electrocatalysts.[16, 17] It should be noted that strong surfactants are detrimental for the 

followed gelation process (c.f. Section 2.2), mild stabilizers are strongly recommended for the 

synthesis of NP sols, such as citrate and cyclodextrin. 

 
 

2.2. Gelation – Key for 3D Gel Structure 
 
 

As discussed in Section 2.1, sols are a stable solution of certain molecules or nanocolloids. The 

essence of the gelation process is to destabilize the sol in a controllable manner and induce an 

inter-connection of the precursors forming solid networks out of the liquid solvent. 

 
 

2.2.1. Molecular precursors 
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Molecular precursors are often utilized for oxide-based aerogels by condensation of the metal 

salts MXn or alkoxides M(OR)n forming 3D solid networks (Figure 1a-c). The condensation 

process can be catalyzed by proton scavengers (propylene oxide or epoxide, for deprotonation 

of solvated cations [M(H2O)N]Z+) or bases/acids with strong charges (for attacking the O(δ-) 

atoms from the alkoxy groups).[5] A noteworthy benefit of those molecular precursors is that 

the corresponding sol enables the mixture of different metal precursors in an atomically 

homogeneous manner, thus being able to achieve multimetallic oxy-hydroxide gels and oxide 

aerogels.[18] Perovskite structures can also be obtained by selecting appropriate metal precursors 

and calcination of the oxide aerogels.[19] Regarding organic aerogels, catalyzed gelation kinetics 

is also favorable for the polymerization of monomer sols (e.g. slightly basic solutions are 

needed for the polycondensation of resorcinol or melamine with formaldehyde).[20] Pyrolysis 

of the organic aerogels at high temperature produces carbon aerogels with electrically 

conductive networks and mostly retained surface area and porosity.[21] 

 
 

2.2.2. Graphene and CNTs as precursors 
 
 

Unlike the molecular precursors, colloidal nanomaterials are generally stabilized by surfactants 

to form sols (i.e. stable dispersions). Therefore, the gelation process is similar to a self-assembly 

strategy which leads to a random interconnection of the isolated nano precursors. Graphene and 

CNTs are generally well-dispersed in the form of graphene oxide or graphene modified with 

functionalized groups. At this point, a hydrothermal process that typically occurs in a Teflon- 

lined autoclave is a popular method for fabricating graphene or CNT gels in conjunction with 

a reduction of the precursors themselves (Figure 1d-e).[22] However, the requirement of high 

pressures hinders the large-scale synthesis. Mild reduction of graphene oxide with various 

reducing agents is possible to initiate the self-assembly/gelation process under ambient pressure 
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because of the abundance of oxygen-containing groups which enhances the interaction between 

graphene sheets.[23] Furthermore, cross-linkers can also be used to gelate the graphene sols to 

form 3D structured gels through electrostatic interaction, hydrogen bonding, or covalent 

bonding.[24] In addition to the traditional gelation route, direct freezing the sol is a 

straightforward “gelation” process which creates interconnected structures and porosity based 

on either ice crystals[25] or emulsion droplets.[26] 

To improve the physicochemical characteristics, especially the electrochemical properties, 

heteroatom-doped graphene/CNT aerogels (e.g. N,[27] Fe,[28] Co-N,[29] Co/Fe/N[30]) have been 

fabricated by using correspondingly doped graphene as the precursors. By introducing metal 

salts to the graphene sol, the hybrid Fe3O4/graphene gel can also be achieved by nucleation- 

growth of iron oxide NPs on the surface of graphene during the hydrothermal gelation 

process.[11] 

 
 

2.2.3. Colloidal NPs as precursors 
 
 

One disadvantage of the conventional sol-gel process is its limited number of precursor 

materials and the poor crystallinity of resulting gel.[6] Colloidal NPs with precisely controlled 

size, morphology, and composition usually show superior electronic and surface properties 

beyond their bulk materials. The application of these NPs as precursors for aerogel synthesis 

bridges the nanoworld with that of materials of macro dimensions while maintaining the 

nanoscale properties.[31] 

Gelation of colloidal metal NPs is based on the controlled destabilization of the sol, thus leading 

to random connection and fusion of the NPs and forming 3D nanowire-based networks (Figure 

1g-i). Citrate has been frequently applied for the preparation of NP sols as it can stabilize the 

metal NPs while keeping a relatively week coordination interaction. Using citrate-stabilized Pd 

NPs as the sols, Pd gels were obtained by destabilizing the concentrated colloidal sols by either 
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heat treatment[32] or complexing with calcium ions.[33] In a similar strategy, gelation of Ag and 

Pt NP sols were induced by using hydrogen peroxide and ethanol as the destabilizer.[34] It was 

demonstrated that the gelation kinetics can be controlled by either engineering the ionic strength 

of the sol[35] or tuning the oxidant/stabilizer molar ratio.[36] It should be pointed out that the 

concentration step of the as-prepared NPs required for these approaches, however, is usually 

time-consuming, thus hindering the large-scale synthesis. To this end, spontaneous gelation of 

the in situ generated NPs with[37] or without[38] the stabilization by cyclodextrins was developed 

for the fabrication of Pd-Pt gels. Elevated temperature (i.e. 60 ℃) has been proven to accelerate 

the spontaneous gelation kinetics upon a series of MCu (with M = Pd, Pt, or Au) gels.[39] 

Furthermore, dopamine can destabilize the citrated-capped Au NC sols and induce the gelation 

process based on its complexation with Au.[40] 

Once the (aero-)gel structure has been obtained, further modification can be performed to tune 

the surface properties in order to acquire a hierarchical structure. For example, adding Pt4+ 

solution into an as-prepared Ag hydrogel induced a galvanic replacement reaction, thus 

changing the wire-like Ag backbone into alloyed PtAg hollow tubular networks while 

maintaining the 3D gel structure.[41] Taking advantage of a Cu-mediated electrochemical 

deposition approach, a thin layer of Pt can be coated on Pd-based aerogels, thus obtaining 

aerogels with core-shell structure.[42] Besides, electrochemically assisted impregnation has been 

employed for the decoration of MnO2 NPs on the pore surface within a graphene gel 

framework.[43] Annealing of the graphene aerogel in the presence of ammonia produced 

uniformly N-doped graphene aerogels in a low-cost and scalable way.[44] 

 
 

2.3. Transforming Wet Gels to Aerogels 
 

Removal of the solvent from the hydrogel is the final and critical step for producing aerogels. 

At ambient conditions, the drying process is ruled by high surface tension and capillary forces, 
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causing consequently shrinkage and even collapse of the network structure (i.e. xerogels). In 

this regard, two different drying processes are generally employed: supercritical drying and 

freeze drying. As for the supercritical drying, the solvent in the gels needs to be replaced with 

liquid CO2 and then bringing the system to the critical point by increasing the temperature and 

pressure. Finally lowering the pressure releases the CO2 (from the supercritical fluid to gas) 

while maintaining a constant temperature. This bypasses the destructive influence of surface 

tension and preserves the 3D fine structure of the hydrogels with negligible shrinkage. 

The freeze drying method is generally applicable for the cryogelated hydrogels. Since the gel 

solvent is frozen in this method, one should note that the 3D gel structure could be damaged by 

the formation of solvent crystals. The drying process is based on the sublimation of the frozen 

solvent (usually vacuum and low temperature are applied), thus preventing the liquid-vapor 

meniscus. Although it usually results in lower surface area and mesopore volume than those of 

the supercritical aerogels, the freeze-drying still remains promising because of its economic 

efficiency.[5] Moreover, freeze drying can also be applied for synthesizing aerogels from strong 

surfactant capped colloidal NPs.[45] 

 
 

2.4. Catalytically Beneficial Features 
 
 

As discussed in the aforementioned sections, the components for building aerogels can be 

conductive or catalytically active, thus rendering the aerogels potential candidates for the design 

of electrocatalysts. As listed in Table 1, aerogels combine the properties of the nanocomponents 

(e.g. catalytic activity, electric conductivity) with the aerogel properties, such as large surface 

area (providing more reactive sites), hierarchical porosity (facilitating mass transfer) and self- 

supportability.[6, 31] An ideal electrocatalyst requires both high activity and durability. High 

activity relies on increasing the intrinsic activity or exposing more reactive sites. The former 

can be performed by engineering the electronic structure (e.g. alloy, core-shell structure) or 
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synergistic effect (e.g. composite, hybridization) within an aerogel framework. The latter 

coincides perfectly with the features of the aerogels, as the high surface area and hierarchical 

porosity (micro-, meso- and macro-pores) facilitate the accessibility of reactants to the active 

surfaces. Improving the durability can be realized via tailoring the intrinsic property (i.e. 

backbone of the aerogel) or taking advantage of the structural stability of the aerogel (i.e. 

replacing or eliminating the catalyst support). Among the reported aerogels, carbon-based 

aerogels and pure metallic aerogels appear to be among the most promising electrocatalyst 

candidates. 

Carbon materials (e.g. graphene, CNTs, nanofibers) possess good conductivity which lays a 

strong foundation for the application of their aerogel counterparts in electrocatalysis. During 

the construction of aerogel structures, surface functionalization (noncovalent or covalent) and 

heteroatom substitution are believed to modify the local physical and chemical properties, 

further optimizing their catalytic properties. In addition, the surface chemistry can also be 

tailored by loading extra catalytically active species (e.g. metal or metal oxide NPs) and then 

design more complex composite catalysts. In this case, the carbon aerogel serves as a catalyst 

support, providing electron transfer pathways, synergistic effects and confinement effects. 

Besides, the graphitized carbon aerogels usually exhibit better stabilities than carbon black, 

such as graphene or CNTs.[46] It is established that the synergistic effects between the alien 

species and the nanocarbon aerogel make these composite catalysts more active and stable 

during electrocatalytic applications.[47] 

Due to the high intrinsic activity, NPs of noble metals have been extensively studied in various 

morphologies, structures, and compositions.[48] In most cases, those nanocatalysts are supported 

on carbon black and rely on its high surface area to obtain adequate dispersion of active sites.[49] 

However, carbon black corrodes under high potential conditions which are partially responsible 

for the insufficient durability.[50] Assembly of these NPs into unsupported aerogel frameworks 
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provides opportunities to overcome this issue and are potentially less susceptible to other 

degradation phenomena, such as catalyst particle migration, dissolution, and Ostwald ripening, 

due to their extended surfaces.[51] It should be noted that dealloying-derived porous metal foams 

also possess properties such as 3D continues metallic backbone, high porosity, large surface 

area and self-supportability.[52-55] Similar to metallic aerogels, these properties are benefiticial 

to electrocatalysis in terms of both activity and stability. However, the bottom-up synthesis of 

the metal foams largely limits the further development by hierarchical engineering, while more 

possibilities remain unexplored on metal aerogels by means of structural engineering of the 

backbones.[31] 

For the gas-involved reactions, the integration of electrocatalysts into electrically conductive 

catalyst layers in membrane electrode assemblies is ultimately required for practical 

applications. The self-supportability of aerogels leads to a direct contact of the electroactive 

species with the conductive substrates, thus assuring a good integrity of the catalyst layers.[17] 

 
 

Table 1. Overview of the catalytical benefits of different aerogel-based electrocatalysts 
 

Aerogel categories High exposure of 
active sites 

Hierarchical 
porosity 

Conducting 
skeleton 

Catalytically 
active skeleton 

Self- 
supportability 

Heteroatom-doped carbon aerogels 
(e.g. N-graphene aerogel) Yes Yes Yes Yes Yes 

Hybrid aerogels 
(e.g. Fe3O4/graphene aerogel) 

Yes (but rely on 
hybrid materials) Yes Yes No No 

Oxide or sulfite aerogels 
(e.g. FeCoW-oxide aerogel) Yes Yes No Yes Yes 

Pure metallic aerogels 
(e.g. Pd20Au-Pt aerogel) 

Yes Yes Yes Yes Yes 

 
 

3. Electrocatalytic Applications 
 
 

Nanomaterials often show improved catalytic activity compared with bulk materials. Assembly 

of them into macroscopic aerogels that maintains the properties from the nanoscale paves a way 

towards practical applications.[31] The past few decades have seen tremendous advances in the 
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development of novel aerogel electrocatalysts for many reactions involving water, hydrogen, 

oxygen and small organic molecules. This section focuses on several quintessential case studies 

of electrocatalytic reactions and aims to give an overview of the design principles of aerogel 

electrocatalysts. 

 
 

3.1. Oxygen Reduction Reaction (ORR) 
 
 

The electrocatalytic ORR is a challenging reaction in metal-air battery and fuel cell techniques 

because of its sluggish reaction rate and high overpotentials. For instance, the cathode ORR is 

six or more orders of magnitude slower than the anode reaction (i.e. hydrogen oxidation), thus 

largely limiting the fuel cell performance. Therefore, the volume of research on designing high- 

performance ORR catalysts has been tremendous over the past decades.[56] Depending on the 

catalytic material, the ORR involves either four-proton-electron transfers to reduce oxygen to 

water (acidic medium) and OH- (alkaline medium) or a two-proton-electron transfer path with 

H2O2 (acidic medium) and HO2
- (alkaline medium) as the products. Obviously, a higher 

selectivity of the four-electron path is desirable for the energy conversion techniques. 

To date, fine Pt NPs supported on carbon black (Pt/C) are widely accepted as the state-of-the- 

art ORR electrocatalyst. However, its commercialization is hindered by the high-cost of Pt 

metal and poor stability. To overcome these issues, various kinds of electrocatalyst materials 

with low-cost, high activity and durability have been investigated and can be divided into three 

categories: i) heteroatom substituted carbon materials which are mostly active in alkaline 

medium; ii) transition metal oxides, carbides and nitrides with relatively lower activity; iii) Pt 

and its alloys which remain the most efficient ORR catalysts but limited by its scarcity.[56-58] 

 
 

3.1.1. Heteroatom-substituted Carbon Aerogel 
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The heteroatom (e.g. N, S, B, F) doped graphitic carbon materials (e.g. graphene, CNTs) are a 

class of promising electrocatalysts for the ORR, and some of them even outperform the state- 

of-the-art Pt/C in alkaline medium. Meanwhile, anti-poisoning properties against fuels like CO 

and CH3OH are frequently enhanced on those carbon-based catalysts.[59] Substitution of the C 

atoms by alien atoms with diverse electronegativity can tune the electronic structure of carbon 

materials, thus endowing them with enhanced ORR performance in the case of a favorable 

chemical environment. For example, the strong electron affinity N atoms increase the positive 

charge density of the adjacent C atoms, thus favoring the adsorption of O2 and weakening O-O 

bonding which facilitates the four-electron-reduction of O2.[60] Alternatively, positively charged 

B dopants can absorb the π* electrons and transfer them to chemisorbed O2, thus facilitating 

the ORR.[61] 

High specific surface area of the heteroatom-doped carbon aerogels is a key parameter for 

designing high-performance ORR catalysts, as the skeleton itself represents the active centers. 

Application of these heteroatom-doped carbon materials often results in the decreased effective 

surface area because of the π-π restacking, which can be prevented by designing 3D aerogel 

frameworks. For instance, N,B-doped graphene aerogel was synthesized via a two-step method 

involving a hydrothermal reduction-gelation of graphene oxide together with urea and chitosan 

and an annealing treatment with boric acid.[62] The resultant N,B-graphene aerogel showed an 

ORR onset potential of 0.86 VRHE (at 0.1 mA cm-2
geo, with a catalyst loading of 212 ug cm-2

geo), 

which is already close to the Pt/C catalyst. Carbon nanowire aerogels doped by N and F have 

been prepared with a skeleton diameter of ~50 nm and a specific surface area as high as 768.4 

m2 g-1.[63] By optimization of the compositions of dopants, the resulting aerogels exhibited an 

onset potential of 0.88 VRHE (at 0.1 mA cm-2
geo) with a catalyst loading of only 100 ug cm-2

geo. 

CNTs decorated with Fe-Nx active centers can also act as backbones for the design of aerogel 

catalysts via a hydrothermal approach.[64] The homogeneity of active sites with single-atom 
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features brings excellent ORR performance for the Fe-N-CNT aerogel, which even outperforms 

the Pt/C catalyst with lower overpotential and better stability. 

On the other hand, designing aerogels based on heteroatom-containing monomers or molecules 

guarantees a better homogeneity of the dopants. As shown in Figure 2a-d, N,P-doped carbon 

aerogels were fabricated via pyrolysis of polyaniline aerogel synthesized in the presence of 

phytic acid.[65] Besides its outstanding ORR performance from RDE tests, the Zn-air battery 

using this aerogel as the air electrode demonstrated an open circuit potential of 1.48 V with a 

specific capacity of 735 mAh gZn
-1. 

It should be noted that the heteroatom-doped carbon aerogels usually catalyze the ORR in an 

alkaline medium which limits their implementation in fuel cells owing to the possible CO2 

poisoning of the electrolyte. As listed in Table 2, the research on heteroatom-doped carbon 

aerogel catalysts in acidic fuel cells remains a challenge and still provide much room for 

improvement. Although those aerogel catalysts possess a high specific surface area (i.e. more 

active sites), high loadings for the electrode preparation seems to be required to obtain decent 

ORR performance. However, this would lead to an increase in the thickness of the catalyst layer 

of a fuel cell, which often induces a potential drop and decreases the cell performance. 

 
 

Table 2. Overview of the ORR performance of different aerogel electrocatalysts measured on 
a rotation disk electrode in O2-saturated solutions with a rotation rate of 1600rpm at a scan rate 
of 10 mV s-1 (if not specified). Combined with the varying loadings of aerogel electrocatalysts, 
onset potentials at 1 mA cm-1

geo and current densities at 0.8 or 0.9 VRHE are adapted to compare 
the efficiency of different aerogel electrocatalysts (as it is difficult to acquire electrochemical 
surface areas for non-Pt catalysts). Potentials are all referenced with RHE in order to integrate 
the alkaline and acid conditions. The aerogel electrocatalysts are divided into three groups, i.e. 
heteroatom-doped carbon aerogels, hybrid aerogel catalysts, Pt-containing, towards a better 
understanding of the improvement factor of aerogel catalysts. 

 
 Dominant 

active 
species 

BET 
(m2 g-1) 

 Loading of 
catalyst 

(ug cm-2) 

Potential at 
1 mA cm- 
2       (V ) geo RHE 

Current density  

Aerogel materials Electrolyte at 0.8VRHE 
(mAcm-2     ) geo 

at 0.9VRHE 
(mAcm-2     ) geo 

ref 

Ca0.9La0.1Al0.1Mn0.9O3 Skeleton 6.1 0.1M KOH 21 0.73 0.4 - [19] 

S-carbon Skeleton 734 0.1M KOH 531 0.76 0.78 - [66] 

Co-N-graphene Skeleton 485 0.5M H2SO4 600 0.77 0.45 - [29] 

Crumpled N-graphene Skeleton - 0.1M KOH 242 0.81a,b 1.25a,b - [67] 

N,S,Fe-carbon Skeleton 714.4 0.1M KOH 200 0.84 1.7 - [68] 
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Fe-N-carbon Skeleton 455.1 0.1M HClO4 230 0.7 0.3  [28] 
 0.1M KOH  0.85 1.8 -  

Fe/Co-N-graphene Skeleton 170 0.1M KOH 714 0.85 2.3 0.2 [69] 

N,B-graphene Skeleton 545.7 0.1M KOH 212 0.86 a 2.9 a 0.5 a [62] 

Co,N-graphene Skeleton 405 0.1M KOH 300 0.86 4.0 - [70] 

NH3-act-N-graphene Skeleton 1049 0.1M KOH 393 0.87 3.3 0.45 [71] 

N-carbon fiber Skeleton 918 0.1M KOH 400 0.87 2.6 0.49 [72] 

N-CNT/graphene Skeleton 497 0.1M KOH 79 0.88a 2.2a - [73] 

N,F-carbon nanowire Skeleton 768.4 0.1M KOH 100 0.88 3.5 0.6 [63] 

N-carbon fiber Skeleton 526 0.1M KOH 120 0.88a 1.9a - [74] 

N,P-carbon (PANi) Skeleton 53.5 0.1M KOH 150 0.89 3.5 0.8 [65] 

Fe,N-CNT Skeleton 638.5 0.1M KOH 100 0.93 4.5 2.0 [64] 

FeNx/CNTs-Carbon FeNx 315 0.1M HClO4 56 0.62a 0.18a - [75] 

Fe3O4/graphene Fe3O4 110 0.1M KOH 143 0.68a 0.2a - [11] 

Ag NW/graphene Ag - 0.1M KOH 200 0.73a,b 0.45a,b - [76] 

CoNi2S4/S,N,Co- 
graphene CoNi2S4 - 0.1M KOH 286 0.76 0.50 - [77] 

V3S4/graphene V3S4 526.4 0.1M KOH 200 0.80a 1.0a - [78] 

Co-N-graphene Co-N 466.6 0.1M KOH 275 0.83 2.1 - [79] 

Co3O4/CNT Co3O4 53 0.1M KOH 1000 0.83c 2.1 - [80] 

Co9S8/N,S,P-graphene Co9S8 478 0.1M KOH 283 0.84 3.63 - [81] 

CoS/N,S-graphene CoS 76 0.1M KOH 62.5 0.85 2.5 - [82] 

CoMn2O4/N,P- 
graphene CoMn2O4 135.8 0.1M KOH 280 0.86 a 3.1 a - [83] 

Fe3C/N-graphene Fe3C 75.4 0.1M KOH 150 0.86 3.0 0.4 [84] 

Fe3O4/N-graphene Fe3O4 494 0.1M KOH 100 0.87 2.4 0.5 [85] 

CoOx/N-graphene CoOx 814 0.1M KOH 100 0.88 4.4 0.6 [86] 

FexN/N-graphene FexN 116.9 0.1M KOH 50 0.89a 3.8a 0.9a [87] 

Ni/MnO/graphene Ni/MnO 109 0.1M KOH 250 0.89 2.50 0.8 [88] 

Pt/graphene Pt 708 0.1M HClO4 85 (28Pt) 0.87a - 0.8a [89] 

Pt/graphene Pt - 0.1M HClO4 219 (127Pt) 0.90 - 0.1 [90] 

PtIrCo/carbon PtIrCo 514 0.1M HClO4 243 (30Pt) 0.91a - 1.4a [91] 

Pt/Sb-SnO2 Pt 85 0.1M H2SO4 316 (60Pt) 0.91 - 1.3 [92] 

Au-Pt3Pd Pt3Pd 29.2 0.1M HClO4 n/a (25Pt) 0.93 - 2.8 [93] 

Pt/Sb-SnO2 Pt 85 0.1M H2SO4 300 (60Pt) 0.95 - 2.6 [94] 

Pt/Sb-SnO2 Pt 85 0.1M H2SO4 300 (60Pt) 0.96 - 3.4 [95] 

Pt3Ni Skeleton 55 0.1M HClO4 33 (30Pt) 0.96 - 4.5 [96] 

Pd20Au-Pt core-shell Skeleton 105 0.1M HClO4 20 (2.5Pt) 0.96 - 4.6 [42] 

Pt/N-graphene Pt 1750 0.5M H2SO4 100 (21Pt) 0.97 - 2.6 [97] 

PtCu/carbon PtCu 637 0.1M HClO4 187 (28Pt) 0.99a - 2.8a [98] 

 

a Potential (vs RHE) was converted from the original data that compared with Ag/AgCl, NHE and SCE. 
b Scan rate is 50 mV s-1 and c scan rate is 5 mV s-1. 

 
 
 

3.1.2. Conductive Aerogel as a Support 
 
 

Different from the heteroatom-doped carbon aerogels, hybrid aerogel catalysts using aerogels 

as a support and the active sites rely on the anchored nanomaterials. Enhanced dispersing and 

stabilizing the active nanomaterials is the essence of the hybrid electrocatalysts. Nanocarbon- 

based and other conductive aerogels have large surface areas, fast electron-transfer kinetics, 

high porosity and excellent affinity to inorganic nanocatalysts (e.g. oxides, nitrides), thus 

serving as an excellent catalyst support. Synergistic effects between the support and catalyst by 

electronic structure coupling are often observed and further enhance the catalytic activity and 

stability. 
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Graphene aerogel-supported Ni-MnO electrocatalyst was prepared via dispersing tiny Ni-MnO 

particles in poly(vinyl alcohol) crosslinked graphene hydrogel (Figure 2e-h).[88] The resulting 

hybrid aerogels exhibit superior bifunctional electrocatalytic performance for both ORR (owing 

to the MnO) and OER (owing to the metallic Ni) in an alkaline medium, which is desirable for 

metal-air batteries. To further improve the support, N-doping can be introduced to the graphene 

aerogel via nitridation in ammonia.[87] The N-doped graphene has strong interactions with FexN 

NPs, leading to a decreased charge transfer resistance and a synergistic effect towards ORR. 

The as-prepared FexN/N-graphene aerogel showed an onset potential of 0.89 VRHE (at 0.1 mA 

cm-2
geo) at a catalyst loading of only 50 ug cm-2

geo. As listed in Table 2, other materials that are 

catalytically active for ORR have also been hybridized with heteroatom-doped or non-doped 

graphene or other nanocarbon aerogels, such as transition metal carbides,[86] spinel oxides,[83] 

metal sulfides.[82] 

Despite the scarcity of Pt metal, it remains irreplaceable for the production of commercialized 

low-temperature fuel cells until now. The state-of-the-art Pt/C catalyst utilizes carbon black as 

the support, which usually degrades during fuel cell operations. Graphene and CNTs have better 

chemical durability, conductivity and good affinity to metal NPs, thus serves as a promising 

electrocatalyst supports.[99] In this regard, monodisperse Pt NPs with an average size of 2.8 nm 

have been supported on N-doped graphene aerogel, leading to a specific surface area as high as 

1750 m2 g-1 (while Vulcan XC-72 carbon black is ~300 m2 g-1).[97] The aerogel structure not 

only ensures the exposure of active Pt surfaces to O2 and decrease the diffusion pathways of O2 

inside the pore channels, but also increases the adsorption and diffusion of O2 in Pt/N-graphene 

aerogel catalysts. In a similar way, carbon aerogels were also utilized as the catalyst supports 

for Pt-based alloys, such as PtCu[98] and PtIrCo,[91] for the pursuit of high-performance ORR 

electrocatalysts. 
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metal 

Carbon-free metal oxides represent an alternative support for ORR catalysts. Among them, Sb- 

doped tin oxide (SnO2) appears to be the most promising support due to its thermal-dynamic 

stability in fuel cell cathode operating conditions and electronic conductivity (0.12 S cm-1).[94] 

In this regard, Sb-SnO2 aerogel with a reasonably high specific surface area of 85 m2 g-1 

(considering the skeleton density of SnO2) and a pore size ranging from 20 nm to 45 nm have 

been investigated as catalyst support for Pt NPs. A mass activity at 0.9 VRHE of 27 A gPt
-1 has 

been achieved under optimized conditions.[92] 

 
 

3.1.3. Pure Metallic Aerogel 
 
 

One plausible way to eliminate the support corrosion issues is the utilization of unsupported 

electrocatalysts.[17] Pure metallic aerogels are of enormous scientific and technological interest 

owing to their ultralow density, high surface area, and large open interconnected pores. The 

metallic aerogels combine the noble metal properties (e.g. catalytic activity, electric 

conductivity) with the large surface area (providing more reactive sites), high porosity 

(facilitating mass transfer), and self-supportability (eliminating the need for a carbon 

support).[16] 

Through a spontaneous gelation pathway, PdxPty aerogels with a specific surface area of 73 ~ 

168 m2 g-1 have been investigated for ORR catalysis.[38] A mass activity of 1.2 A mg     -1 at 

0.9 VRHE has been achieved via optimization of the composition, which could be ascribed to the 

downshift of the d-band center of Pt metal. In a similar strategy, PtxNi aerogels were fabricated 

with a backbone diameter of ~5.6 nm and a specific surface area of 55 m2 g-1.[96] By tuning the 

Ni content, the Pt3Ni aerogel reveals a 3-fold specific activity increase than commercial Pt/C 

catalysts and a mass activity of 65 A gPt
-1 at 0.95 VRHE. The high intrinsic activity originates 

from the higher microstrain effects based on the structurally disordered surfaces.[100] Under high 

potential conditions which can occur during fuel starvation and start-up/shut-down, the Pt3Ni 
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aerogel shows negligible degradation while the Pt/C benchmark displays significant losses of 

active surfaces.[101] When implemented in polymer electrolyte fuel cell cathodes, it maintains 

90% of the initial activity after an accelerated stress test (vs. 40% for Pt/C).[102] 

In an effort to improve the utilization efficiency of Pt metal, a class of PdxAu-Pt core-shell 

structured metallic aerogels was achieved by coating a Pt shell on the PdxAu core aerogels with 

tunable composition (Figure 2i-l).[42] By optimizing the core composition, their mass activity 

reached a maximum on Pd20Au-Pt with a kinetic current density of 5.25 A mg-1
Pt at 0.9 VRHE, 

implying an 18.7-fold higher Pt utilization efficiency than that of the Pt/C for the ORR. 

 
 

3.2. Fuel Oxidation Reactions 
 
 

Fuel cell development utilizing small organic molecules (e.g. methanol, ethanol and formic 

acid) as fuels has been considered as a favorable option due to the more convenient fuel 

transportation and refueling conditions compared with hydrogen gas. In addition, direct alcohol 

fuel cells and direct formic acid fuel cells have the potential for miniaturization towards portable 

energy sources. The design of high-performance electrocatalysts with fast reaction kinetics and 

good stability is greatly desirable. The past few decades have seen enormous progress on the 

design of highly efficient anode electrocatalysts.[103] Among them, noble metals (e.g. Pd, Pt) 

remain the state-of-the-art material for the construction of anode electrocatalysts. 

 
 

Table 3. Overview of the electrocatalytic oxidation reaction performances of different aerogel 
electrocatalysts obtained from three-electrode setups. Mass activities are derived from the peak 
current density by normalizing to noble metal mass (if not specified). Since the current density 
relies strongly on the scan rate and the concentration of the reactant, the improvement factor vs. 
the commercial catalysts is reasonably employed to rank those aerogel catalysts. 

 
Aerogel 
materials 

Dominant 
active species 

BET 
(m2 g-1) 

ECSA 
(m2 g-1) Reactant Electrolyte Scan rate 

(mV s-1) 
Mass activity 
(A mg-1    

ble metal) 
no 

Improvement 
factor ref 

PtRu/carbon PtRu 382 72 4.2 M MeOH 1.0M H2SO4 5 0.0286 - [104] 

Pt/N-graphene Pt 144.3 42.2 1.0 M MeOH 0.5M H2SO4 50 0.903 - [105] 

Pt/C/graphene Pt - 70.4 0.5M MeOH 0.5M H2SO4 50 0.405 0.95 vs. Pt/C [106] 

Pt3Sn Skeleton - 30.9 0.5M MeOH 0.1M HClO4 50 1.45 1.45 vs. Pt/C [107] 

Pt/graphene Pt - 41.2 0.5M MeOH 0.5M H2SO4 50 0.576 1.92 vs. Pt/C [108] 
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Pd83Ni17 Skeleton 29.8 37.5 1.0M MeOH 1.0M KOH 50 1.11 2.2 vs. Pd/C [109] 

AuPt5 Skeleton - 53.9 1.0M MeOH 1.0 H2SO4 50 0.51 2.3 vs. Pt/C [110] 

PtIrCo/carbon PtIrCo 514 61 1.0 M MeOH 0.1M HClO4 20 0.80 2.46 vs. Pt/C [91] 

Pt/N-graphene Pt 281.7 90.7 0.5M MeOH 0.5M H2SO4 50 0.554 4.39 vs. Pt/C [111] 

Pt/C/SiO2 Pt 731 - 1.0 M MeOH 1.0M H2SO4 5 0.65 13 vs. Pt/C [112] 

Ni/graphene Ni - - 0.1M EtOH 0.1M NaOH 100 8.4 A g-1 Ni+C - [113] 

Pd Skeleton 51.8 69 1.0M EtOH 1.0M KOH 50 7.83 2.3 vs. Pd/C  
Pd68Cu32 Skeleton 30.0 37.9 1.0M EtOH 1.0M KOH 50 3.47 2.9 vs. Pd/C [39] 

Pt3Sn Skeleton - 30.9 0.5M EtOH 0.1M HClO4 50 1.08 3.5 vs. Pt/C [107] 

Pt80Ni20 Skeleton 67.7 46.9 1.0M EtOH 1.0M NaOH 50 2.60 4 vs. Pt/C [114] 

Pd83Ni17 Skeleton 95.4 55.5 1.0M EtOH 1.0M NaOH 50 3.63 5.6 vs. Pd/C [115] 

Ni-Pd80Pt20 Skeleton 89.1 54.7 1.0M EtOH 1.0M NaOH 50 4.71 7.3 vs. Pt/C [114] 

Ni-Pd20Pt80 Skeleton 69.2 49.2 1.0M EtOH 1.0M NaOH 50 5.15 8.1 vs. Pt/C [114] 

Ni-Pd40Pt60 Skeleton 74.3 52.3 1.0M EtOH 1.0M NaOH 50 6.50 10.0 vs. Pt/C [114] 

Ni-Pd60Pt40 Skeleton 75.4 54.3 1.0M EtOH 1.0M NaOH 50 6.87 10.6 vs. Pt/C [114] 

PtAg Skeleton 24.7 19.4 0.5M Formic 
acid 0.1M HClO4 50 0.4 6.9 vs. Pt 

black 
[41] 

Pd3Pb@Pd Skeleton - 41.8 0.5M Ethylene 
glycol 1M KOH 50 6.4 5.8 vs. Pd 

black 
[116] 

Au Skeleton 50.1 18.2 4mM Glucose 0.1M NaOH 50 22 - [40] 

 

Note: MeOH and EtOH refer to methanol and ethanol, respectively. ECSA refers to electrochemical surface area. BET surface areas are 
obatianed based on multipoint Brunauer–Emmett–Teller equation. 

 
 
 
 

3.2.1. Methanol oxidation reaction (MOR) 
 
 

As discussed in Section 3.1.2, carbon-based aerogels have been considered as a promising 

alternative support for improving the efficiency of nanoparticulate electrocatalysts. Pyrolysis 

of organic aerogels at high temperatures produces carbon aerogels with high surface area and 

conductivity. An ionic liquid has been utilized for the deposition of PtRu NPs on carbon 

aerogels, which prevents massive metal agglomeration and reaches an electrochemical surface 

area (ECSA) of 72 m2 g-1
Pt.[104] Without the addition of cross-linking agents or surfactants, Pt 

NPs can be dispersed on graphene aerogel via a one-pot solvothermal process and achieve a 

mass activity 1.92-fold higher than the commercial Pt/C for MOR in acidic medium.[108] Further 

modification of the graphene aerogel by nitrogen doping provided more anchoring sites for the 

dispersion of Pt NPs, thus leading to an even higher Pt utilization efficiency (ECSA: 90.7 m2 g- 

1
Pt) and an improved mass activity (4.39-fold higher than Pt/C) for MOR.[105] 

Meanwhile, carbon black supported Pt-based nanocatalysts can also be improved by integration 

with aerogels. For instance, encapsulation of the Pt/C catalysts into graphene aerogel leads to 

higher stability towards MOR in spite of a ~5% loss of the mass activity.[106] Silica aerogel has 

been utilized to strengthen the carbon supported nanocatalysts via a Pt/C/silica composite 
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aerogel.[112] The aerogel architecture locks in an electronic path through the carbon guest as 

well as a continuous, 3D mesoporous transport path for fuel molecules, solvent, and ions 

(Figure 3a,b). As a result, the electrocatalytic activity for MOR increases by 13-fold over the 

pristine Pt/C catalyst. 

Pure metallic aerogels with noble metals exposed on the surface have exhibited high activity 

and stability for MOR. Alloying Pt with Sn or Au has been employed to modify the electronic 

structure of Pt and introduce defects on the aerogel surface, thus achieving improved MOR 

activity in acidic medium.[107, 110] In an alkaline medium, Pd-Ni alloy aerogels have revealed 

enhanced MOR activity due to the porous aerogel nature and a Ni alloying effect.[109] 

 
 

3.2.2. Ethanol oxidation reaction (EOR) 
 
 

Ethanol has a high energy density and can be acquired in large scale from renewable sources, 

thus being regarded as an ideal combustible for fuel cells. Moreover, its nontoxicity and 

ecological harmlessness also make it more appealing. The maximum utilization of the energy 

of ethanol relies on its complete oxidation to CO2, which requires the breaking of the C-C bond 

either in the ethanol or in the acetaldehyde intermediate.[117] Most of the EOR electrocatalysts 

contain a high Pd or Pt content and lack of qualified stability. Pd-based aerogels have emerged 

as a class of promising electrocatalyst for EOR in an alkaline environment.[2] For example, 

metallic Pd aerogel synthesized via a “spontaneous” method exhibits an ECSA of 69 m2 g-1 and 

a 2.3-fold improvement in mass activity compared with Pd/C.[37] Bimetallic Pd68Cu32 aerogel 

with an average diameter of 5.2 nm revealed an ECSA of 37.9 m2 g-1, and its mass activity 

reached 3.47 A mg-1, which is nearly 3 times higher than that of the Pd/C catalyst.[39] 

It has been demonstrated that hollow nanostructures are favorable for noble-metal catalysts.[118] 

As shown in Figure 3c,d, hierarchical metallic aerogels composed of PdxNi nanoshells were 

designed and exhibited an ECSA of 55.5 m2 g-1, highlighting the utilization efficiency of noble 
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metals.[115] By optimizing the composition and shell thickness, the Pd83Ni17 aerogel exhibited 

the highest mass and specific activities for EOR, which are 5.6- and 4.2-fold higher than the 

Pd/C catalyst. To further tune the structure and catalytic performance, Pt was incorporated into 

the synthesis and a class of multimetallic Ni-PdxPty hierarchical aerogels with porous or 

dendritic surfaces were fabricated.[114] The hierarchical structure combines the nanoscale- 

regulated architecture and the macroscale 3D aerogel structure, leading to an abundance of 

exposed edges and a high surface area (varying from 95.4 to 67.7 m2 g-1). The electrocatalytic 

activity towards EOR on the Ni-Pd60Pt40 aerogel reaches 10.6- and 7.6-fold higher values than 

the Pd/C and Pt/C, respectively. 

 
 

3.2.3. Other oxidation reactions 
 
 

Formic acid has been regarded as an alternative fuel due to its nontoxicity and higher theoretical 

open-circuit potential. The oxidation reaction of formic acid can produce CO2 via direct 

dehydrogenation or form a strongly adsorbed intermediate (i.e. CO) by dehydration.[119] The 

latter process often occurs at pure Pt materials and thus poisons the Pt active sites.[120] To tackle 

this issue, bimetallic PtAg tubular aerogel has been designed with the tuned electronic structure 

of Pt and hierarchical aerogel structure.[41] This nanotubular PtAg aerogel exhibited a 19-fold 

mass activity compared to Pt black for formic acid electro-oxidation and showed an outstanding 

electrochemical and structural stability. 

The use of ethylene glycol in direct alcohol fuel cells has also gained interests recently. Taking 

advantage of the aerogel structure, bimetallic PdPb-Pd aerogel has been synthesized under 

accelerated gelation kinetics.[116] The surface enriched multiply-twinned grains of this aerogel 

lead to a 5.8 times higher mass activity versus Pd black towards ethylene glycol oxidation. 

Glucose oxidation is of great importance for sugar sensing in human blood and their potential 
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use in fuel cells. Pure Au aerogels with diameters of 5-6 nm and high surface area were designed 

for the nonenzymatic oxidation of glucose.[40] 

Incorporation of enzymes or microorganisms with porous aerogel catalysts facilitates electro- 

enzymatic reactions thus benefiting biofuel cells.[121] In this regard, the biofuel cell performance 

is related to the porosity of the aerogel catalysts, as the pores are required to accommodate the 

large biomolecules.[122] A positive correlation between the cell performance and pore size has 

been experimentally demonstrated on carbon aerogels for electrochemical oxidation of 

fructose.[123] Improving ORR performance at a neutral pH is needed for efficient biofuel cells. 

Employing ORR-active nitrogen-doped carbon aerogel as air cathodes achieved a maximum 

power density which is 1.7-fold higher than the commercial Pt/C cathodes.[124] Metallic Pd-Pt 

aerogels have also been integrated with glucose oxidase for the construction of bio-anode, 

which realized the first membraneless glucose/O2 biofuel cell with a maximum power output 

of 20 μW cm-2 at 0.25 V.[125] 

 
 

3.3. Water Splitting reactions 
 
 

The current large-scale hydrogen production relies on steam reforming of fossil fuels, which 

generates CO2 as impurities at the same time. Water electrolysis produces high purity hydrogen 

in an eco-friendly way following two half-cell reactions: the hydrogen evolution reaction (HER; 

2H+(aq) + 2e- → H2(g)), and the oxygen evolution reaction (OER; 2H2O(l) → O2(g) + 4H+(aq) 

+4e-). Highly active and low-cost electrocatalysts with low overpotentials for HER and OER 
 

are imperative. 
 
 
 

3.3.1. Hydrogen evolution 
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Since the HER is a two-electron transfer reaction with one catalytic intermediate (i.e. H*), its 

reaction rate is largely determined by the hydrogen adsorption free energy, ΔGH.[126] An ideal 

catalyst binds the reaction intermediate neither too strongly nor too weakly. In addition to the 

precious Pt materials, group VIII 3d metal sulfide, selenide, and phosphide nanomaterials have 

risen as abundant catalyst materials for HER.[127] 

 
 

Table 4. Overview of the HER performances of different aerogel electrocatalysts obtained from 
three-electrode setups. Overpotentials are derived from the potentials at 10 mA cm-2

geo (η10). 
Since the current density normalized by the geometrical area does not reflect the intrinsic 
activity of the catalysts, the surface area of the catalysts and their loading should be taken into 
account during the evaluation of the overpotentials. 

 
Aerogel materials Surface area 

(m2 g-1) Electrolyte Catalyst loading 
(ug cm-2) 

Scan rate 
(mV s-1) 

Overpotential 
(mV) 

Tafel slope 
(mV dec-1) ref 

Co-N-graphene 466.6 0.5M H2SO4 275 5 50 33 [79] 

Ni3FeN/graphene 171 1.0M KOH 500 5 94 90 [128] 

MoS2/graphene 700 0.5M H2SO4 2000 2 120 - [129] 

CoP-C/graphene 31.4 0.5M H2SO4 280 5 120 57 [130] 

WSe2/NiFe-LDH/N,S-graphene 110 1.0M KOH 1000 2 122 112 [131] 

(Ni,Co)Se2/graphene 123.0 1.0M KOH 2650 1 128 79 [132] 

CoP/graphene 532.2 0.5M H2SO4 280 2 121 61 [133] 

Ru/N-graphene 244.8 0.1M KOH 100 5 145 109 [134] 

MoS2/graphene 294 0.5M H2SO4 - 5 162 41 [135] 

MoS2/N-graphene - 0.5M H2SO4 327 2 170 53 [136] 

MoSe2/carbon-fiber 62 0.5M H2SO4 - 2 175 62 [137] 

O-MoS2/graphene - 0.5M H2SO4 130 100 187 40 [138] 

MoSx/CNT - 0.5M H2SO4 357 2 210 62 [139] 

MoSe2/CNT/graphene - 0.5M H2SO4 - 2 225 68 [140] 

CoP-C/graphene 31.4 1.0M KOH 280 5 225 66 [130] 

Ni2P-C/graphene - 0.5M H2SO4 280 5 310 74 [130] 

Ni2P-C/graphene - 1.0M KOH 280 5 340 97 [130] 

 
 

The HER activity of MoS2 strongly depends on its catalytically active exposed edges.[141] The 

incorporation of MoS2 with carbon-based aerogels offers several advantages, such as a high 

surface-to-volume ratio, good stability under harsh conditions, and fast current collection. Wu 

et al. synthesized oxygen doped MoS2/graphene composite aerogels with MoS2 vertically 

aligned edges decorated on the aerogel skeleton.[138] The as-prepared O-MoS2/graphene aerogel 

suppressed the aggregation of MoS2 nanosheets and showed a Tafel slope as low as 40 mV per 

decade and an overpotential of 187 mV. The sufficient exposure of MoS2 active edges can also 

be achieved on CNT aerogel frameworks, where the conducting skeleton provides fast  charge 

transport.[139] In acidic medium, the MoS2/CNT aerogel exhibited an overpotential of 210 mV 
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and negligible degradation after 1000 cycles. Nitrogen doping of the graphene aerogel substrate 

has shown further improvement on the composite catalyst for HER.[136] 

Instead of anchoring sulfide nanosheets in aerogels, (Ni,Co)Se2 nanocages has been decorated 

on graphene aerogel skeletons (Figure 4a-c).[132] The morphology of nanocages provides more 

exposed active sites during the HER on Ni foam in an alkaline medium. The resultant composite 

catalyst only needs an overpotential of 128 mV to achieve a current density of 10 mA cm-2. 

Cobalt phosphide NPs have been encapsulated uniformly within graphene aerogels by 

phosphorization of a Co/graphene aerogel.[133] When used as HER catalyst, the CoP/graphene 

aerogel showed an onset potential of 121 mV, a Tafel slope of 50 mV dec-1, and a large 

exchange current density of 0.105 mA cm-2. Encapsulation of the metal phosphide NPs with a 

carbon shell before decoration in aerogels can further improve the electrochemical stability. 

The CoP-C/graphene aerogel exhibited a stable cathodic current (at 10 mA cm-2) over 12000s 

and negligible degradation after 1000 cycles.[130] 

 
 

3.3.2. Oxygen evolution 
 
 

To date, the most effective catalysts for the sluggish OER are still based on noble metals, i.e. 

Ru- and Ir-based materials. As replacements, the transition metal oxide, sulfide, selenide, and 

phosphide nanomaterials have shown their efficiency for OER, although the real active species 

are the situ formed surface (oxy)hydroxides.[142] Due to the low electrical conductivities of these 

materials, the incorporation of them into 3D conducting scaffolds showes enormous potential. 

For instance, a ternary hybrid aerogel assembled from WSe2 nanosheets, NiFe-LDH nanosheets, 

and N,S-codoped graphene has been fabricated via a hydrothermal method.[131] Serving as an 

OER catalyst, the obtained composite aerogel requires an overpotential of 250 mV to reach a 

current density of 10 mA cm-2 in alkaline solution. The aforementioned (Ni,Co)Se2/graphene 
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aerogel (c.f. Section 3.3.1) also exhibit excellent OER activities, thus leading to a cell voltage 

of 1.60 V to reach a current density of 10 mA cm-2 for the overall water splitting.[132] 

Using (Co,Ni)S2/N-graphene aerogel as a prototype, the charge transfer mechanism between 

sulfide and graphene has been revealed (Figure 4d-f).[143] Cobalt atoms anchored on pyridinic 

N sites in the graphene aerogel support form metal-semiconductor junctions, and the internal 

band bending at these junctions facilitate electron transfer from sulfides to graphene. During 

catalyzing the OER, partially oxidized amorphous metal sulfide layers formed can facilitate the 

adsorption and desorption of OH and H atoms, thus lowering the overpotential to 330 mV at 10 

mA cm-2 and a Tafel slope of 47 mV dec-1 in alkaline solution. 

In addition to the composite aerogels, metal oxide aerogels composed of active species are 

promising OER catalysts. Single-phase NiFe2Ox aerogel with an increased surface area and pore 

volume have been synthesized via a sol-gel process.[144] Calcination at 300℃ in argon decreases 

the surface area from 477 to 198 m2 g-1. However, the crystallization into the spinel structure 

enabled an efficient OER catalysis with an overpotential of 356 mV at 10 mA cm-2 when the 

catalyst loading is only 40 μg cm-2. On the other hand, FeCoW oxy-hydroxide aerogel reveals 

a better OER performance before calcination.[18] Specifically, it exhibits the lowest 

overpotential of 191 mV at 10 mA cm-2 in alkaline solution and shows no evidence of 

degradation following more than 500 hours of operation. A synergistic interplay between W, 

Fe, and Co in producing a favorable local coordination environment and electronic structure 

makes the main contribution to the improved OER activity, which could be interfered with after 

calcination or crystallization. 

 
 

Table 5. Overview of the OER performances of different aerogel electrocatalysts obtained from 
three-electrode setups. Overpotentials are derived from the potential at 10 mA cm-2

geo (η10). 
Since the current density normalized by the geometrical area does not reflect the intrinsic 
activity of the catalysts, the surface area of the catalysts and their loading should be taken in to 
account during the evaluation of the overpotentials. 
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Aerogel materials BET 
(m2 g-1) Electrolyte Catalyst loading 

(ug cm-2) 
Scan rate 
(mV s-1) 

Overotential 
(mV) 

Tafel slope 
(mV dec-1) ref 

FeCoW oxide 29.8 1.0M KOH 210 1 223 37 [18] 

WSe2/NiFe-LDH/N,S-graphene 110 1.0M KOH 1000 2 250 86 [131] 

Ni3FeN/graphene 171 1.0M KOH 500 5 270 54 [128] 

FeCo oxide 47.8 1.0M KOH 210 1 277 60 [18] 

CoW oxide - 1.0M KOH 210 1 300 55 [18] 

IrOx/Sb-SnO2 - 0.5M H2SO4 60 5 310 40.9 [145] 

(Co,Ni)S2/N-graphene 99.1 1.0M KOH 285 0.5 330 47 [143] 

Co9S8/N,S,P-graphene 478 0.1M KOH 283 10 343 82 [81] 

NiFe2Ox 198 1.0M KOH 40 10 356 57 [144] 

(Ni,Co)Se2/graphene 123.0 1.0M KOH 2650 1 370 70 [132] 

Ni/MnO/graphene 109 0.1M KOH 250 5 370 67 [88] 

Ru/N-graphene 244.8 0.1M KOH 100 20 390 - [134] 

 
 
 

4. Conclusions and Perspectives 
 
 

Recent years have witnessed a growing interest in the development of advanced electrocatalysts 

for clean energy conversion and storage. Combining the catalytically active species into the 

design and synthesis of aerogels leads to the emerging of a series of aerogel-based 

electrocatalysts, including heteroatom-doped nanocarbon aerogels, carbon-based composite 

aerogels, metal oxide aerogels and pure metallic aerogels. The versatile sol-gel synthesis was 

demonstrated by dividing into several synthetic steps. Their application in four representative 

electrocatalysis reactions related to fuel cells and water electrolysis, i.e. ORR, fuel oxidation, 

HER, and OER, were reviewed by organizing and comparing the activities of different aerogels. 

In general, the large surface area, high porosity, conductive 3D skeleton, and self-supportability 

of these aerogel catalysts contribute synergistically to the improved electrocatalytic 

performance. 

In spite of the continuous progress that has led to the design and synthesis of advanced aerogel 

catalysts, there still remain many problems that need to be addressed. Firstly, the heteroatom- 

doped nanocarbon aerogels have shown astonishing ORR performance based on rotation disk 

electrode measurements (mostly in alkaline solutions). However, the loading of the catalysts 

has to be high enough to achieve a lower overpotential and high current density at a certain 

potential. This apparently results in a low specific activity and mass activity of those catalysts 
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when normalizing to the specific surface area and catalyst mass. Considering the low density 

of these aerogels, moreover, it will lead to a large thickness of the catalyst layer in a fuel cell 

stack, which often causes a high potential drop. Therefore, future research should focus on how 

to take full advantage of the high surface area (i.e. active sites) in electrocatalysis and further 

translate the high activity into fuel cell tests. The single-atom catalysts which often use 

graphene as a substrate would be a promising direction to further improve the intrinsic activity 

of graphene-based aerogels. 

Secondly, active species/nanocarbon composite aerogels usually possess improved stability in 

both alkaline and acid solutions due to the robustness of graphene or CNTs. Increasing the 

loading of active species without causing agglomeration would increase the utilization 

efficiency of carbon aerogels, thus leading to a thinner catalyst film and facilitating the exposure 

of active species to reactants. Appropriate heteroatom doping can not only tune the electronic 

structure of carbon aerogel supports but also induce a synergistic effect between the support 

and active species (e.g. metal nitrides, sulfides, phosphides). 

Thirdly, transition metal oxides/oxy-hydroxides have shown their potential application in 

electrocatalysis and their aerogel counterparts can be facilely synthesized through an epoxide- 

mediated gelation process. However, studies on their electrocatalytic properties remain largely 

unexplored. Post-treatment of the multi-metal oxide aerogels can crystallize them into spinel or 

perovskite structures, which shows the potential applications in high-temperature solid oxide 

fuel cells (500-1000 ℃). Metal sulfites and phosphides which are potential HER/OER catalysts 

would be promising materials for fabricating aerogel electrocatalysts. 

Finally, transferring the achievements in fine-tuned nanoparticulate catalysts into the design of 

hierarchical metallic aerogels remains an important and challenging pursuit for designing 

application-oriented electrocatalysts. Recently, transition metal alloying (e.g. Pd-Ni, Pt-Ni, Pt- 

Ag, Pt-Cu) and shape/structure tuning (e.g. hollow, dendritic, porous, core-shell) effects have 
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been realized in the design of metallic aerogel catalysts that showed improved activity for both 

ORR and alcohol oxidation. However, these hierarchical structures are limited to several 

specific compositions and need to be expanded to other systems. Recently, facet engineering 

has been realized in Au-containing aerogels by size-dependent localized Ostwald ripening in 

order to further improve the electrocatalytic performance, which hold tremendous potential for 

metallic aerogels with other elements.[146] Moreover, many other nano-engineering strategies, 

such as near-surface composition and Janus structures, still remain challenging for the design 

of metallic aerogel catalysts. To facilitate the commercialization of aerogel catalysts, novel 

synthesis strategies towards a low-cost and large-scale production are highly needed. 
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Figure 1. a) Schematic illustration of the molecular aerogel structure taking SiO2 as an example. 
Reproduced with permission.[147] b) SEM image of a silica aerogel. Reproduced with 
permission.[148] c) TEM image of silica aerogel showing 3D cross-linked silica chains. 
Reproduced with permission.[149] d) Schematic gelation process and e) SEM image of the self- 
assembled graphene gel structure. Reproduced with permission.[22] f) TEM image of a graphene 
aerogel. Reproduced with permission.[150] g) Schematic gelation process, h) SEM image and i) 
TEM image of the metallic aerogel taking Pd5Au as an example. Reproduced with 
permission.[42] 
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Figure 2. a) Schematic illustration, b) SEM image, and c) TEM and corresponding element 
maps of the polyaniline-derived N,P-doped carbon aerogel framework (NPMC). d) Tafel curves 
of the NPMC and Pt/C catalysts obtained in O2-saturated 0.1M KOH at 1600 rpm and 10 mV 
s-1. Reproduced with permission.[65] e) Schematic illustration, f) SEM, and g) TEM images of 
the Ni-MnO/graphene aerogel. h) Tafel plots of the Ni-MnO/graphene aerogel, MnO/graphene 
aerogel, Ni/graphene aerogel and Pt/C catalyst obtained in O2-saturated 0.1M KOH at 1600 
rpm and 10 mV s-1. Reproduced with permission.[88] i) Schematic illustration, j) SEM, and k) 
TEM images of the Pd10Au-Pt core-shell aerogel. l) The mass and specific activities of the 
PdxM-Pt core-shell aerogels (M=Au, Ni, Co, Cu) as a function of the lattice parameter (a) and 
Pd-Pd intermetallic distance (dPd-Pd) of the PdxM core aerogels. ORR performances are obtained 
in O2-saturated 0.1M HClO4 at 1600 rpm and 10 mV s-1. Reproduced with permission.[42] 
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Figure 3. a) Synthesis pathway of silica-reinforced Pt/C/SiO2 composite aerogel catalyst. b) 
Cyclic voltammetry (CV) of the Pt/C/SiO2, calcined Pt/C/SiO2, and Pt/C catalysts in 1M MeOH 
+ 1M H2SO4 with a scan rate of 5 mV s-1. Reproduced with permission.[112] c) TEM images of 
the Pd83Ni17 nanoshell-based aerogel at different magnifications. d) Pd-mass-normalized CVs 
of the aerogel and Pd/C catalysts in 1M EtOH + 1M NaOH with a scan rate of 50 mV s-1. 
Reproduced with permission.[115] 
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Figure 4. a) Scheme of the aerogel for catalyzing HER. b) HER polarization curves and c) the 
corresponding Tafel plots of the (Ni,Co)Se2/graphene aerogel loaded on Ni foam in 1.0M KOH. 
Reproduced with permission.[132] d) Scheme of the aerogel for catalyzing OER. e) OER 
polarization curves and f) the corresponding Tafel plots of the (Co,Ni)S2/N-graphene aerogels 
and the RuO2 catalysts in O2-saturated 1.0M KOH at 2000 rpm. Reproduced with 
permission.[143] 
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