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a b s t r a c t

Noble metal aerogels (NMAs), belonging to the porous material, have exhibited excellent catalytic per-

formance. Although the synthesis method continues to improve, it still exists some problems which hin-

dered the experimental process, such as high concentration of noble metal precursors, long synthesis

cycle, expensive production cost, and uncontrollable ligament length. In this work, ultrasonic wave and

reducing agent NaBH4 were simultaneously applied to gelation process. With the cavitation of ultrasound,

it can generate huge energy with heating and stirring, thus gelation reaction proceeded quickly, and even

completed the process in only a few seconds, that is much faster than the recorded. A wide concentration

range was successfully expanded from 0.02 mmol/L to 62.5 mmol/L. Further, we extended this method to

a variety of noble metal elements (Au, Ru, Rh, Ag, Pt, Pd), and this method is adaptive for the synthesis

of single metal aerogels (Au, Ag, Ru, Rh, Pd), bimetal and trimetal aerogels (Au-Ag, Au-Rh, Au-Ru, Au-Pt,

Au-Pd, Au-Pt-Pd). In addition, the ligament size of alloy aerogels are 10 nm or less. Moreover, their bril-

liant properties were demonstrated in hydrogen evolution reaction (HER) and ethanol oxidation reaction

(EOR).

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the progress and development of society, the depletion

of fossil fuels, environmental problems have become increasingly

serious, and energy conversion problems need to be solved ur-

gently [1]. Under this background, electrocatalysis has been grad-

ually developed [2], and porous materials [3] have attracted ex-

tensive attention of researchers due to their special structure and

outstanding catalytic activity. As a new type of porous material

[4], aerogels have low density and large specific surface area [5–

13]. Among them, the noble metal aerogels (NMAs), despite ex-

pensiveness with respect to other materials, still play an indispens-

able role in a wide range of fields. For example, they have excel-

lent performance in the catalytic reaction of energy and environ-

ment [14–18]. NMAs have some of the characteristics of foams [19],

such as three-dimensional (3D) networks and self-supporting over-

all structure, large specific surface area, high porosity and more

active sites exposed [20–23]. Besides, they possess unique physi-
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cal and chemical properties of noble metals, which are conducive

to the rapid transfer of electrons in the channel, and have excel-

lent catalytic performance [14,20,24-28]. Consequently, they attract

more and more attention of researchers, and are applied to many

aspects, especially the bright application prospect in electrocataly-

sis.

In recent years, with the in-depth research on NMAs, great

progress has been made in the synthesis and preparation of NMAs.

Traditionally, nanoparticles are gelled by the addition of desta-

bilizing agents, and then aerogels are obtained through centrifu-

gation and supercritical technology [20,29,30]. The two steps of

nanoparticle synthesis and destabilization separate operations are

conducive to control of nanostructures well [11,31,32]. Afterward,

Liu et al. studied a one-step method to synthesize NMAs, using

NaBH4 to directly gel the metal salt solution, which greatly im-

proved the purity of the aerogels [33–35]. Meanwhile, the gela-

tion time was shortened from 1 to 4 weeks to days or even min-

utes [33]. At present, there are more mature methods to destabi-

lize colloidal metal solutions, such as salting out and stirring [36],

adding non-stabilizer [37], heating [33]. The ionic effects [30], lig-
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and effects [35], the synthesis of NMAs induced by excess reduc-

ing agent [35], and the NMAs synthesized by freeze-thaw methods

are further clarified [38,39]. Despite the synthesis methods have

been continuously improved, there are still some problems which

hinder the experimental process, such as long synthesis cycle, high

concentration of noble metal precursors, expensive production cost

and uncontrollable ligament length. Hence, it is necessary to ex-

plore an approach that can be highly effective, rapid, environmen-

tally friendly to synthesize aerogels. Ultrasonic machines are cheap

and common.

The ultrasonic waves have strong penetrability in water, and

can produce cavitation, which generates local high temperature

and pressure with heating and stirring for the reaction system,

thus speeding up the reaction. Besides, NaBH4 is ionized into Na+

and BH4
− in water. Na+ adjusts the fusion mode of particles,

while BH4
− in the system can not only reduce metal ions, but

also increase instability and collision between metal nanoparticles

through van der Waals effect, thus increasing the probability of ef-

fective collision. However, the combined action of them has not

been applied to the synthesis of NMAs.

In this work, we propose a new, easy, convenient, environmen-

tally friendly and record-breaking method to rapidly synthesize

NMAs. Combining the action of reducing agent NaBH4 and ultra-

sonic wave to gelation process, under the cavitation of ultrasound,

which generates huge energy with heating and stirring, gelation

reaction can proceed rapidly, and even the process can be com-

pleted in only a few seconds, which is much faster than the re-

ported before (Table S1 in Supporting information) [28]. It can suc-

cessfully complete the gelation process in a wide concentration

range (from 0.02 mmol/L to 62.5 mmol/L). It is suitable for vari-

ous noble metal elements (Au, Ru, Rh, Ag, Pt, Pd), and can synthe-

size single metal aerogels (Au, Ag, Ru, Rh, Pd), bimetal and trimetal

aerogels (Au-Ag, Au-Rh, Au-Ru, Au-Pt, Au-Pd, Au-Pt-Pd), while the

ligament size of alloy aerogels is 10 nm or less. We also explored

their outstanding electrocatalytic performance in HER and EOR.

Here, we introduced the synthesis process by taking the gold

aerogel as an example. In the ultrasonic environment, the freshly

prepared NaBH4 solution was quickly poured into the HAuCl4 so-

lution (the molar ratio of the reducing agent to the metal is 10

cAu = 2.0 mmol/L) and the system reacted quickly. From the re-

ducing agent was added to the metal solution, we recorded the

reaction of the system at 20 s, 35 s and 50 s respectively, and they

were shown in Figs. 1a-d. As soon as the freshly prepared NaBH4

aqueous solution was injected in the precursor solution, the sys-

tem quickly began to react, showing a black color, with a lot of

H2 bubbles coming out, which was caused by the progress of the

reduction reaction and situ-produced by NaBH4. Next, when the

reaction reached 20 s, there were a lot of black flocculent sedi-

ments and bubbles, and the black flocculent sediments tended to

aggregate, but due to bubbles and the effect of ultrasound wave,

these flocculent sedimentations did not aggregate in bulk, and the

system was in a turbid state. With the reaction going on, at 35 s,

the system became transparent slowly, the bubbles were reduced,

and a small amount of black flocculent precipitates gathered. At

50 s, the solution was clear and transparent, and the black floc-

culent precipitates no longer formed. After leaving the ultrasonic

environment, the black flocculent precipitates gathered into large

floc-things. Compared with the reaction without ultrasonic field

treatment, it took 2 h to end the reaction (Fig. S1 in Supporting

information). Therefore, we have concluded that ultrasound can

greatly increase the reaction rate, shorten the aerogels’ synthesis

time, and simplify the synthesis process. In order to verify that the

aerogels have been successfully synthesized, we used transmission

electron microscopy (TEM) to characterize the aerogels with differ-

ent reaction times (Figs. 1e-g). From these images, we can observe

that the gel network had initially formed within 20 s, and the scale

Fig. 1. Demonstration and characterization of Au aerogels by ultrasonic methods

(cM = 2 mmol/L). (a-d) Photographs of Au gelation process under different time

(the reaction time is 50 s). (e-g) TEM images of Au aerogel corresponding time of

20 s, 35 s, and 50 s. (h) XRD spectrum of gold aerogel. (i) UV–vis absorption spectra

displaying the gelation state.

Fig. 2. Characterization of Au aerogels by ultrasonic methods under different

power. (a-c) SEM images of Au aerogels under different power 340 W, 670 W,

840 W, respectively. (d-f) TEM images of Au aerogels under different power 340 W,

670 W, 840 W, respectively.

of the ligament increases rapidly over time. At the same time, we

also performed X-ray diffraction (XRD) characterization of the syn-

thesized gold aerogel (Fig. 1h). In addition, the ultraviolet-visible

(UV–vis) absorption spectrum (Fig. 1i) in the range of 400–900 nm

was also used to characterize the hydrogel formation process.

What is more, in order to ensure the unique variable and de-

termine the optimal reaction conditions, we also conducted ex-

periments on the influence of different ultrasonic powers on the

gelation process. Under the ultrasonic power of 340 W, 670 W and

840 W, the reducing agent is rapidly injected into the metal pre-

cursor solution, respectively. It was found that the shortest time

required for the gelation process was 50 s when the ultrasonic ma-

chine power was 840 W. At the same time, we also took scanning

electron microcopy (SEM) (Figs. 2a-c) and TEM (Figs. 2d-f) images

of the synthesized aerogels. As we can see, 3D self-supporting net-

work structure was formed, and aerogels were porous and fluffy

under dry state. It can be found that when the ultrasonic power

was 840 W, the aerogel’s network structure formed completely.

The largest scale, longer ligaments, and smallest aerogels particles

were conducive to expose more active sites and form finer elec-

tron transmission channels [35,38]. Further, we studied the gela-

tion process in a wide concentration range of this method, from
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Fig. 3. (a, d) Photos of Au-Rh, Au-Pt-Pd. (b, e) TEM images of Au-Rh, Au-Pt-Pd. (c,

f) SEM images of Au-Rh, Au-Pt-Pd. (g-h) Ligament size of single NMAs and alloy

NMAs.

0.02 mmol/L to 62.5 mmol/L (Fig. S2 in Supporting information).

In view of the most suitable ultrasonic power, we used 840 W ul-

trasonic power in the future experiment. Kept the amount of metal

unchanged, and changed the molar ratio of reducing agent to metal

was 5:1, 50:1 and 100:1 respectively, then recorded the reaction

time when the NaBH4 was different proportion under ultrasonic

conditions (Fig. S3 in Supporting information). It was found that

the lager molar ratio of the reducing agent, the shorter the re-

action time would be spent. When the ratio of reducing agent to

metal was 100:1, it only took 37 s to complete the gelation process.

However, when the ratio was 5:1, it took a longer time, and even

need to stand still to aggregate after the reaction. Fig. S4 (Sup-

porting information) provided the nitrogen adsorption-desorption

isotherms and pore size distribution with cumulative pore volume

of Au aerogels. The Brunauer-Emmett-Teller (BET) surface area of

the prepared gold aerogel was 4.65 m2/g; as we can see, it mainly

existed mesopores (2–50 nm) [35].

Inspired by the method that successfully prepared gold hydro-

gel with ultrasound and excess reducing agent NaBH4, then this

method was extended to the gelation process of other noble ele-

ments (Pt, Pd, Ag, Ru, Rh), which was used to shorten the prepa-

ration time of aerogels. Single-metal aerogels and bimetallic aero-

gels (Au-Rh) (Fig. 3a) and trimetallicaerogel (Au-Pd-Pt) (Fig. 3d)

were being prepared and synthesized, and characterized by TEM

images (Figs. 3b and e) and SEM images (Figs. 3c and f). And the

high-resolution TEM (HR-TEM) images of Au-Rh aerogel and Au-

Pt-Pd aerogel were displayed in Figs. S5 and S6 (Supporting infor-

mation), respectively. Au-Rh aerogel mainly showed (111) crystal

planes, while Au-Pt-Pd aerogel mainly exposed (111) crystal planes,

too. We applied this excess reducing agent ultrasound method to

the synthesis and preparation of single metal aerogels (Ru, Ag, Pd,

Rh) and alloy aerogels (Au-Pd, Au-Pt, Au-Ag, Ag-Ru) in Figs. S7

and S8 (Supporting information), and performed characterization

of TEM images (Figs. S9 and S10 in Supporting information). More-

over, the ligament size of single NMAs and alloy NMAs were shown

in Figs. 3g-h. We analyzed the size of single-metal aerogels and al-

loy aerogels synthesized by ultrasound through TEM images. It was

found that the ligament sizes of single metal aerogels (Au, Rh, Ru

and Pd) were all similar in size around 10 nm, but Ag aerogels

were about 34 nm. However, the ligament size of alloy aerogels

(Au-Pt, Au-Pd, Au-Pt-Pd, Au-Rh, Au-Ru) are all about 6 nm, but the

Au-Ag aerogel is about 11 nm.

From SEM images of these aerogel materials (Figs. S11 and S12

in Supporting information), we can see that a network-like pore

structure with a large number of pore structures inside, which can

expose more surface area and promote the penetration of the elec-

trolyte solution. At the same time, this structure can accelerate the

transfer of electrons, accelerate the diffusion of bubbles in the elec-

trocatalytic hydrogen release reaction, and show excellent electro-

catalytic performance. We also performed XRD (Figs. S13 and S14

in Supporting information) characterization of the prepared aero-

gels, by comparing the alloy aerogels with the single metal aero-

gels, it was found that the position of the alloy peak in the XRD

was shifted, thus it was speculated that the aerogels have been

successfully synthesized. In addition, it can be found that the peak

intensity of Au and Ag are higher. The nice crystallinity can be

attributed to the large ligament size. Among them, the ligament

size of Ag could reach 34 nm. The signal-to-noise ratio of Rh,

Ru, and Pd were comparatively lower. The reason is that the liga-

ment size was relatively small, and the crystallinity were relatively

poor. Moreover, Rh and Ru have spontaneous combustion char-

acteristics when exposed to the air, and can form oxide species.

Subsequently, we also performed X-ray photoelectron spectroscopy

(XPS) (Fig. S15 in Supporting information) characterization for alloy

aerogels. Analyzing the XPS spectra of Au-Rh aerogel and Au-Pt-

Pd aerogel respectively (Figs. S16 and S17 in Supporting informa-

tion), we found that due to the aerogels were long-term exposed

to the air, there were not only a large number of 0 valence state,

but also some oxidation states. The mapping and Energy disper-

sive X-ray spectroscopy (EDS) of the prepared aerogels Au-Rh, Au-

Pt, Au-Pd, Au-Pt-Pd were respectively shown in Figs. S18-S21 (Sup-

porting information) which demonstrated the elements uniformly

distributed in the alloy aerogels.

In consideration of the rapidity of ultrasonically synthesizing

aerogels, we explored the behavior of NMAs in the ultrasonic field,

and highlighted the possible underlying mechanisms. At first, it

was primary aggregates, and then slowly gathered into large scale.

These large hydrogels sunk to the bottom of the container under

the action of gravity. However, these building blocks are not stable.

In an ultrasonic condition, these building blocks were dispersed

into small pieces by ultrasound and floated in the solution, and

so on, until the ultrasonic effect disappeared, and they reassem-

bled at the bottom of the container. The NMAs can maintain high

reactivity in the reaction environment, which is inseparable from

the self-healing behavior of the aerogels, which also shows that

the synthesized aerogels is self-supporting, not a precipitate [33].

In addition, the black color of the synthesized aerogels indicates

that the multiple refraction and scattering of light has formed a

small and hierarchical microstructure [30,40].

In ultrasonic machine, electric energy is converted into ultra-

sonic wave. it has strong penetrability in water, which acts inside

the reactant, so that the reaction system and reactant work to-

gether to intensify the reaction. Furthermore, it can produce cav-

itation and produce huge energy, which generates huge energy

with heating and stirring for the reaction system, thus speeding up

the reaction. Furthermore, the high energy of ultrasonic also acts

on the hydrogels itself, effectively destroying the self-healing be-

havior of the hydrogels, promoting more self-supporting network

structures and effectively reducing the ligament size of the aero-

gels. The gelation process of the system with excess reducing agent

NaBH4 must consider the influence of ionic effects [30]. The ex-

cess salt satisfies the conditions for activating the target ion in the

Hofmeister series [41]. NaBH4 ionizes into Na+ and BH4
− in water.

BH4
− convert into BO2

− in situ and generate a large number of

H2 bubbles surrounded by metal ions [35], this effect can be fur-

ther strengthened under the action of ultrasound, and the whole
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process is more intense. A large amount of Na+ can adjust the fu-

sion mode of metal ions, where the role of anions are even more

important [42,43]. The BH4
− around the metal nanoparticles was

converted into BO2
− in situ, which also reduces the concentration

of metal ions due to the release of H2. The size of this anion is

small and the distance between its nuclei is small. Through van der

Waals effect, the instability, the collisions between metal nanopar-

ticles, and the probability of effective collisions can be incresed

[35], while this van der Waals effect could be greatly enhanced

by ultrasonic action. Therefore, the time of gelation process can be

greatly shortened.

As the reducing agent decomposes in a large amount, the re-

action gradually slows down until the solution becomes clear

and transparent. After the reaction is over, the reaction system is

taken out of the ultrasonic field, and the hydrogels building blocks

are gathered together again. In Rh, Ru related single metal and

bimetallic hydrogels, the solution is not clear after the gelation

process is completed by ultrasound. This is not about no reaction,

while the energy of ultrasound is higher than that of gravity. The

formed hydrogels are dispersed into primary aggregates. After the

ultrasound is over, these small hydrogels fragments will settle on

the bottom of the reaction vessel after standing for about 10 min.

We also found that its 3D network structure is very fine, and the

particles are about 3 nm, much smaller than Au and Ag. This helps

them expose more active sites and improve catalytic performance.

Since the NMAs can expose a large number of active sites, it

forms a network structure with good electron transfer characteris-

tics, which has an irreplaceable role for other materials in the field

of electrocatalysis. In this paper, the synthesized aerogels are used

for HER and EOR in alkaline medium.

The HER is a cathodic reaction in electrolyzed water, but due

to its higher activation energy and overpotential [44–49], a cata-

lyst is needed to reduce the activation energy and overpotential

of its reaction, thereby increasing the reaction activity. Obviously,

among the single metal and bimetallic aerogels that have been

synthesized, Au-Rh aerogel has the best HER catalytic activity. In

the three-electrode system, the saturated calomel electrode is used

as the reference electrode, the carbon rod is the counter electrode,

and the glassy carbon electrode of Au-Rh hydrogel catalyst ink is

used as the working electrode. According to the same method, the

working electrodes with Au-Rh NPs, Au-Ru aerogel, Rh aerogel, Au-

Pt-Pd aerogel and commercial Pt/C as catalysts were prepared for

comparison. The linear voltammetry scanning (LSV) can confirm

that Au-Rh aerogel in 1.0 mol/L KOH electrolyte shows obvious HER

activity as the current density of the negative electrode increases.

The overpotential of Au-Rh aerogel is much lower than commer-

cial Pt/C (Fig. 4a). The minimum overpotential of Au-Rh aerogel is

15.1 mV at 10 mA/cm2 (Fig. S22 in Supporting information). The

Tafel slopes of Au-Rh aerogel, Pt/C, AuRh NPs, AuRu aerogel, Rh

aerogel, Au-Pt-Pd aerogel were shown in Fig. 4b. In addition, the

Au-Rh catalyst was subjected to a 12-h chronoamperometry test

(Fig. 4c), and it was found that its current density was in a stable

state. In order to further verify the stability of the catalyst, after

10,000 cycles of the cyclic voltammograms (CVs), we tested the

LSV of Au-Rh aerogel and found the catalytic activity hardly de-

creased (Fig. S23 in Supporting information), while the aerogels’

structure in the TEM image and XRD (Fig. S24 in Supporting infor-

mation) did not change after the reaction. These also show that the

catalyst has brilliant properties and stability. In addition, the elec-

tric double layer capacitance (Cdl) of materials was shown in Fig.

S25 (Supporting information). Au-Rh aerogel is 4.5 mF/cm2, and

the Cdl of Au-Rh NPs is 1.1 mF/cm2. Among them, Au-Rh aerogel

has the highest electric double layer capacitance, indicating a large

number of macroporous active sites exposed. The HER performance

of other aerogels materials were listed in the Table S2 (in Support-

ing information).

Fig. 4. (a-c) Electrocatalytic performance of HER in 1.0 mol/L KOH. (a) LSV curves

with a scan rate of 5 mV/s. (b) Tafel plots. (c) Chronoamperometry tests in 1.0 mol/L

KOH solution. (d-f) Electrocatalytic performance of EOR. (d) CV curves with a scan

rate of 50 mV/s. (e) Summarized If and If/Ib. (f) Chronoamperometry tests of various

aerogel catalysts in 1.0 mol/L KOH + 1.0 mol/L ethanol solution.

In addition to the HER reaction, the ethanol oxidation prop-

erties of NMAs were also studied. Before detecting EOR activity,

we calculated the electrochemically active surface areas (ECSA)

based on charges involved in the adsorption of hydrogen in the

CVs recorded in 1.0 mol/L KOH, which were 23.4, 27.6, 21.8, 37.2

m2/g for Pd aerogel, Au-Pd aerogel, Au-Pt aerogel, Au-Pt-Pd aero-

gel shown in Fig. S26 (Supporting information). The catalyst ma-

terials involved are Pd aerogel, Au-Pt aerogel, Au-Pd aerogel, Au-

Pt-Pd aerogel and commercial Pt/C. In the three-electrode system,

the electrolyte containing ethanol is saturated with N2 in advance,

and then the electrochemical test is performed. When scanning

by cyclic voltammetry, there are two peaks in forward and back-

ward scanning (Fig. 4d), which respectively represent the oxida-

tion of ethanol and the further oxidation of intermediates. The for-

ward scanning current (If) of Au-Pt-Pd is 4.97 A/mg, and the ra-

tio of forward current to reverse current (If/Ib) is 1.27. Compared

with Au-Pt-Pd aerogel, commercial Pt/C (0.67 A/mg 0.92), Au-Pd

(2.45 A/mg 1.02), Pd (0.98 A/mg 1.0) are poorer (Fig. 4e). What is

more, the stability of these catalysts was also verified, and they can

maintain good stability at a constant potential of 8000 s (Fig. 4f).

TEM images and XRD pattern (Fig. S27 in Supporting information)

were taken after chronoamperometry tests. It was found that the

aerogels’ structure was not destroyed after the reaction, which also

showed that the catalyst was outstanding stability. The EOR per-

formance of other aerogels materials were listed in the Table S3

(Supporting information).

To sum up, we propose a new easy, convenient, environmen-

tally friendly and record-breaking method to rapidly synthesis

NMAs. Combining the action of reducing agent NaBH4 and ultra-

sonic wave to gelation process, under the cavitation of ultrasound,

which generates huge energy with heating and stirring. The gela-

tion reaction can proceed rapidly, and even can be completed in

only a few seconds, which is much faster than reported before
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(Table S1). It can successfully complete the gelation process in a

wide concentration range (0.02–62.5 mmol/L). This method is suit-

able for the synthesis of single metal aerogels (Au, Ag, Ru, Rh, Pd),

bimetal and trimetal aerogels (Au-Ag, Au-Rh, Au-Ru, Au-Pt, Au-

Pd, Au-Pt-Pd), while the ligament size of alloy aerogels is 10 nm

or less. We also verified their outstanding electrocatalytic perfor-

mance in HER and EOR. The above experiments show that the

rapid and effective synthesis method of NMAs is conducive to its

further applications in electrocatalysis field.
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