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Abstract
High surface carbon aerogels with hierarchical and tunable pore structure were prepared 
using ionic liquid as carbon precursor via a simple salt templating method. The as-prepared 
carbon aerogels were characterized by nitrogen sorption measurement and scanning electron 
microscopy. Through instant visual observation experiments, it was found that salt eutectics 
not only serve as solvents, porogens, and templates, but also play an important role of foam-
ing agents in the preparation of carbon aerogels. When the pyrolyzing temperature rises from 
800 to 1000°C, the higher temperature deepens the carbonization reaction further to form 
a nanoporous interconnected fractal structure and increase the contribution of super-micro-
pores and small mesopores and improve the specific surface area and pore volume, while 
having few effects on the macropores. As the mass ratio of ionic liquid to salt eutectics drops 
from 55% to 15%, that is, the content of salt eutectics increases, the salt eutectics gradually 
aggregate from ion pairs, to clusters with minimal free energy, and finally to a continuous 
salt phase, leading to the formation of micropores, uniform mesopores, and macropores, 
respectively; these processes cause BET specific surface area initially to increase but sub-
sequently to decrease. With the mass ratio of ionic liquids to salts at 35% and carbonization 
temperature at 900°C, the specific surface area of the resultant carbon aerogels reached 2309 
m2 g–1. By controlling the carbonization temperature and mass ratio of the raw materials, 
the hierarchically porous architecture of carbon aerogels can be tuned; this advantage will 
promote their use in the fields of electrodes and adsorption.

Key words: carbon aerogels, ionic liquids, salt templating, high specific surface area, hierar-
chically porous structure

1. Introduction

With a nanoporous structure composed of interconnected nanoparticles and intersti-
tial pores filled with gases, aerogels are called “solid smoke” and have great application 
prospects in many fields such as catalysts and catalyst support, adsorption, acoustic and 
thermal insulation, energy storage, electrochemical electrodes, and so forth [1-5]. As 
second generation aerogels, carbon aerogels are attracting more and more researchers 
and industrialists because of certain unique properties, for example biocompatibility, 
ultra-high temperature resistance, high specific surface area and low thermal conductiv-
ity at high temperature, and so forth [6-9]. Traditionally, carbon aerogels are obtained 
through the carbonization of organic gels derived from resorcinol–formaldehyde resins. 
However, the so-called sol-gel method is complex, toxic, cumbersome, and dangerous 
due to supercritical drying and other shortcomings including large volume shrinkage and 
consequent cracks and deformations in the drying process of wet gels and carbonization 
process of organic aerogels [10-12]. These drawbacks restrict further development and 
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2°C/min and held for 1 h. After cooling to room temperature, 
the samples were washed several times with water to remove 
the salts eutectics; they were then filtrated and, finally, carbon 
aerogels were obtained through ambient pressure drying in an 
oven at 120°C for 24 h. The resulting carbon aerogels were 
named R-T-CA, where R is the mass ratio of Emim-dca to 
salts; this value was controlled at 15, 35, 40, or 55%. T is the 
carbonization temperature, set at 800, 900, or 1000°C; CA 
represents carbon aerogels.

2.3. Instant observation experiments using 
visible reaction setting

The instant observation experiments were conducted 
using the same processes and conditions as used for the 
preparation of carbon aerogels. It should be noted that, to 
allow visual observation, a transparent round-bottom flask 
replaced the alumina crucible and tube furnace. A photo-
graph of experiment apparatus is shown in Fig. 2. Main 
experiment apparatus included a temperature measuring 
device, an argon gas bottle, a transparent reaction vessel, 
and heating equipment.

applications of carbon aerogels.
In 2006, a salt templating approach was reported as a novel 

method to fabricate microporous and mesoporous carbon mate-
rials [13]. In 2010, as a simple and sustainable pathway, ionic 
liquids were used as carbon precursors to prepare nitrogen-
doped porous graphitic carbons [14]. In 2013, highly porous 
functional carbons were prepared using ionic liquids as carbon 
precursors in a salt templating strategy [15]. Very recently, car-
bon aerogels containing iron/cobalt with specific surface area 
up to 2200 m2 g–1 and metal-free nitrogen-doped carbon aero-
gels for oxygen reduction under acidic conditions were obtained 
through “cooking ionic liquids with salt melts” [16,17]. In ad-
dition, as dehydration and foaming agents and porogens, rigid 
phenol-formaldehyde-derived carbon aerogels were prepared 
under hypersaline condition of ZnCl2 salts; the obtained prod-
ucts can be used in fields of electrochemical energy, adsorption, 
and separation [17]. Practically, the preparation of carbon aero-
gels via salt templating method is a new and significant direction 
to which more and more scholars are paying attention. However, 
it has been studied relatively less and needs to be studied further 
[18-20].

In this work, the roles and functions of salt eutectics in 
the preparation of carbon aerogels were studied through 
instant visual observation experiments. Most importantly, 
this work researched the effects of process parameters in-
cluding the mass ratio of ionic liquid to salts and carbon-
ization temperature on the pore structure of carbon aero-
gels; the resulting conclusions provide a basis for tuning 
porous architecture. 

2. Experimental

2.1. Materials

The salt eutectics were made up of zinc chloride (ZnCl2) 
and potassium chloride (KCl), which were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (China) and were 
at analytical grade. The carbon precursor was ionic liquid 
1-ethyl-3-methyl-imidazolium dicyanamide (C8H11N5; abbre-
viated as Emim-dca) from Aladdin Industrial Corp; its purity 
was 98%. All reagents were used as received without further 
purification.

2.2.  Preparation of carbon aerogels

A schematic illustration of the carbon aerogels synthesis is 
shown in Fig. 1. In a typical experiment, salt eutectics were 
freshly prepared by mixing KCl and ZnCl2 well; the mass 
ratio of KCl to ZnCl2 was 47:100 for a minimum melting 
point of 230°C [21]. Emim-dca was mixed thoroughly with 
pre-made salt eutectics in an alumina crucible, which was 
then placed in a tube furnace to carry out thermal treatment. 
The mass ratios of Emim-dca to salts were set at 15, 35, 40, 
and 55%. To perform thermal treatment in a non-oxidizing 
atmosphere, prior to heating the samples, evacuation and the 
introduction of a constant flow of argon were necessary. Sub-
sequently, the tube furnace was heated to the desired carbon-
ization temperature (800, 900, or 1000°C) at a ramp rate of 

Fig. 1. Schematic illustration of preparation of carbon aerogels using 
ionic liquid via salt templating method.

Fig. 2. Photograph of experiment apparatus in instant observation re-
search.
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become completely molten. After the crosslinking reaction ends 
at around 465°C, black solid matter carbonizes gradually. So, 
prior to the crosslinking reaction, the solid salt eutectics can suf-
ficiently melt into liquid and mix thoroughly at the molecular 
level with Emim-dca, which is still in liquid state. This proves 
that the salt eutectics can behave as solvents, templates, and po-
rogens that occupy certain volumes, resulting in the formation 
of pores when Emim-dca condenses and scaffolds to fabricate 
a carbon skeleton. Finally, the reaction is gentle and moderate 
and there is no foaming phenomenon during calcining of pure 
Emim-dca.

Fig. 5 presents photographs of Emim-dca and salt eutectics 
mixtures at different temperatures in the process of heating. The 
color of the mixtures changes from white over yellow and se-
pia and finally to black. The crosslinking reaction ends at ap-

2.4. Characterization

A Hitachi S-4800 scanning electron microscope (Japan) was 
used to observe the microstructure of the carbon aerogels. Prior 
to observation, the carbon aerogels were sputtered with gold 
for 120 s to increase their electrical conductivity. Thermogravi-
metric and differential scanning calorimetric analyses of carbon 
aerogels were performed on an STA449F3 thermal analyzer 
(Germany). X-ray diffractometry (XRD) data for the as-made 
carbon aerogels were obtained with a D8 Advance XRD appa-
ratus over a range of 2θ angle of 10 to 80°. X-ray photoelectron 
spectra of carbon aerogels were determined using ESCALAB 
250Xi equipment.

The porous structure of the carbon aerogels was characterized 
by nitrogen adsorption test on a Micrometric Autosorb-iQ-MP 
apparatus (USA) at 77 K. Each isotherm was recorded after de-
sorbing a dry sample under vacuum for 6h at 200°C. Brunauer-
Emmett-Teller (BET) analysis for BET specific surface area 
was applied using the isotherm data points from the adsorption 
branch at a relative pressure of 0.05≤P/P0≤0.3. Barrett-Joyner-
Halenda (BJH) analysis was employed for the desorption branch 
of the isotherm. T-plot method was applied to calculate micro-
porous specific surface area. Besides, BET specific surface area 
minus microporous specific surface area was mesoporous and 
macroporous specific surface area.

3. Results and Discussion

3.1. Visual observation of reaction during rising 
of carbonization temperature

Photographs of instant observation experiments with salt eu-
tectics at various temperatures in the process of heating up are 
shown in Fig. 3. It can be seen that white salt eutectics started to 
melt at 253°C and melted completely into transparent liquids at 
366°C. This was not consistent with the minimum melting point 
of 230°C, obtained from the KCl-ZnCl2 binary phase diagram. 
The reasons for the melting delay might be that the temperature 
was raised too fast to melt in time and the salt eutectics were not 
mixed thoroughly because rapid physical and chemical adsorp-
tion of water made them condense into blocks, which can be 
clearly seen in Fig. 3a and c. Notably, the melting process is 
peaceful and mild, and there is no foaming phenomenon, just 
very slight bubbling, which is ascribed to the emission of wa-
ter vapor and volatile gases from the salt melts. It should be 
underlined that the salt eutectics are completely molten before 
366°C and this ensures that they can play an important role in 
the preparation of carbon aerogels, which will be discussed later.

Photographs of Emim-dca at different temperatures in the 
calcining process under argon atmosphere are provided in Fig. 
4. During heating of sample, the color of Emim-dca gradually 
deepens from transparent over beige to suntan and brown; fi-
nally, black matter is obtained. Simultaneously, decomposition, 
crosslinking into solid state, and carbonization reactions occur 
in turn, as detailed in our previous work. The decomposition 
reaction begins at about 250°C. From Fig. 4d, it can be seen 
that Emim-dca initiates a crosslinking reaction to fabricate black 
solid at 375°C, before which point the salt eutectics have already 

Fig. 3. Photographs of salt eutectics at various temperatures in the pro-
cess of heating up.

Fig. 4. Photographs of Emim-dca at different temperatures in the cal-
cining process under argon atmosphere.

Fig. 5. Photographs of Emim-dca and salt eutectics mixtures at differ-
ent temperatures in heating process under argon atmosphere.
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different temperatures present typical features of IUPAC type-
Ⅰ adsorption isotherms, which mainly reflects the existence of 
micropores [22]. The difference is that, from 800 to 1000°C, 
the adsorption amount in the ultra-low relative pressure region 
P/P0≤0.05 increases continuously; this illustrates that the 
contribution of micropores increases persistently. The adsorption 
in the low relative pressure range 0.05≤P/P0≤0.35 improves due 
to the single-layer adsorption of mesopores and macropores. In 
the medium relative pressure range 0.35≤P/P0≤0.8, moreover, 
the adsorption amount also increases slightly, with a small 
hysteresis loop expanding somewhat. This indicates that higher 
temperature establishes more mesopores. Considering that 
all three isotherms are approximately horizontal and basically 
parallel in high relative pressure region P/P0>0.8, the content 
of a few macropores is without apparent change for the three 
samples. In the BJH pore size distribution curves, there is no 
clear peak and the curves do not close with the x axis in the 
range of 3 to 100 nm. However, the distribution of mesopores 
rises as their pore size decreases, that is, smaller mesopores 
near micropores are much more numerous, which means carbon 
aerogels are mainly composed of super-micropores and small 
mesopores. Comparing the three curves, it can be seen that 
the content of small mesopores increases when carbonization 
temperature rises from 800 to 1000°C; the increase of 
approximately 3 nm-diameter mesopores is most prominent. It 
can therefore be concluded that from 800 to 1000°C, the higher 
temperature helps to form more approximately 3 nm-diameter 
mesopores and super-micropores but has little influence on the 
nanoscale macropores.

Table 1 records the specific surface area and pore volume 

proximately 444°C because the liquid becomes entirely solid; 
the black solid matter continues to carbonize into carbon aero-
gel. From Fig. 5b-d, it is clear that there is a drastic foaming 
phenomenon in the process of calcining Emim-dca and salt eu-
tectics mixtures. The foaming phenomenon exists between 178 
and 444°C in the stage of decomposition reaction prior to the 
process of crosslinking into black solid matter. Considering that 
there is no foaming phenomenon when calcining Emim-dca or 
salt eutectics alone, it must be the salt eutectics that lead to the 
foaming phenomenon. So, the salts also act as foaming agents. 
In Fig. 5f, it can be seen that black porous carbon aerogels mixed 
well with salts were obtained.

Through instant observation experiments, it is affirmed that 
salt eutectics can fuse into liquid melts and mix thoroughly 
with liquid Emim-dca molecules before crosslinking reaction. 
Hence, salts eutectics can play the roles of solvents, porogens, 
and templating and foaming agents in the preparation of carbon 
aerogels. In addition, it should be emphasized that salt eutectics 
need to be prepared freshly; it is necessary to dry the salts in a 
vacuum oven prior to experiments and grind them sufficiently 
before mixing.

3.2. Research into process parameters of 
preparation of carbon aerogels

3.2.1. Effects of carbonization temperature on carbon 
aerogels

Nitrogen sorption isotherms and BJH pore size distribution 
curves of 40%-800-CA, 40%-900-CA, and 40%-1000-CA 
are exhibited in Fig. 6. All three carbon aerogels prepared at 

Fig. 6. Nitrogen sorption isotherms (a) and BJH pore size distribution curves (b) of 40%-800-CA, 40%-900-CA, and 40%-1000-CA.

Table1. Textural properties of carbon aerogels carbonized at different temperatures

Carbon aerogels BET specific surface 
area (m2 g–1)

Total pore volume 
(cm3 g–1)

Micro pore volume 
(cm3 g–1)

Micro specific 
surface area (m2 g–1)

Meso and macro specific 
surface area (m2 g–1)

40%-800-CA 990 0.49 0.25 609 381

40%-900-CA 1404 0.69 0.45 1015 389

40%-1000-CA 1555 0.84 0.57 1187 368
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the microscopic structure of 40%-1000-CA is constituted with 
highly interconnected fractal network. By comparing low mag-
nification scanning electron micrographs, it can be seen that 
macropores are present in all three carbon aerogels, without re-
markable changes; this implies that macropores do not increase 
or decrease obviously when the carbonization temperature in-
creases from 800 to 1000°C. The nanoporous structure in Fig. 
7d-f shows super-micropores and small mesopores that formed 
gradually; finally, an interconnected network structure is fabri-
cated as carbonization temperature rises from 800 to 1000°C. 
It can be believed that higher temperature can deepen the car-
bonization reaction further to form a nanoporous interconnected 
structure and increase the contribution of super-micropores and 
small mesopores.

As carbonization temperature rises from 800 to 1000°C, 
through a further deepening of the carbonization reaction, higher 
temperature promotes the formation of a nanoporous intercon-
nected fractal structure and increases the contribution of super-
micropores and around 3 nm small mesopores. Moreover, higher 
temperature increases the specific surface area and pore volume 
while having few effects on macropores.

3.2.2. Effects of mass ratio of ionic liquid to salts on car-
bon aerogels

Fig. 8 shows nitrogen sorption isotherms and BJH pore 
size distribution curves of carbon aerogels prepared with 
mass ratios of Emim-dca to salt eutectics of 15, 35, and 
55%. The isotherm of 55%-900-CA is a type-Ⅰ isotherm, 
reflecting the presence of micropores, while both the 15%-
900-CA and 35%-900-CA isotherms present characteristic 
features of not only type-Ⅳ but also type-Ⅰisotherms. In low 
relative pressure scope P/P0≤0.3, the adsorption amount of 
55%-900-CA increases gradually; this corresponds to single-

parameters of the carbon aerogels carbonized at different 
temperatures. The micro specific surface area increases 
enormously when carbonization temperature is raised from 
800 to 1000°C; for example, the micro specific surface area 
of 40%-1000-CA is almost two times higher than that of 40%-
800-CA. Nevertheless, the meso and macro specific surface 
area stays at 380 m2 g–1 or so. The increasing of BET specific 
surface area with increasing carbonization temperatures results 
from the increase of micro specific surface area. Pore volume 
varies in a way similar to the specific surface area. So, the 
evidence from nitrogen adsorption measurements is supported 
and complemented: higher temperature fabricates more small 
mesopores and super-micropores and increases the specific 
surface area and pore volume, but has few effects on macropores.

Scanning electron micrographs of the carbon aerogels car-
bonized at different temperatures appear in Fig. 7. In Fig. 7a 
and d, it can be seen that the carbon skeleton surface of 40%-
800-CA is even and smooth, with some macropores. The mi-
crostructural surface of 40%-900-CA is rough and coarse, and 

Fig. 7. Scanning electron micrographs of carbon aerogels carbonized 
at different temperatures.

Fig. 8. Nitrogen sorption isotherms (a) and BJH pore size distribution curves (b) of carbon aerogels prepared with different mass ratios of Emim-dca to 
KCl/ZnCl2.

Table 2. Textural properties of carbon aerogels prepared with different mass ratios of Emim-dca to KCl/ZnCl2

Carbon aerogels BET specific 
surface area (m2 g–1)

Total Pore volume 
 (cm3 g–1)

Micro pore volume 
(cm3 g–1)

Micro specific 
surface area (m2 g–1)

Meso and macro specific 
surface area (m2 g–1)

15%-900-CA 2019 1.30 0.66 1378 641

35%-900-CA 2309 1.46 0.94 1877 432

55%-900-CA 1388 0.66 0.40 999 389
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a few macropores in 55%-900-CA results because a part of 
the salts accumulates into small clusters with the lowest free 
energy. Micropores fabricated using molecular salt ion pairs 
cannot be observed due to low magnification. Many uniform 
mesopores and macropores are formed in the structure of 
35%-900-CA because a number of salts aggregate into the m 
any uniform clusters, instead of into the salt ion templates. 
The irregularly spherical particle globules of the carbon 
skeleton and interstitial pores can be seen in the structure of 
15%-900-CA. The reason for this is that there is an excess of 
salt, which results in the formation of a continuous salt phase; 
a lot of macropores are retained in the interconnected network 
structure after removing the salts. With an increasing amount 
of salts, micropores fabricated by molecular salt templates 
expand into mesopores and then mesopores penetrate the 
interconnected macropores.

The mass ratio of the raw materials has a great influence 
on the pore structure of as-prepared carbon aerogels; 
simultaneously, changes of the microstructure cause 
variations of specific surface area and pore volume. When the 
mass ratio of Emim-dca to salt eutectics is 55%, the amount 
of salts eutectics as porogens and templates is small and they 
disperse homogeneously in Emim-dca as ion pairs and a few 
clusters with minimal free energy to fabricate micropores 
and few macropores, respectively. As the amount of salts 
increases, salts accumulate to form clusters and form many 
uniform mesopores, increasing the specific surface area. 
When the mass ratio is too low, for example 15%, that is, 
salts are too plentiful, superfluous salts form a continuous 
phase and, after the removal of salts, many macropores stay 
in the porous interconnected network structure, resulting in 
the decrease of the specific surface area.

layer adsorption. There is little other adsorption in the range 
of P/P0>0.3. So, the structure of 55%-900-CA is composed 
of just mesopores and micropores with very few nanoscale 
macropores. In addition, by comparing the adsorption amounts 
of the three isotherms in the low relative pressure range, the 
contribution of micropores can be seen to initially increase 
but subsequently decrease as the mass ratio varies from 55 
to 35% and to 15%. In the middle and high relative pressure 
scope, both 15%-900-CA and 35%-900-CA have a hysteresis 
loop caused by capillary evaporation and condensation 
phenomenon; the adsorption amount increases continuously 
without adsorption saturation. The differences between 
15%-900-CA and 35%-900-CA are that the adsorption of 
15%-900-CA is comparatively lower in the middle relative 
pressure region but rises more steeply in the high relative 
pressure range than does that of 35%-900-CA. So, 35%-900-
CA possesses more mesopores than 15%-900-CA but 15%-
900-CA has more macropores than 35%-900-CA. From the 
nitrogen sorption isotherms, it can be concluded that when the 
mass ratio drops from 55 to 35% and then to 15%, that is, when 
the content of salts increases, the contribution of micropores 
and mesopores initially increases but subsequently decreases 
after the mass ratio surpasses a certain value; the content 
of macropores maintains a progressive increase. From the 
three BJH pore size distribution curves, it is revealed that 
small mesopores are much more numerous as their size is 
closer to the size of the micropores. So, super-micropores and 
small mesopores account for the main portion of pores in the 
nanoporous structure of all three carbon aerogels. Besides 
this, the contribution of small mesopores initially increases 
and then decreases as the amount of salts increases.

The specific surface area and pore volume parameters of 
the carbon aerogels prepared with different mass ratios of 
Emim-dca to KCl/ZnCl2 are collected in Table 2. As the mass 
ratio decreases from 55 to 35% and finally to 15%, that is, as 
salt additions increase, BET specific surface area and micro 
specific surface area initially improve and then drop, while 
meso and macro specific surface area increases continuously. 
The rule regarding the change of pore volume is similar to that 
of the specific surface area. The results perfectly correspond 
with the conclusions shown in Fig. 8. Most importantly, 
carbon aerogel with BET specific surface area up to 2309 m2 
g–1 was prepared at 900°C, with mass ratio of 35%, which 
was relatively high compared to the value from the literature.

Scanning electron micrographs of carbon aerogels 
prepared at different mass ratios of Emim-dca to salt 
eutectics are presented in Fig. 9. Because salt eutectics serve 
as templates and porogens, pore architecture, and size depend 
on the decentralized form of salt eutectics. The formation of 

Fig. 9. Scanning electron micrographs of carbon aerogels prepared 
with different mass ratios of Emim-dca to KCl/ZnCl2: (a) 55%-900-CA, (b) 
35%-900-CA, and (c) 15%-900-CA.

Fig. 10. XRD spectrum (a), TG-DSC curves (b), and XPS pattern of the 
35%-900-CA carbon aerogels.
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