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ABSTRACT
High purity inorganic aerogels synthetized during sol-gel process show considerable potential
for large-scale production. Cobalt-manganese oxides, manganese-nickel oxides and cobalt-manganesenickel oxides aerogels were obtained during gelation process of transition metal salts. All samples were
dried in supercritical conditions. Their specific surface was obtained using both Brunauer-Emmet-Teller
and Langmuir methods. Moreover, images received from SEM helped to confirm porous structure.
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1. INTRODUCTION
Aerogels are highly porous materials with large specific surface area. Those two features
determine the rest of their properties, including such as exceptionally low density and thermal
conductivity, high thermal stability, low refractive index, as well as low dielectric constant.
However, all factors mentioned above can be modified by altering process conditions. Although
silica aerogels were the first ones to be made over 80 years ago, current synthesis routes take
other materials into consideration, for example carbon, chrome, aluminium etc. Unique
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characteristics of aerogels make them noteworthy candidate for optic and electric sensors,
thermal and acoustic insulators, catalysts, particle detectors and cosmic dust collectors. [1, 2]
In this work, we present specific surface and structure measurements of MnO-CoO, MnONiO, and MnO-CoO-NiO aerogels prepared by the multi-step gelation process. In order to
remove solvent from aerogels we dried them in supercritical conditions. This kind of aerogels
have been synthesized for the first time, serving as starting materials for any following hybrid
aerogels.

2. SYNTHESIS OF AEROGELS
The vast majority of aerogels are obtained by the means of sol-gel method. The main
advantages of this approach are simplicity, reliability, effectiveness and ability to modify
molecule size as well as morphology of the product. It allows to create high purity aerogels
during transition process between sol solution and two- or multiphase gel. Such chemical
reaction can be carried out at room temperature and usually consists of many stages.
First step is to create sol, which is a stable solution of colloidal molecules dispersed
in liquid or gas. Later polycondensation of precursors in solution rapidly increases its viscosity,
which aids the formation of oxygen bridges, thus beginning the gelation process. It enables the
creation of solid in the shape determined by used matrix. Eventually, syneresis takes place –
further gelation causes shrinkage of the framework with simultaneous solvent drying. This step
is crucial, since it prevents forming any cracks. Particle size of such aerogels depends to a large
extent on precursor concentration, temperature, pH as well as catalyst. Overview of each step
in the aerogel formation is presented in Fig. 1. [2, 3]

Figure 1. Sol-gel process scheme. [3]

The last step after gel formation greatly impacts its structure. When evaporation of the
solvent is applied it causes network shrinkage by capillary forces and the structure is called
xerogel. [2] To prevent that, and obtain aerogel, solvent is replaced with methanol or ethanol
followed by supercritical drying. The main concept of this approach is to remove phase
boundary between liquid and gas, by applying high pressure and increasing temperature
(Fig. 2).
Once the solvent reaches its supercritical point densities of liquid and vapour phase
become equal. Eventually, reduction of pressure at a constant temperature enables supercritical
fluid to transform into a gas, without any impact on the network. [3-5]
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Figure 2. Phase diagram of a pure compound with triple point indicating critical pressure
and temperature for methanol. [5]

3. EXPERIMENTAL
All three substrates used for the following experiment – cobalt, nickel, and manganese
oxide, belong to the transition metal element group. Their basic physical and chemical
properties are listed in Table 1. [6-8]
Table 1. Comparison of the characteristics of cobalt, manganese, and nickel oxide, where:
m – molecular weight, ρ – density, TM – melting point, TB – boiling point,
CS – crystal system. [6-8]
cobalt oxide

nickel oxide

manganese oxide

m [g/mol]

74.932

74.692

70.937

ρ [g/cm3]

5.7 – 6.7

6.67

5.37

TM [°C]

1935

1955

1840

TB [°C]

n/a

n/a

3600

CS

cubic, cF8

cubic, cF8

cubic, cF8

* depending on preparation
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The reagents were used as received and included hydrated salts of CoCl2·6H2O (99.5%,
POCH S.A.), MnCl2·4H2O (99.5%, POCH S.A.) and NiCl2·6H2O (99.5%, POCH S.A.), butylglicydyl ether (95%, Alfa Aesar) as catalyst, methanol (99.8% POCH S.A.) in a fixed amount
of 4 ml as solvent. Three different chemical compositions were prepared – cobalt-manganese
(CoO-MnO), manganese-nickel (MnO-NiO), cobalt-manganese-nickel (CoO-MnO-NiO). The
molar ratio of each solution was 6 moles of salt/8 moles of catalyst/86 moles of solvent. Sample
weights of hydrated metal chlorides were manually mixed with methanol, adding ether at the
end. Table 2 contains used values of substrates used in the synthesis.
Table 2. Quantity of substrates used during aerogel synthesis.
CoO-MnO aerogel

MnO-NiO aerogel

CoO-MnO-NiO aerogel

CH3OH

4 ml

4 ml

4 ml

C7H14O2

2.17 ml

2.17 ml

2.17 ml

MnCl2·4H2O

0.6825(6) g

0.6825(6) g

0.4550(4) g

CoCl2·6H2O

0.8206(1) g

n/a

0.5465(2) g

NiCl2·6H2O

n/a

0.8197(8) g

0.5470(7) g

Figure 3. CoO-MnO-NiO aerogel: a) 24h after setting aside, b), c) 48h after setting aside,
d) after drying in supercritical conditions.
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4. RESULTS
4. 1. SEM
All three samples were examined by the means of scanning electron microscope (SEM),
FEI Company Quanta FEG250. Fig. 4 – 6 show clear flake structure of CoO-MnO, MnO-NiO
and CoO-MnO-NiO respectively, with the second sample exhibiting the biggest flakes.
CoO-MnO aerogel framework differs from the others, with flakes taking form of compact
balls with about 2,5 µm diameter, placed at varying distances. Moreover, their flakes have
length between 100 and 400 nm and thickness of about 30 nm. The lengths of MnO-NiO aerogel
flakes ranges from 200 to 2000 nm, with 25 nm thickness. The ternary aerogel has the smallest
flakes of 25 nm thickness which are densely packed. Their size variation is notably smaller,
with flake length measuring between 200 and 1000 nm.

Figure 4. SEM image of CoO-MnO aerogel in magnification: a) 10000, b) 25000.

Figure 5. SEM image of MnO-NiO aerogel in magnification: a) 10000, b) 25000.
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Figure 6. SEM image of CoO-MnO-NiO aerogel in magnification: a) 10000, b) 25000.

All three samples were examined by the means of scanning electron microscope (SEM),
FEI Company Quanta FEG250. Fig. 4 – 6 show clear flake structure of CoO-MnO, MnO-NiO
and CoO-MnO-NiO respectively, with the second sample exhibiting the biggest flakes.
CoO-MnO aerogel framework differs from the others, with flakes taking form of compact
balls with about 2,5 µm diameter, placed at varying distances. Moreover, their flakes have
length between 100 and 400 nm and thickness of about 30 nm. The lengths of MnO-NiO aerogel
flakes ranges from 200 to 2000 nm, with 25 nm thickness. The ternary aerogel has the smallest
flakes of 25 nm thickness which are densely packed. Their size variation is notably smaller,
with flake length measuring between 200 and 1000 nm.
4. 2. Specific surface measurement using Brunauer-Emmet-Teller method
Graphs shown in Fig. 7 describe quantity of molecules adsorbed in the BET measurement,
with isotherm transformation on the vertical axis given by the equation:
𝜃𝐵𝐸𝑇 =

1
𝑝0

(1)

𝑄 ( 𝑝 − 1)
where:

𝑝
𝑝0

– relative pressure, 𝑄 – quantity adsorbed [cm3/g STP].

The isotherms above prove that MnO-NiO and CoO-MnO-NiO aerogels have larger
specific surface than the third aerogel.
Table 3 presents calculated specific surface for each aerogel in the BET method.
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Figure 7. Specific surface measurement using BET method for CoO-MnO, MnO-NiO and
CoO-MnO-NiO aerogel.

Table 3. Specific surface BET measurement for CoO-MnO, MnO-NiO
and CoO-MnO-NiO aerogel.
CoO-MnO [m2/g]

MnO-NiO [m2/g]

CoO-MnO-NiO [m2/g]

22,679 ± 0,099

51,29 ± 0,14

50,85 ± 0,12

4. 3. Specific surface measurement using Langmuir method
Graphs shown in Fig. 8 describe quantity of molecules adsorbed in the Langmuir
measurement, with isotherm transformation on the vertical axis given by the equation:
𝜃𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 =

𝑝
𝑄

(2)

where: 𝑝 – absolute pressure [mmHg], 𝑄 – quantity adsorbed [cm3/g STP].
Specific surface measurement using Langmuir method maintains the conclusion that
MnO-NiO and CoO-MnO-NiO aerogels have larger specific surface in comparison with
CoO-MnO aerogel.
Table 4 presents calculated specific surface for each aerogel in the Langmuir method.
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Figure 8. Specific surface measurement using Langmuir method for CoO-MnO, MnO-NiO
and CoO-MnO-NiO aerogel.

Table 4. Specific surface Langmuir measurement for CoO-MnO, MnO-NiO
and CoO-MnO-NiO aerogel.
CoO-MnO [m2/g]

MnO-NiO [m2/g]

CoO-MnO-NiO [m2/g]

43,9 ± 1,3

100,6 ± 3,4

99,8 ± 3,3

5. CONCLUSIONS
The evaluation of research data helped to conclude that all of the obtained aerogels exhibit
moderate specific surface. Moreover, there is a twofold difference between BET and Langmuir
measurement results. However, both measurements have an analogous relationship with MnONiO and CoO-MnO-NiO aerogels exhibiting over two times higher value of specific surface
than CoO-MnO aerogel. It should be noted that this is the first time we synthesized aerogel
consisting of manganese oxide and other transition metal oxides. Additionally, sol-gel method
used for synthesis is both simple and cheap, which means that it can be used for mass scale
production.
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