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Abstract Carbon aerogels, monolithic porous carbons derived via pyrolysis of
porous organic precursors synthesized via the sol-gel route, are excellent materi-
als for high-temperature thermal insulation applications both in vacuum and inert gas
atmospheres. Measurements at 1773 K reveal for the aerogels investigated thermal
conductivities of 0.09 W - m~! - K~! in vacuum and 0.12W - m~! . K=! in 0.1 MPa
argon atmosphere. Analysis of the different contributions to the overall thermal trans-
port in the carbon aerogels shows that the heat transfer via the solid phase dominates
the thermal conductivity even at high temperatures. This is due to the fact that the
radiative heat transfer is strongly suppressed as a consequence of a high infrared
extinction coefficient and the gaseous contribution is reduced since the average pore
diameter of about 600 nm is limiting the mean free path of the gas molecules in the
pores at high temperatures. Based on the thermal conductivity data detected up to
1773 K as well as specific extinction coefficients determined via infrared-optical mea-
surements, the thermal conductivity can be extrapolated to 2773 K yielding a value of
only 0.14W -m~! . K~! in vacuum.

Keywords Carbon aerogels - High temperature - Porous carbons - Thermal
conductivity - Thermal insulation

1 Introduction

Carbon aerogels [1], i.e., porous carbons synthesized via the sol—gel route, are consid-
ered as very interesting materials for high-temperature thermal insulations in non-oxi-
dizing atmospheres or vacuum [2—4]. Aerogels are open porous solids consisting of a

M. Wiener (X) - G. Reichenauer - S. Braxmeier - F. Hemberger - H.-P. Ebert
Bavarian Center for Applied Energy Research, Am Hubland, 97074 Wiirzburg, Germany
e-mail: matthias.wiener @zae.uni-wuerzburg.de

@ Springer



Int J Thermophys (2009) 30:1372-1385 1373

three-dimensional network of spherical interconnected primary particles. The mean
pore and particle size can be specifically adjusted to be in the range from several
nanometers only to some microns by varying the synthesis conditions. Porosities up
to about 99 % can be achieved. These properties make carbon aerogels suitable for
thermal insulation applications [5], in particular at high temperatures, but also for
electrodes in supercapacitors [6—8] and gas diffusion layers in fuel cells [9, 10].

Wiener et al. [5] showed that the thermal conductivity via the backbone of carbon
aerogels is strongly increasing with the pyrolysis or the annealing temperature applied;
this is due to the increase in ordering of the carbon structure on the molecular scale
accompanied by the growth of the carbonaceous microcrystallites. The study revealed
that these structural changes mainly reduce the grain boundaries and thus the scattering
of the phonons dominating the heat transport via the solid phase. In contrast, the elec-
tronic contribution to the thermal transport was shown to be negligible as expected for
highly amorphous systems. Nevertheless, the earlier paper already revealed the high
potential of carbon aerogels as high-temperature thermal insulations.

In the present study, the total effective thermal conductivity of two carbon aerogels
was determined as a function of temperature in argon as well as under vacuum to
investigate the different contributions to the overall heat transfer.

2 Heat Transfer in Carbon Aerogels

In general, the total effective thermal conductivity, Afr, of porous materials such as
carbon aerogels comprises at least three contributions: the thermal conductivity of the
solid backbone, A, the contribution of the gaseous phase, A¢, and the radiative thermal
conductivity, A;. To a good approximation the total effective thermal conductivity can
be described by a superposition of the three contributions [11]:

)Leff :)Ls+)\g+)\r~ (1)

Atroom temperature and above, the heat transfer in solids, A, is a diffusive transport
via phonons; in case of electrically conductive materials, an additional contribution
due to heat transfer via electrons can be relevant. Wiener et al. [5] showed that for
carbon aerogels the contribution of the electrons to the thermal conductivity is neg-
ligible. Therefore, the solid thermal conductivity in aerogels can be described by the
phonon diffusion model [12]:

1
As = gcvpvphlph, 2)

where ¢, &~ ¢, is the specific heat at constant volume, p is the sample density, v,
is the mean velocity of the phonons, and /,y is the mean free path of the phonons.
At the temperature relevant within the framework of this study, the mean free path
of the phonons, however, is controlled by the molecular order in the solid phase of
the sample investigated and thus is affected by the pyrolysis temperature [5]. On
the other hand, the specific heat depends on the specimen temperature. Consequently,
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A is a function of the measurement temperature 7 as well as a function of the pyrolysis
temperature Tpyro.
The gaseous thermal conductivity in porous media can be calculated via [13]

Mg 0(T)

*e D = 2pkm

3

where Ag g is the thermal conductivity of the free gas, I is the porosity of the material,
B is a constant including the interaction between the gas molecules and the pore walls,
and Kn is the Knudsen number which is defined as the ratio of the mean free path of the
gas molecules [, and the pore size D: Kn = I,/ D. Convection within the carbon aero-
gels can be neglected for the material structure and environmental conditions given.

The mean free path of the gas molecules is a function of the temperature according
to

kgT
v/ 200pg
with kg is the Boltzmann constant, oy is the cross section of the molecule, and p, is

the gas pressure. The thermal conductivity of the free gas can be calculated via the
kinetic theory of gases according to [14]

1o(T) = )

2¢y kT
)\g’O(T)ZE g

(&)

where ¢, is the specific heat of the gas at constant volume and m is the mass of the
respective gas molecule or atom.

For optically thick media, the radiative heat transfer can be considered as a diffusion
process, and to a good approximation, calculated by

. 161203 3
T 3pe(T)

(6)

Here n is the complex index of refraction of the material, op is the Stefan-Boltzmann
constant, p is the sample density, and e is the specific extinction coefficient.

3 Experimental
3.1 Carbon Aerogel Synthesis

The carbon aerogels investigated in this work were derived via pyrolysis of organic
aerogel precursors. The precursors were synthesized according to the sol-gel process
which is described in detail elsewhere [15]. Briefly, an aqueous solution of resor-
cinol and formaldehyde was mixed; hereby the dilution of the reactants resorcinol and
formaldehyde in the starting aqueous solution was adjusted to a mass ratio M of 25 %
(M = mass of resorcinol and formaldehyde to total mass of the solution) to yield a
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Fig. 1 SEM image of one of the carbon aerogels synthesized (Tpyro = 2073 K)

density of the resulting aerogel of about 230kg - m~3. Then sodium carbonate was
added as a base catalyst. The amount of catalyst controls the particle growth during the
chemical reaction and thus the size and specific surface area of the backbone forming
particles; at a given porosity of the aerogel, the catalyst concentration, therefore, also
determines the average pore size. The molar ratio of resorcinol to catalyst was set to
2000 to provide an average pore size of the final carbon aerogel of about 550 nm.
The solution was filled in cylindrical glass vessels and sealed airtight. Then the sam-
ples were exposed to 85 °C for 24 h [15] for gelling and curing. Afterwards, the pore
liquid within the wet gel was replaced by ethanol to reduce the surface tension upon
drying. Subsequently, the gels were dried at ambient conditions. Finally the result-
ing organic aerogels were pyrolyzed in an argon atmosphere at 1073 K and 2073 K.
Figure 1 shows the microscopic structure of one of the carbon aerogels synthesized.

3.2 Measurement of the Specific Heat

The specific heat ¢, (T') of the carbon aerogels was determined by differential scanning
calorimetry (DSC) measurements using a DSC 404 C (Netzsch Geritebau GmbH,
Germany). The measurements were performed in a temperature range from about
303K to 1773 K in argon atmosphere. The temperature ramp was 10K - min~!. The
sample holders used were crucibles made of a platinum body and an alumina insert.
The inner diameter of the crucible was 5Smm. The low-density aerogel was milled
and then compressed into a pellet of 5 mm in diameter to provide a maximum loading
of the crucible and reasonable heat transfer for the DSC measurement. The resulting
sample mass was about 8§ mg.

3.3 Determination of the Thermal Conductivity

The total effective thermal conductivities Aeft of the samples were calculated from the
thermal diffusivity a according to
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heff = a(T)pcp(T), )

where ¢, is the specific heat at constant pressure and p is the density of the sample.
The thermal diffusivities were derived via standard laser-flash measurements. The front
side of the sample was hereby heated via a laser pulse (NdYaG-Laser, wavelength =
1064 nm; pulse length = 0.3 ms), and the temperature at the backside of the sample was
monitored by an infrared detector as a function of time. From the time dependence
of the signal, the thermal diffusivity a can be calculated. A more detailed analyti-
cal description can be found in [16]. The laser-flash apparatus applied is equipped
with a furnace allowing temperature dependent measurements up to 1773 K. Addi-
tionally, measurements can be performed under vacuum and inert gases at different
gas pressures, respectively.

For the laser-flash measurements, the carbon aerogel specimens were cut with a
diamond saw to provide discs with a diameter of 12 mm and a thickness of 500 pm.

3.4 Determination of the Specific Extinction Coefficient

The specific extinction coefficients e of the carbon aerogel specimens were deter-
mined in the infrared-optical wavelength regime using a Fourier transform infrared
spectrometer (Bruker IFS 66 v). Earlier investigations showed that the extinction of
carbon aerogels is dominated by absorption [5]. The carbon aerogel samples were
therefore characterized by measuring the directional-directional transmittance Tgq at
ambient temperature for wavelengths between 1.5 pm and 40 wm.

Normally, the specimens used for this kind of measurement are prepared as fine
powders embedded in a highly dispersed form in a KBr tablet. However, for the case
of carbon aerogels the porous monolithic specimen itself acts as an optical absorber; in
that case the arrangement of the carbon within the sample is crucial for the mass being
effective. We therefore tried to prepare a monolithic aerogel sample for the absorption
measurement. However, because of the strong absorbance of the carbon aerogel and
the limited sensitivity of the FTIR spectrometer, a layer of only a few tens of microns
is required. To meet these demands, a thin aerogel slice was prepared by attaching a
piece of Scotch tape onto the aerogel surface and then stripping it off together with
a thin detached layer of the carbon aerogel surface. For the measurement the sample
including the supporting Scotch tape (thickness ~ 50 wm) was placed directly into
the beam with its surface normal to the direction of the beam. The measured spectrum
was then corrected for the spectrum of the Scotch tape only.

From the resulting transmittance spectrum, the extinction coefficient was calculated
as a function of wavelength using Beer’s law. In order to deduce the extinction coef-
ficient as a function of temperature, the spectral extinction coefficient was weighted
using the Rosseland averaging function [17].

3.5 Characterization of the Aerogel Morphology

The structure of the carbon aerogels investigated was characterized by nitrogen sorp-
tion measurements at 77 K using a Micromeritics ASAP 2000 apparatus. Prior to
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sorption analysis, each sample was degassed at 300°C under vacuum for at
least 12h.

The measured isotherm was evaluated with respect to the total and external specific
surface area. The total surface area Sggt of the carbon aerogel was derived by using the
BET (Brunauer—-Emmert—Teller) analysis [18] in the relative pressure range between
p/po = 0.05 and 0.26; to determine the envelope surface area of the backbone parti-
cles only, the so-called specific external surface area Sex was determined via a ¢-plot
[19].

The mean pore size D was calculated from the specific external surface area, Sex(,
under the assumption that the pore geometry is cylindrical:

_ 4 Vpore
Sext

D ®)

Vpore is hereby the specific volume of the pores in between the backbone particles, it
is calculated from the density of the specimen p and the particle density Opart:

1 1
Vpore =—- - - )
P Ppart

The density of the microporous carbon particles was hereby assumed to be 1400 kg -
m~3. The mean particle size d is related to the specific external surface area and the
particle density by

6
d= . (10)
Sextppart

4 Experimental Results
4.1 Morphology

The mean particle and pore sizes of the carbon aerogels investigated were determined
from nitrogen sorption data according to Eqs. 8—10. The mean particle and pore diam-
eters calculated are given in Table 1 together with the densities, specific pore volumes,
and specific surface areas of the two specimens. The values reveal that the morphol-
ogy of the carbon aerogels exposed to different annealing temperatures is very similar
for length scales on the order of the particle size and above. The data derived for the
particle size were confirmed by visual analysis of the SEM image (Fig. 1).

Only the comparison of the BET surface areas indicates that the structure within
the particles, i.e., the micropores and microcrysallites are affected by the pyrolysis
temperature. With a higher pyrolysis temperature the micropores become wider and
increasingly inaccessible [20].
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Table 1 Structural characteristics of two different carbon aerogels investigated

Pyrolysis/annealing ~ Density ~ Pore volume  Specific SBE Mean pore Mean
temperature (K) (kg - m73) Vpore external (m™ ~g71) diameter  particle
(cm3 - g~1)y  surface area (nm) diameter
Sext(m? - g~") (nm)
2073 £ 20 225+£9 37+04 28+2 38+2 529 £ 106 153 £ 14
1073 £ 10 225+9 37+04 25+2 575 +£29 592+ 118 171 £15
T T T T T T T T T
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Fig. 2 Experimental data of the specific heat including underlying reaction enthalpies for a carbon aerogel

pyrolyzed/annealed at 1973 K (open square), full line corresponds to a fit of Eq. 11 to the data, and dashed
line marks the upper limit of the specific heat according to Dulong-Petit

4.2 Specific Heat

Figure 2 shows the measured data of the specific heat ¢, and underlying reaction enthal-
pies for a carbon aerogel pyrolyzed/annealed at 1973 K in the temperature range from
about 300K to 1800K. The pyrolysis temperature of the aerogel under investigation
was well beyond the maximum temperature of the caloric measurement in order to
prevent changes in structure during the measurement. The strong fluctuations of the
data for temperatures beyond 1300K can be ascribed to chemical reactions between
the specimen and the crucible.

For further calculations, it is handy to have an analytical equation that describes the
specific heat as a function of the temperature and approaches the Dulong-Petit limit
at high temperatures. A suitable function is

e)(T) = —P1 4 P2 (1 _exp (_P%)) (an

a fit of this relation to the experimental data, yields the parameters P1 = 1440
J-kg7!.K7!, P2=35287-kg™' - K™, and P3 = 319K.
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Fig. 3 Thermal diffusivity of a carbon aerogel (pyrolysis temperature = 2073 K) as a function of temper-
ature under 0.1 MPa argon atmosphere (filled circle) and vacuum (open circle). Values for a carbon aerogel

(pyrolysis temperature = 1073 K) at 573 K in 0.1 MPa argon atmosphere (filled triangle) and vacuum (open
triangle)

4.3 Thermal Diffusivity

Figure 3 shows the thermal diffusivities for the two carbon aerogels as measured via
the laser-flash technique at different temperatures up to 1773 K in argon and under
vacuum. Hereby, the aerogel pyrolyzed at 1073 K was measured at 573 K only. In both
cases the pyrolysis temperature exceeded the maximum temperature applied during the
measurement. This way irreversible changes of the samples during the measurement
were avoided.

4.4 Infrared Extinction

Figure 4 shows the specific extinction coefficient as a function of the wavelength and
the corresponding data as a function of temperature. The two curves refer to two sep-
arately but similarly prepared samples of the same carbon aerogel (Tpyro = 2073 K).
The difference of the data results from the preparation. A check of the homogeneity of
the sample layer was performed by measuring its dimensions and mass (see Table 2),
calculating its density, pjayer, and comparing it to the density of the aerogel monolith,
p. The discrepancy of these data for the case of preparation 2 shows that the material
in the layer is not homogeneously distributed. Preparation 1 is therefore classified as
more reliable, and the corresponding data are used for the following calculations.

5 Discussion
The effective thermal conductivities as calculated according to Eq.7 from the deter-

mined values of thermal diffusivity a(T'), specific heat ¢, (T'), and sample densities p
are shown for the two carbon aerogels investigated in Fig. 5.
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Fig. 4 Specific extinction coefficients of the carbon aerogel annealed at 2073 K as a function of (a) wave-
length and (b) temperature. Curves represent two separate preparations of the same specimen

The comparison of the values derived in 0.1 MPa argon atmosphere and under
vacuum shows that the difference between the two datasets (see Fig. 6) is almost tem-
perature independent on the order of 0.02W - m~! - K~!. This difference in thermal
conductivities represents the contribution of the gas in the pores of the aerogel to the
total effective thermal conductivity. Compared to the values expected for the thermal
conductivity of free argon weighted by the porosity of the specimen, the thermal con-
ductivity is significantly suppressed for temperatures above about 1000K (see Fig. 6).
The mean free path of argon atoms at 1000K is about 230nm, a value that is only
a factor of two smaller than the average pores size of the specimens (Table 1). This
corresponds to a Knudsen number Kn of 0.5, a value for which the theoretical gaseous
thermal conductivity as given by Eq.3 is significantly reduced compared to the one
for the free gas. According to Eqgs.3-5, the temperature dependence of the gaseous
thermal conductivity, Ag, in porous media is given by
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Table 2 Data of two carbon aerogel samples prepared from the same specimen as an adhesive layer on
Scotch tape (diameter = 15 mm)

Pmonolith dlayer dscotch Pscotch Player (P]ayer — Pmonolith/
(kg-m~3)  (um) (um) (kg-m™)  (kg-m=3) Pmonolith) 100(%)
Preparation 1 225 +9 23+2 50+2 1029 42 2234+9 0.9
Preparation 2 225 +9 25+2 50+2 1029 +42 207 +9 8.0
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Fig.5 Thermal conductivity of the investigated carbon aerogel (pyrolysis temperature = 2073 K) as a func-
tion of temperature under 0.1 MPa argon atmosphere (filled circle) and vacuum (open circle). Also shown
is the thermal conductivity of a carbon aerogel (pyrolysis temperature = 1073 K) at 573 K in 0.1 MPa argon
atmosphere (filled triangle) and vacuum (open triangle)

JT
Ao (T) X — 12
g()O(lJrC%’ (12)

where C is a material specific constant. Since the second term in the denominator of
Eq. 12 is larger than 1 for 1000K and further increases with temperature the gaseous
contribution to the thermal conductivity for the carbon aerogel under investigation is
expected to decrease in the high temperature limit with 7~%-3; this is due the fact that
for Knudsen numbers > 1, the temperature dependence of the mean free path of the
gas is overcompensating the increase of the thermal conductivity of the free gas with
temperature.

According to Eq. 1, the effective thermal conductivities measured under vacuum
represent the superposition of the thermal conductivity via the solid phase and radia-
tive heat transfer. To quantify the contribution of the two terms, the radiative thermal
conductivity was calculated via Eq.6 using the extinction coefficient e(7) shown
in Fig.4b; hereby a refractive index n = 1.1 was used, which had been calculated
according to the Clausius-Mossotti formula [22].
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Fig. 6 Gaseous contribution, Ag, to the total effective thermal conductivity of the carbon aerogel pyro-
lyzed at 2073 K as a function of temperature (filled square). Data were derived from the difference of the
measurements under argon atmosphere and vacuum (see Fig. 5). In addition, literature data of the thermal
conductivity for free argon gas [21] for a porosity of 90 % are depicted (dashed line)

2 2 2 _
n-—1 n:—1 n 1
_— === QLN 13
n%+2 ( )n§+2Jr n3+2 (13)

where n; is the refractive index of the solid (cabon = 2) and n,, is the refractive
index of the pores (1,5 = 1). (1 — IT) and IT are the fractions of the solid and pores
in the material, respectively. The theoretical values derived for the radiative thermal
conductivity as a function of temperature are plotted in Fig. 7.

In Fig. 8 these data are compared to the experimental data of the total effective ther-
mal conductivities measured in vacuum. The plot reveals that the radiative transport
represents even at 1770 K only a small contribution to the total effective thermal con-
ductivity in the carbon aerogel investigated. The thermal transport is rather dominated
by the heat transfer via the solid phase. The full line in Fig. 8 corresponds to a fit of a
superposition of the radiative thermal conductivity and the solid thermal conductivity
as given by the phonon diffusion model (Eq.2) with the product of /,n and vph as a
free parameter. The plot shows that the temperature dependence of the total effective
thermal conductivity at temperatures below about 1200K is well-represented by the
temperature dependence of the specific heat (see Fig.2). The theoretical values are
plotted only up to the temperature of 2073 K, i.e., the temperature that the sample has
already been exposed to upon pyrolysis.

Figure5 shows, the heat treatment temperature (Tpyr0) is a crucial parameter in
terms of the solid thermal conductivity of the aerogel. At a measurement temperature
of 573K, the thermal conductivity shifts from 0.018 W - m~! . K~! for the aerogel
pyrolyzed at 1073 K to 0.068 W - m~! - K~! for the aerogel derived from the same
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Fig. 7 Radiative contribution to the thermal conductivity of the carbon aerogel pyrolyzed at 2073K as
a function of temperature; values were calculated via Eq. 6 from the data shown in Fig.4 for preparation
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Fig.8 Thermal conductivities of a carbon aerogel (pyrolysis temperature = 2073 K) measured as a function
of temperature in vacuum (open circle). Radiative Ay and solid Ag contributions to the thermal conductivity
are indicated; full line represents the superposition of the two terms. Upper dashed line corresponds to the
thermal conductivity expected for the same aerogel, however, pyrolyzed at 2773 K

organic precursor, however, with a pyrolysis temperature of 2073 K. Assuming a linear
increase of the solid thermal conductivity with the pyrolysis temperature as reported
in Ref. [5] the shift in thermal conductivity for an aerogel pyrolyzed at 2773 K com-
pared to the experimental data shown in Fig. 8 is expected to be 0.035W -m~! . K~
The upper dashed line in Fig.8 represents the effective thermal conductivity to be
expected for a carbon aerogel derived from the same organic precursor as the samples
measured here, however, pyrolyzed at a temperature of 2773 K. Under 0.1 MPa argon
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atmosphere, the values are expected to increase by an additional constant term of about
0.02W -m~!. K.

6 Conclusions and Outlook

The total effective thermal conductivity of the ambient pressure dried carbon aerogel
investigated with a density as low as 225 kg - m—> and an average pore size of about
600 nm possesses an ultra-low thermal conductivity of only about 0.12W -m~! . K~!
at a temperature of about 2000K in 0.1 MPa argon atmosphere. Extrapolations of the
data to temperatures of 2700K yield maximum effective total thermal conductivities
of about 0.16 W-m~".K~!. These values are a factor of five to ten lower than the ones
for established high-temperature thermal insulation materials like carbon fiber felts
or carbon foams currently available. Therefore, carbon aerogels are expected to be
excellent candidates for applications within this field. In contrast to carbon fibers and
foams, the thermal conductivity increases only moderately with temperature. Essential
for this characteristic property is the adjustable morphology of aerogel, which allows
suppressing the gaseous thermal conductivity by the appropriate pore size on the one
hand and reducing the radiative thermal heat transfer effectively on the other hand.

The study shows that it is still very difficult to provide reliable data for the infra-
red extinction coefficient for highly absorbing materials like carbon aerogels. Conse-
quently, the sample preparation method for the IR-optical measurements needs to be
improved to provide acceptable uncertainties for the extinction data.

Further reduction of the total effective thermal conductivity could be achieved by
modifying the chemistry of the solid backbone. This topic will be investigated in the
near future.
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