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Abstract—The thermal conductivity & and resistivity p of biocarbon matrices, prepared by carbonizing
medium-density fiberboard at 7,4, = 850 and 1500°C in the presence of a Ni-based catalyst (samples MDF-
C(Ni)) and without a catalyst (samples MDF-C), have been measured for the first time in the temperature
range of 5—300 K. X-ray diffraction analysis has revealed that the bulk graphite phase arises only at T, =
1500°C. It has been shown that the temperature dependences of the thermal conductivity of samples MDF-
C-850 and MDF-C-850(Ni) in the range of 80—300 K are to each other and follow the law of k(7) ~ 7%,
but the use of the Ni-catalyst leads to an increase in the thermal conductivity by a factor of approximately 1.5,
due to the formation of a greater fraction of the nanocrystalline phase in the presence of the Ni-catalyst at
T. 850°C. In biocarbon MDF-C-1500 prepared without a catalyst, the dependence is k(7) ~ 7195 and

cartb
it is controlled by the nanocrystalline phase. In MDF-C-1500(Ni), the bulk graphite phase formed increases
the thermal conductivity by a factor of 1.5—2 compared to the thermal conductivity of MDF-C-1500 in the
entire temperature range of 5—300 K; k(7 = 300 K) reaches the values of ~10 W m~!' K~!, characteristic of

biocarbon obtained without a catalyst only at high temperatures of 7,4, = 2400°C. It has been shown that

MDF-C-1500(Ni) in the temperature range of 40—300 K is characterized by the dependence, k(7) ~ T3,
which can be described in terms of the model of partially graphitized biocarbon as a composite of an amor-
phous matrix with spherical inclusions of the graphite phase.

DOI: 10.1134/S1063783416010236

1. INTRODUCTION

Highly porous biomorphic carbon (bio-C)
obtained by carbonization (pyrolysis) of natural wood
of various origins has caused in recent years a consid-
erable interest due to its favorable combination of nat-
ural open porosity and physicomechanical properties
of biocarbon materials [1—3]. Depending on the type
of the precursor, the total porosity of biomorphic car-
bon varies from 40 to 75%, with the main pores elon-
gated in the direction of growth of the tree; as for the
cross section profile, the pores can be divided into
small (with a diameter of up to 10 pm) and large (up to
200 pm). The size and distribution of pores in biomor-
phic carbon are strongly dependent on the type of pre-
cursor (wood). Highly porous biomorphic carbon is
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used as templates to create new bio-C—metal or bio-
C—polymer composites and for the production of light
porous biomorphic SiC ceramics, as well as SiC—Si
and SiC—metal composites [4—6]. Biomorphic car-
bon is considered as a promising material for use as
electrodes because of its high porosity, chemical resis-
tance to a variety of electrolytes, and a wide range of
operating temperatures. Graphitized carbon matrices
draw special attention owing to their thermal proper-
ties. Such matrices, along with lightness, have a low
coefficient of thermal expansion and high thermal
conductivity and are therefore considered as an ideal
material for various applications in the field of heat
transfer [7, 8] and for creating new composite materi-
als with desired properties. Commercial porous graph-
itized matrices are typically obtained from petroleum
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products. These hydrocarbons can be graphitized at
temperatures from 1700 to 3000°C [7, 9]. However,
biocarbon materials prepared by conventional carbon-
ization of natural wood are incapable of graphitizing
even at a carbonization temperature close to 3000°C;
therefore, they are so-called nongraphitizing carbons
[10, 11]. On the basis of X-ray analysis and research of
thermal conductivity and electrical conductivity of
these biocarbon materials, it was proposed to consider
them as natural composites consisting of an amor-
phous matrix and nanocrystals of two types: graphite
and graphene, the size and volume fraction of which
are strongly dependent on the carbonization tempera-
ture [12—18]. With T, increasing from 800 to
2400°C, the size of nanocrystals increases from 12 to
25 A for the graphite components and from 24 to 60 A
for the graphene components [15]; the volume frac-
tion of the nanocrystalline phase also increases [18].
The thermal conductivity of biocarbon materials
obtained by carbonizing natural wood of different spe-
cies (eucalyptus, sapele, beech, pine) and medium-
density fiberboard without a catalyst was investigated
in several studies [15—18]. It was shown that both the
thermal conductivity and the temperature dependence
of the thermal conductivity strongly depends on the
temperature of carbonization. The thermal conductiv-
ity of biocarbon materials obtained at T, < 800°C is
determined mainly by the amorphous matrix, while
the thermal conductivity of the materials carbonized
at 7., > 1000°C is determined by the nanocrystalline
phase, at least, in the temperature range of 50 K < 7'<
300 K.

Recent studies have shown that the bulk graphite
phase can be introduced into biocarbon materials car-
bonized from natural wood, if a catalyst based on tran-
sition metals (Ni or Fe) is used in the carbonization
process [19—22]. The elastic, microplastic, strength
[23, 24], and electrotransport properties [25] of the
partially graphitized carbon obtained by carbonizing
beech wood in the presence of a Ni-based catalyst
have been studied previously.

In the present study, we investigated the tempera-
ture dependence of the thermal conductivity of bio-
carbon materials obtained by carbonizing medium-
density fiberboard at T, = 850 and 1500°C in the
presence of a Ni-catalyst, in comparison with their
microstructural features.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

We studied biocarbon samples obtained by carbon-
izing medium density fiberboard (MDF) at T,, = 850
and 1500°C in the absence and in the presence of a
Ni-based catalyst. A saturated solution of nickel
nitrate (4M Ni(NO;), : 6H,0) in isopropanol was
used as a catalyst. Carefully predried pieces of the
MDF precursor 75 X 15 X 15 mm in size were placed
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Fig. 1. X-ray diffraction patterns of samples (/) MDF-C-
850(Ni) and (2) MDF-C-1500(Ni).

in a vacuum chamber and soaked with a solution of the
catalyst. Pyrolysis (carbonization) was carried out
under nitrogen at a preset temperature of carboniza-
tion T, (850 or 1500°C). After pyrolysis, the particles
of Ni-catalyst were removed chemically. The method
for obtaining graphitized biocarbon materials is pre-
sented in detail in [21]. The biocarbon samples based
on the MDF precursor were obtained at the carbon-
ization temperatures of 850 and 1500°C with the
Ni-catalyst (samples MDF-C-850(Ni) and MDF-C-
1500(Ni)) and without a catalyst (samples MDF-C-
850 and MDF-C-1500).

The structure of the carbonized samples was stud-
ied by X-ray diffraction. Figure 1 shows the X-ray dif-
fraction patterns of samples MDF-C-850(Ni) and
MDF-C-1500(Ni). It is seen that the use of the
Ni-based catalyst resulted in the formation of a graph-
ite phase only in the case of the high carbonization
temperature of 7 ,, = 1500°C. In the carbonization at
T.., = 850°C, the samples remained quasi-amor-
phous. The microstructure of samples derived from
MDF with a Ni-based catalyst was studied in detail by
scanning and transmission electron microscopy [21].
It has been shown [21] that the graphite phase arises
only when the carbonization temperature reaches
>1000°C; the graphite phase is formed as globules, the
size and total volume of which increases with increas-
ing carbonization temperature. At 7., = 1000°C, the
graphite phase is hollow globules 50—100 nm in size,
which are formed by layering graphene around Ni par-
ticles and subsequent chemical removal of nickel.
When 7., > 1450°C (the melting point of nickel),
bulk globules of the graphite phase are formed, reach-
ing a size of 0.5—3.0 pm. The fraction of the resulting
graphite phase in the samples obtained at T, =
1000°C is small, while in MDF-C-1500(Ni), it takes a
large part of the sample volume [21]; the proportion of
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the (quasi-)amorphous phase remains large enough
(see the data of electron microscopy [21]).

The thermal conductivity k£ and electrical resistivity
p were measured in the temperature range of 5—300 K
under vacuum of 10~> mm Hg in a setup similar to that
used in [26]. Before measurements of the dependences
of k(T) and p(T), the samples remained in the experi-
ment setup within days under constant pumping to a
specified vacuum level to remove moisture and gas
that could be present in the pores.

3. RESULTS AND DISCUSSION
3.1. Electrical Resistivity

The experimental temperature dependences of the
electrical resistivity of the MDF biocarbon samples
are presented in Fig. 2 disregarding the porosity of the
samples; the samples were carbonized at 850°C
(Fig. 2a) and 1500°C (Fig. 2b) in the presence and in
the absence of Ni-catalyst. The porosity was taken into
account, according to [27], as

p’ =p™*(1 - P), (1)

where P was the porosity of the samples. The values of
resistivity p° considering the porosity of the samples at
room temperature are given in the table. It is seen that
the use of the Ni-catalyst did not change the character
of the temperature dependence of the resistivity for
samples carbonized at both temperatures (7,4, = 850
and 1500°C); however, the conductivity 6 = 1/p of the
samples carbonized using the Ni-catalyst was 1.3—
2.0 times higher than that of the samples prepared
without a catalyst. Previously it was found for biocar-
bon materials obtained by carbonizing the wood of
beech and pine and medium-density fiberboard with-
out a catalyst that the mechanism of charge transfer
depends on the temperature of carbonization [28, 29].
In biocarbon matrices obtained at 7, < 900°C, the
charge transfer occurred by the variable-range hop-
ping conduction mechanism, while the conductivity
of materials with T, > 1000°C is similar to that of a
highly disordered metallic system and is well described
in terms of the theory of quantum corrections to the
conductivity. For the samples with a high temperature
of T, = 2400°C, in which the formation of two-
dimensional layers and larger crystallites of graphite is
observed, the role of the two-dimensional conductiv-
ity increases [28]. Analysis of the temperature depen-
dences of the resistivity of the samples showed that in
the case of MDF-C-850(Ni), the conductivity is still
well described by the variable-range hopping conduc-
tion mechanism (Fig. 3a). The use of the Ni-catalyst
did not change the character of dependence p(7) in
the case of high carbonization temperature of 7., =
1500°C (Fig. 3b), despite the fact that in this case, as
shown by the studies of the microstructure, a signifi-
cant proportion of the bulk graphite phase is intro-
duced [21]. A detailed study of the impact of the intro-
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Thermal conductivity kgh and resistivity p° of biocarbon
samples with regard to their porosity

Ko »
Sample w mil; K-! p((;, ()Sg Ic(r;l References
(300 K)

MDF-C-850 2.43 0.158 This work
MDF-C-850(Ni) | 3.84 0.1317 The same
MDF-C-1500 4.45 0.017 »
MDF-C-1500(Ni) | 10.37 0.0106 »
PI-C-2400 12.65 0.007 [13]
BE-C-2400 9.65 0.0065 [15]

duced graphite phase on the electrotransport proper-
ties of beech wood biocarbon is reported in [25].
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Fig. 2. Temperature dependences of the electrical resistiv-
ity o®P(T) of biocarbon samples obtained by carboniza-
tion of MDF at (a) 850 and (b) 1500°C in the (/) absence
and (2) presence of Ni-catalyst; the data are presented dis-
regarding the porosity.
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Fig. 3. Temperature dependences of the electrical resistiv-
ity of biocarbon samples obtained by carbonization of
MDF at (a) 850 and (b) 1500°C in the (/) absence and
(2) presence of a Ni-catalyst, plotted in the coordinates of
logp®™P — 714,

3.2. Thermal Conductivity

Figure 4 demonstrates the temperature depen-
dences of the total thermal conductivity AP of the
samples of MDF biocarbon matrices, obtained with-
out a catalyst (curves 7 and 2) and with the Ni-catalyst
(curves 3and 4) at T, = 850 and 1500°C. The results
are presented without taking into account the porosity
of the samples.

The total thermal conductivity measured in the
experiment consists of the electronic k, and phononic

k., components, that is,
kS0 =k, + k. 2)
The evaluations of k, by the Wiedemann—Franz law
k,=LToc 3)

(L is the Lorentz number) show that over the entire
temperature range (5—300 K), even with the highest
number of L = L, = 2.45 x 10-8 W Q K2, the value of

PHYSICS OF THE SOLID STATE  Vol. 58 No. 1

2016

1.6

0.4

L Il L
200
T,K

Fig. 4. Temperature dependences of the total thermal con-
ductivity kP of the samples of MDF biocarbon matrices,
obtained (/ and 2) without a catalyst and (3 and 4) with the
Ni-catalyst at 7,4, = (1, 3) 850 and (2, 4) 1500°C; the data
are presented disregarding the porosity of the samples;
arrows indicate changes in the thermal conductivity at
300 K because of the use of the Ni-catalyst.

k,p, is more than two orders of magnitude higher than
k.. Thus, k> = k.

To analyze the thermal conductivity of the biocar-
bon materials themselves (biocarbon skeletons), we
considered the porosity of the samples in the same way
as it was done in a number of previous studies [ 15—18],
using equation [30]

k™ = ko = koy(1— P11 =P, (4)

where kP and kgh are the thermal conductivities with-
out and with taking into account the sample porosity
P, respectively. The temperature dependences of ther-

mal conductivity kgh(T), taking into account the
porosity of MDF-C and MDF-C(Ni), obtained at the
carbonization temperatures of 850 and 1500°C, are
given in the logarithmic scale in Figs. 5 and 6, respec-
tively. The temperature dependences of the thermal
conductivity of MDF-C-850 and MDF-C-850(Ni) in
the range of 80—300 K are similar and follow the law
of k(T) ~ T"%. According to [18], this means that in
this temperature range, the nanocrystalline phase is
responsible for heat transfer (dissipation). The use of
the Ni-catalyst at 7., = 850°C did not lead to the
introduction of the bulk graphite phase (Fig. 1), but
appears to increase the total volume or size of nano-
crystals, which increased the thermal conductivity in
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Fig. 5. Temperature dependences of the thermal conduc-

tivity kgh for the samples of MDF biocarbon matrices,

obtained in the (/) absence and (2) presence of Ni-catalyst
at T, = 850°C; the data are presented taking into

account the porosity of the samples on a logarithmic scale.

the temperature range of 80—300 K by approximately
1.5 times.

The temperature dependence of the thermal con-
ductivity of MDF-C-1500 also follows the law of
k(T) ~ T"% in the range of 80—300 K (Fig. 6, curve 1)
and is determined by the nanocrystalline phase. Such
dependences of A(7) ~ 7" (n = 1.6 £ 0.1) were
observed previously in biocarbon materials obtained
by carbonizing wood of beech (BE-C-2400) [15]
(Fig. 6, curve 3) and pine (PI-C-2400) [13] at T, =
2400°C without a catalyst. The experimentally
observed dependence of k(7) ~ T'% for biocarbon
MDF-C-1500 is close to the dependence of 72, char-
acteristic of 2D-disordered carbon nanostructures
[31]. The deviation of value n = 1.6 £ 0.1 from n = 2.0
may be because in biomorphic carbon, even at high
carbonization temperature (2400°C), the size of nano-
crystals remains ultrasmall: D = 60 A [13, 15]. Then,
according to [31], the heat transfer is controlled by the
internal properties of intercrystalline boundaries.

Heat is usually transferred in carbon mainly by
acoustic phonons. In disordered and nanostructured
materials, the thermal properties, namely, thermal
conductivity k, are limited by the disordering and
intercrystalline boundaries rather than the intrinsic
properties inherent in the lattice (lattice dynamics)
[31]. This behavior of thermal conductivity is charac-
teristic, for example, of ultrananocrystalline diamond
[31]. Diamond-like carbon (DLC) is a metastable
form of amorphous carbon containing a substantial
portion of sp3-bonds. DLC with the highest concen-
tration of sp3-bonds is called tetrahedral amorphous
carbon. Tetrahedral amorphous carbon refers to mate-
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Fig. 6. Temperature dependences of the thermal conduc-

tivity kgh for the samples of MDF biocarbon matrices,

obtained in the (/) absence and (2) presence of Ni-catalyst
at T, = 1500°C; (3) the data [15] for BE-C-2400 biocar-

bon obtained by carbonization of beech wood at T, =

2400°C without a catalyst; the data are presented taking
into account the porosity of the samples on a logarithmic
scale.

rials having the greatest £ value among amorphous
solids, reaching ~10 W m~! K~! at room temperature
[31]. The experimentally obtained values of k=
46Wm-! K-! for MDF-C-1500 (this work),
k=126 W m~' K for PI-C-2400 [13], and k =
9.7 Wm~!' K-! for BE-C-2400 [15] at room tempera-
ture are comparable with a thermal conductivity of tet-
rahedral amorphous carbon, while in the conventional
amorphous carbon, k increases from ~0.01 Wm~' K-!
at T=4Konlyto~2Wm~! K-!'at T= 500 K. Thus,
although the biomorphic carbon materials obtained by
carbonizing natural wood at high temperatures with-
out a catalyst are X-ray amorphous carbon, they are
close to ultrananocrystalline diamond or diamond-
like carbon by the character of the temperature depen-
dence and the thermal conductivity at room tempera-
ture.

In samples MDF-C-1500(Ni), a real bulk graphite
phase arises (Fig. 1). It is seen from the electron
microscopic images [21] that the graphite phase con-
sists of globules with sizes from submicron and up to
~1-2 pm, and its volume fraction is significantly less
than half of the sample volume. The temperature
dependence of the thermal conductivity of MDF-C-
1500(Ni) (Fig. 6, curve 2) is described by the relation
of k ~ T'in the temperature range of 7< 40 K and k ~
T'3 in the range of 40 K < 7< 300 K.

The dependence of k ~ T'3 for MDF-C-1500(Ni)
is closer to the dependence of k ~ T, characteristic of
an amorphous phase, than the dependence of k ~ T"
(n= 1.6 £ 0.1), characteristic of MDF-C-1500, BE-
Vol. 58
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C-2400 [15], and PI-C-2400 [13]. The resulting
dependence of k ~ T"3 supports our assumption made
in the study of elastic [23] and strength properties [24]
of partially graphitized beech wood carbon that the
emerging phase of bulk graphite inhibits to some
extent the formation of the nanocrystalline phase,
causing the formed graphite globules “float” in an
amorphous medium.

To describe the thermal conductivity of the com-
posite structure, consisting of a matrix with spherical
inclusions of the second phase, a theory of effective
medium was developed [32]. According to [32], the
thermal conductivity of such a composite can be esti-
mated as

4k = (3f, =Dk, + Bf1 = Dk,

2 172 &)

+[(Bfy = Dky + Bfy = Dky)” + 8kik, |77,
where k| is the thermal conductivity of the matrix, &, is
the thermal conductivity of the second phase, and f;
and f; are the volume fraction of the matrix and the sec-
ond phase, respectively. The thermal conductivity of
partially graphitized carbon MDF-C-1500(Ni) was
evaluated in the framework of the model [32], based on
the following parameters: k; = 500—1500 W m~! K~!
were taken as the thermal conductivity of graphite
inclusions, typical of synthesized graphite [33, 34],
and k,,, ~ 0.3 Wm~! K~ [31, 35] was the thermal con-
ductivity of amorphous carbon. The good agreement
between the experimentally measured value of k%P =

kgh ~ 10 W m~! K~! and the resulting theoretical esti-
mate of k" = 8—17 W m~! K~! is reached for the vol-
ume fraction of the graphite phase of f, ~ 0.33—0.35.
Although in this work, the exact value of f, cannot be
measured, it is seen from the electron microscopic
images of the structure of the test samples (MDF-C-
1600(Ni)) [21] that the values of f, ~ 0.33—0.35 are in
good enough accordance with the actual fraction of
the graphite phase. It is noteworthy that the thermal
conductivity of pine wood [13] and beech biocarbon
[15], carbonized at 2400°C, are comparable (or even
approximately 20% higher in the case pine wood bio-
carbon) with £ for MDF-C-1500(Ni) (table), despite
the fact that in the former case, the samples remain X-
ray amorphous, whereas in MDF-C-1500(Ni), a bulk
graphite phase is formed (Fig. 1). Although the pres-
ence of the graphite phase significantly (by ~1.5-fold)
increases the thermal conductivity of MDF-C-
1500(Ni) as compared with the value typical of MDF-
C-1500, the graphite phase is not dominant in these
samples and does not introduce, apparently, a defin-
ing contribution to the temperature dependence of
thermal conductivity. The question of whether the
introduction of a significant portion or fraction of the
graphite phase in the biocarbon with increasing car-
bonization temperature in the presence of Ni-catalyst
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or by using some other more effective catalyst remains
open and requires further research.

4. CONCLUSIONS

On the basis of these structural studies and mea-
surements in the temperature range of 5—300 K of the
electrical conductivity and thermal conductivity of
highly porous (~65 vol %), partially graphitized bio-
carbon matrices, prepared by carbonizing medium-
density fiberboard at T, = 850 and 1500°C in the
presence of a Ni-based catalyst (samples MDF-
C(Ni)) and without a catalyst (samples MDF-C), the
following conclusions can be drawn.

(1) X-ray diffraction analysis showed that the bulk
graphite phase arises only at 7., , = 1500°C; the use of
a Ni-catalyst at T_,,, = 850°C is ineffective.

(2) The temperature dependences of the resistivity
of the samples of MDF-C(Ni) biocarbon matrices,
carbonized at T, = 850 and 1500°C in the presence
of Ni-based catalyst, are studied in the temperature
range of 5—300 K. It is shown that in both cases, the
use of Ni-catalyst did not change the semiconductor
nature of dependencies p(7), but the conductivity
increased 1.3—2.0 times. The temperature dependence
of the resistivity of MDF-C-850(Ni) is well described
by variable-range hopping conduction mechanism.

(3) The thermal conductivity of MDF-C and
MDF-C(Ni), carbonized at 7_,,, = 850 and 1500°C is
studied in the temperature range of 5—300 K. The
temperature dependences of the thermal conductivity
of samples MDF-C-850, and MDF-C-850(Ni), and
MDF-C-1500 in the range of 80 K < T, < 300 K fol-
low the law of k(T) ~ T"%5, characteristic of the nano-
crystalline phase [18]. In samples MDF-C-1500(Ni),
the thermal conductivity increases with temperature
linearly (k(7) ~ T) in the range of 7'< 40 K and then it
follows the law of k(7) ~ T3 at T> 40 K. This behavior
of thermal conductivity is most likely characteristic of
the composite structure consisting of an amorphous
matrix with inclusions of graphite globules. The eval-
uation of the thermal conductivity of samples MDF-
C-1500(Ni) at room temperature under the effective
medium theory developed to describe the thermal
conductivity of the composite structure, which is a
matrix with spherical inclusions of the second phase,
gives a good agreement with experimental results.
These results support the hypothesis that the emerging
bulk graphite phase leads to the suppression of the for-
mation of the nanocrystalline phase.
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