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Abstract—It is stated that one-dimensional conductivity in amorphous microporous carbon material
(AMCM) samples is associated with the considerable imperfection of graphene fragments in the carbon
material rather than the presence of unshared electrons. It is likely that the graphene fragments are formed
upon the carbonization of a carbon precursor accompanied by the partial or complete removal of precursor
heteroatoms. It is hypothesized that the presence of localized unpaired electrons, which give EPR spectra, is
due to the formation of local defects in carbene fragments. Thus, the effects of the value of conductivity and
the concentration of unpaired electrons on the power output of a fuel cell cannot be distinguished based on
the experimental data with the use of an AMCM as a catalyst support. The interaction of localized paramag-
netic centers with electron gas can be interpreted in terms of the C—S relaxation model.
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INTRODUCTION

Previously [1], we found that the power output of a
fuel cell in which a new amorphous microporous car-
bon material (AMCM) was used as a catalyst support
was higher than that with the use of a Vulcan XC-72R
standard support or structurally different nanofibrous
carbon materials at the same platinum content (0.02—
0.09 mg/cm?) of the cathode and a platinum particle
size of 2—4 nm. The main difference of the AMCM
from the Vulcan XC-72R support and nanofibrous
carbon materials is that it exhibits one-dimensional
hopping conduction and a high concentration (10—
10?° spin/g) of unpaired electrons. In this case, Barna-
kov et al. [2] found that the Curie law was not obeyed
for the EPR spectra of the above samples: as the mea-
surement temperature was decreased, the integrated
intensity noticeably decreased rather than increased.
Barnakov et al. [2] hypothesized that processes occur-
ring at the cathode of a fuel cell are sensitive to these
properties of AMCMs. The question now arises of to
what extent the above properties are characteristic of
AMCM samples and in what cases they can appear in
carbon cokes.

The EPR spectra of the free radicals of carbon
materials (singlet lines without HFS with AH = 1—
10 G and g = g.) were first recorded long ago [3]. As a
rule, such EPR spectra are observed for coals, cokes,
and pyrolysis products of organic compounds (sugar).
The integrated intensity of these spectra usually obeys
the Curie law, and the line width depends only slightly

on the measurement temperature. After the detection
of the EPR spectra of coals and cokes sensitive to
adsorbed oxygen [4—6], it became clear that the
appearance of electron gas upon pyrolysis has a con-
siderable effect on the spectra. This effect is due to the
exchange interaction of localized centers (C) with
electron gas (S) (C—S relaxation). The physical prin-
ciples of the C—S relaxation for systems with a degen-
erate three-dimensional electron gas have been ade-
quately developed [7, 8]. The detection of a sharp
broadening of the EPR spectra of Fe** ions in a matrix
of V,0, [9] provided a support for the C—S relaxation.
The V,0, oxide is well known as a system with the
Mott dielectric—metal transition as the temperature is
increased above 280 K. At this temperature, the EPR
spectra of Fe** ions with localized electrons are dra-
matically broadened.

Unfortunately, the temperature dependence of the
spin—Ilattice relaxation time tg; remained unknown in
the case of coals and cokes. The effect of the C—S
relaxation on the EPR spectra of carbon structures has
been considered in detail [7]. In the description of this
relaxation mechanism, the temperature dependence
of the relaxation time tg;, where L is the lattice, is of
paramount importance. There was good reason to
believe that this relaxation time depends on the
dimension of electron gas in the resulting carbon
structure and the number of electrons in the electron
gas responsible for its degeneracy. To solve all of these
problems, it was necessary to measure the temperature
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Synthesis conditions, specific surface areas, and conductivities (at 300 K) of AMCM samples
No Precursor Carbonization | Carboniza- |Specific surface Conductivity,

: temperature, °C|tion time, min| area, m%/g  |o (300 K), (Q/cm)~!
1* | Phenol and 1,2,3-benzotriazole 900 23 1800 0.06
2% | Phenol and 1,2,3-benzotriazole 700 15 2200 1.06
3* | Phenol and 1,2,3-benzotriazole 900 15 2900 4.95
4 | o-Nitroaniline and 1,2,3-benzotriazole 700 20 470 0.0002
5 | Sample no. 4 900 10 490 0.78
6 8-Hydroxyquinoline and 1,2,3-benzotriazole 700 80 3400 0.33
7 | Sample no. 6 900 10 3300 3.32
8 | PVC 700 25 2300 0.005
9 Pine nut shells 700 15 2075 1.62

* The synthesis and properties of these samples were described elsewhere [2, 10].

dependence of the conductivity of carbon structures
depending on the synthesis methods. It has long been
noted [3] that the EPR spectra were not observed if the
pyrolysis temperature of coals or organic compounds
(sugar) was increased above 700°C; this was likely due
to the interaction of localized centers (C), which give
EPR spectra, with the formed electron gas (S). The
specific characteristics of the electron gas remained
unclear.

The aim of this work was to study the electric con-
ductivity and EPR spectra of AMCM samples, which
can be used as catalyst supports for fuel cell cathodes.

EXPERIMENTAL

It is well known that the properties of a carbon
material depend on its precursor and pyrolysis condi-
tions. For this purpose, we synthesized carbon mate-
rial samples from various precursors. The common
feature of all of the synthesized samples was the occur-
rence of electric conductivity, although the tempera-
ture dependences were different. The AMCM samples
were synthesized in accordance with patented proce-
dures [10, 11]. The following organic compounds with
various degrees of aromaticity and containing various
functional groups were used as sample precursors:
phenol, 1,2,3-benzotriazole, o-nitroaniline, and
8-hydroxyquinoline, as well as the synthetic and natu-
ral polymer materials—poly(vinyl chloride) (PVC)
and Siberian pine nut shells. Preliminary communica-
tions concerning the studies of test samples have been
published elsewhere [2, 12—14].

The table summarizes the main conditions of the
synthesis of AMCM samples.

Sample no. 1 was prepared by the carbonization of
a mixture of phenol and 1,2,3-benzotriazole in a
molar ratio of 2 : 1. Sodium hydroxide was used as an
alkali at an organic matter to alkali ratio of 1.76. The
carbonization was performed in a closed crucible (in a
carbonization gas atmosphere). After cooling, the
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sample was washed with water to a neutral reaction
and dried in air at 110—120°C to constant weight.

Sample no. 2 was obtained under the same condi-
tions as sample no. 1 except for the mixture carboniza-
tion temperature and time.

Sample no. 3 was prepared from the same compo-
nents as sample no. 1, but the organic matter to alkali
ratio was 5.0.

A mixture of o-nitroaniline and 1,2,3-benzotriaz-
ole in a molar ratio of 2 : 1 was used as a precursor for
sample no. 4. Sodium hydroxide was used as an alkali
in an organic matter to alkali ratio of 1.25. The subse-
quent treatment was the same as with sample no. 1.

Sample no. 5 was obtained by the repeated carbon-
ization of sample no. 4 in a closed crucible. After the
carbonization, the crucible was cooled in air to room
temperature.

A mixture of 8-hydroxyquinoline and 1,2,3-benzo-
triazole in a molar ratio of 1 : 1 was used as a precursor
for sample no. 6. Sodium hydroxide was used as an
alkali in an organic matter to alkali ratio of 2.5. The
sample was carbonized in a closed crucible, and the
subsequent treatment was performed as specified for
sample no. 1.

Sample no. 7 was prepared after the repeated car-
bonization of sample no. 6 in a closed crucible. After
the carbonization, the crucible with the sample was
cooled to room temperature, as with sample no. 5.

To synthesize sample no. 8, commercial S-7059M
PVC was used; it was mixed with an aqueous equimo-
lar mixture of potassium and sodium hydroxides in a
weight ratio of 1 : 5. The mixture was evaporated and
carbonized; the subsequent treatment was performed
as specified for sample no. 1.

To synthesize sample no. 8, Siberian pine nut shells
were used; they were mixed with a concentrated aque-
ous solution of potassium hydroxide in a weight ratio
of 1 : 2. The mixture was evaporated and carbonized.
Then, the sample was treated as specified for sample
no. 1.
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Fig. 1. The temperature dependence of the logarithm of
the electric conductivity of AMCM sample nos. 4—9.

The texture characteristics of the resulting AMCM
samples were determined on an ASAP-2400 instru-
ment (Micromeritics) using the adsorption of nitrogen
at 77 K after the pretreatment of the samples at 300°C
away from atmospheric air at a residual pressure of
<0.001 Torr until the termination of gas evolution.
Then, nitrogen adsorption isotherms were measured
at relative pressures from 0.005 to 0.995 and processed
in accordance with a standard procedure to calculate
the overall surface area (S;,) using the BET method.
The EPR spectra were measured on a Bruker ER-200 D
spectrometer at 77 and 293 K (A = 3 cm) after evacu-
ation at 200°C. The temperature dependence of the
conductivity of samples was measured using a four-
contact method over the temperature range of 4.2—
300 K. The samples as powders were pressed in
ampoules. Silver wire 0.1 mm in diameter was used as
a contact wire, and powder in the ampoule was pressed
to contact the sample with the wire. Raman spectra
were recorded on a DILOR OMARS 89 spectrometer
with an LN/CCD-1100 PB multichannel detector
(Princeton Instruments) and a holographic zero filter.
The green line of an ILA-120 argon laser (Carl Zeiss)
with a wavelength of 514.5 nm was used as the excita-
tion line. The beam power was 200 mW. The spectra
were recorded using an unfocused laser beam lest the
power should not burn.

RESULTS AND DISCUSSION

The possibility of conductivity electron localiza-
tion in a restricted structure region can result in the
hopping conduction of current carriers between these
localization regions. As the temperature is increased,
ordinary hopping conduction between the nearest
localization centers is changed by variable-range hop-
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ping conduction (VRHC) and described by the gener-
alized Mott law [8]

Svruc(T) = cpexp(—B/T)/ @+,
where d is the dimension of current carrier migration,
B=[160°/kgN(Ey)], o is the reciprocal of the length
at which the atomic wave function amplitude decays,
N(Ep) is the density of states on the Fermi surface, and
o, is a constant.

Figure 1 shows the temperature dependence of the
electric conductivity of AMCM sample nos. 4—9. The
temperature dependences of the electric conductivi-
ties of these samples are noticeably different. However,
over the entire test temperature range, the conductiv-
ity is described by the relationship corresponding to
the Mott law for a one-dimensional case (d = 1)

o(T) = ceexp(—T,/T)'7,
where T =[160,/ksN(Eg) L, L} | and 1/c.~8—10 A [15].

Note that one-dimensional conductivity accompa-
nied by the temperature dependence analogous to that
shown in Fig. 1 was observed previously in carbon
structures with carbyne chains [16—20]. As can be seen
in Fig. 1, the one-dimensional conductivity depends
on the nature of the initial carbonization products.
Among the above samples, the AMCM sample pre-
pared from Siberian pine nut shells exhibited one-
dimensional conductivity over the broadest tempera-
ture range (4.2—300 K). The narrowest range (150—
300 K) of the temperature dependence of conductivity
was observed in the AMCM sample prepared from
PVC at a carbonization temperature of 700°C. An
increase in the carbonization temperature resulted in
an increase in the initial one-dimensional conductiv-
ity (o,) of the carbon material. In this case, the time of
carbonization at 900°C should be no longer than 10—
15 min. If the time of carbonization is longer than
20 min, the one-dimensional conductivity of the car-
bon material changes to the three-dimensional one,
which is described by the following relation corre-
sponding to the Mott law for a three-dimensional case
(d=3):

(1) = syexp(~Ty/ TV [2, 14].

Previously [2, 12—14], we hypothesized that one-
dimensional conductivity in our samples was associ-
ated with the presence of carbyne. To test this hypoth-
esis, we measured the Raman spectra of sample nos. 7
and 9 with the use of a green laser. Unfortunately, we
failed to detect the spectrum of carbyne. It is likely that
the one-dimensional conductivity is due to the con-
siderable imperfection of graphene particles in the
carbon material, which is formed upon the removal of
nitrogen in the course of the carbonization of a carbon
precursor. In the cases when PVC or pine nut shells
serve as a precursor, it is likely that the formation of
defect graphene fragments results from the removal of
chlorine or oxygen atoms, respectively.

The table summarizes data on changes in the con-
ductivity (o) of samples at 300 K. As noted previously,
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Fig. 2. EPR spectra of evacuated sample no. 4 at
(1) 293 K room temperature and (2) 77 K liquid nitrogen
temperature.

| |
3330 3350

sample no. 4 exhibited an EPR spectrum. As the initial
one-dimensional conductivity (o) increased, the EPR
spectrum broadened, and sample no. 5 did not exhibit
an EPR spectrum. Such a behavior was also observed
in sample nos. 6 and 7, as well as nos. 2 and 3.

Previously [14], it was noted that sample no. 1 did
not exhibit EPR spectra. In evacuated sample nos. 2
and 3, symmetrical EPR spectra with g = g, were
observed. The integrated intensity of all of the EPR
spectra was as high as 10" spin/g. It was found that the
spectra of these samples, which were shown in [14], as
well as the spectra of sample nos. 4 and 6 (Figs. 2, 3)
after evacuation, obeyed the Curie law typical of iso-
lated or weakly interacting paramagnetic centers: as
the measurement temperature was decreased, the
integrated intensity not only did not increase, but it
noticeably decreased. It was noted previously [12, 13]
that the EPR spectra were broadened upon the
repeated carbonization of these samples at 900°C for
10—15 min. It was found that the Curie law was also
not obeyed in sample nos. 8 and 9 but in the opposite
direction, as compared with sample nos. 2—4 and 6.
For example, after the vacuum pumping of sample
no. 8 (Fig. 4), a good EPR spectrum of coke with
AH= 5.5 G was observed, and this spectrum disap-
peared after opening the ampoule. Its temperature
dependence did not obey the Curie law: as the temper-
ature was decreased to 77 K, the intensity increased by
a factor of ~15 rather than 4 according to the Curie law;
that is, the Curie law violation was opposite to that in
the above case of sample nos. 2—4 and 6. This was likely
due to different natures of the starting materials.

The found special features of the temperature
dependence of the EPR spectra can be understood
using the C—S relaxation model [8, 16]. This model
(see the scheme) takes into account the effect of the
exchange interaction of electron gas (S) with localized
centers (C) on the width of the EPR signal of the local-
ized centers. From the narrow neck model (tgc < Tgp)
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Fig. 3. EPR spectra of evacuated sample no. 6 at (/) room
temperature, (2) liquid nitrogen temperature, and (3) une-
vacuated sample no. 6 at liquid nitrogen temperature.

for the C—S relaxation, it follows [8, 16] that the width
of the EPR spectrum of the localized center (C) is
determined by the following expression:

Al < RUEDKT 1

Ne g

where p(Ep) is the density of electronic states on the

Fermi surface; N is the concentration of the localized

centers (C); tg, is the spin—lattice relaxation time of
electron gas (S); and & is Boltzmann’s constant.

Note that the value of tg; for a three-dimensional
electron gas strongly depends on temperature [8, 15,
16] (1/tg. ~ T", where n = 4—7 for various models).
Thus, in the case of a one-dimensional electron gas for
sample no. 8, the EPR spectra of a portion of localized
centers, which are strongly broadened at 300 K, dra-
matically narrow as the temperature is decreased; this
is equivalent to a greater increase in the EPR signal
intensity with decreasing temperature than that follows
from the Curie law (/ = C/T, where C is a constant).

b

g=12.004"

1 | | 1
3370 3390 3410 3430
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| |
3330 3350

Fig. 4. EPR spectra of evacuated sample no. 8 at (/) room
temperature and (2) liquid nitrogen temperature.
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Schematic diagram of C—S relaxation: (C) are local-
ized electrons, (S) is electron gas, L is the crystal lat-
tice, and tcg, Tsc, T are the relaxation times.

It is likely that, as the measurement temperature is
decreased, the electron localization of electron gas on
defects in sample no. 8 weakens the exchange interac-
tion of localized centers (C) and electron gas (S). That
is, in this case at a low temperature (77 K), the C—S
relaxation model is completely excluded and the
“pure” EPR spectrum of localized centers (C) is
observed. The inverse relation between the EPR spec-
trum intensity and temperature, which was found in
sample nos. 2—4 and 6, can also be understood. Physi-
cally, it is clear than the temperature dependence of the
line width AH depends on the properties of electron
gas. There is good reason to believe that the localiza-
tion of a portion of electron gas near localized centers
(C) occurs as the temperature is decreased; this results
in a noticeable broadening of the EPR spectra of cen-
ters (C)—the disappearance of spectra as the temper-
ature is decreased.

The found special features of the effect of the prop-
erties of electron gas on the EPR spectra of carbon
structures should be studied in more detail.

CONCLUSIONS

We found that the one-dimensional conductivity of
a carbon material is not necessarily associated with the
presence of unshared electrons, but it is caused by the
considerable imperfection of graphene fragments in
the carbon material. In the case of a nitrogen-contain-
ing carbon material, this imperfection results from the
partial or complete removal of nitrogen atoms in the
course of carbonization. In the cases that PVC or pine
nut shells serve as an AMCM precursor, it is likely that
the imperfection of graphene fragments results from
the removal of chlorine or oxygen atoms, respectively.
It is believed that localized unpaired electrons, which
give an EPR spectrum, are associated with the forma-
tion of local defects in the graphene fragments of
AMCMs. The samples exhibit an EPR spectrum when
the number of one-dimensional conductivity carriers
is small. As the number of carriers increases with the
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retention of one-dimensional conductivity, the EPR
spectrum broadens. The EPR spectrum can also
broaden because of a change of the one-dimensional
conductivity of the carbon material to the three-
dimensional conductivity. Thus, based on the experi-
mental results, we cannot distinguish between the
effects of the conductivity and the concentration of
unpaired electrons upon the change in the power out-
put of a fuel cell, in which an AMCM is used as a cat-
alyst support. The interaction of localized paramag-
netic centers with electron gas can be explained in
terms of the C—S relaxation model.
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