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Abstract

Activated carbon was treated at 5.0 GPa up to 1600 °C, and the electrical property evolution in the graphitization process was investigated.
The change of structure results in the corresponding electrical property transition. For the samples at low high-pressure sintering temperature,
the variable-range hopping is the main electrical transportation mechanism. The graphitized activated carbon is a semimetal while the high-
pressure sintering temperature is lower than 1300 °C and behaves non-Fermi-liquid property at higher sintering temperature. The ratio of resis-
tivity at ~5.0 and ~300.0 K versus high-pressure sintering temperature is drastically decreasing near the graphitization temperature, which
indicates that the insulator—metal transition occurs in the sintering temperature range of 900—1000 °C.
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1. Introduction

The forms of carbon include the crystalline phase of graph-
ite, diamond and fullerence, and many amorphous materials
[1]. Activated carbon, as one of non-crystalline carbon, is
composed of micrographites in nanometer scale with short-
range order [1]. The micrographite is formed with the stack
of nano-sized graphitic sheets. Recently, some interesting
physical phenomena were found on carbon-based materials,
e.g. highly oriented pyrolytic graphite [2], electron-doped
Ceo [3], glassy carbon [4], etc. It is thought that these phenom-
ena could be related to the microstructure in these materials.
The sheets and micrographites have other special properties
in electrical transportation, optical spectra, field emission,
etc. [5—7]. So the study for activated carbon is helpful to un-
derstand the properties of nano-sized materials.

Activated carbon could become graphite under high tem-
perature, like most amorphous carbon materials [8]. The
graphitization temperature would reach above 2500 °C at
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ambient condition [9]. High pressure can significantly re-
duce the graphitization temperature and substantially accel-
erate the kinetics of transition of activated carbon and other
non-crystalline carbon [10]. Inagaki et al. have reported
that non-graphitized carbons can become graphite at
~1500—1700 °C and 0.5 GPa [11]. The current-induced
movement of Fe particles could transform the amorphous
carbon nanowires into the graphitized carbon nanowires
[12], which affects the purity of samples. Activated carbon
treated under high pressure and high temperature would be
pure and useful for further research and application. We
have treated activated carbon powder by high-pressure
sintering with the pressure up to 5 GPa, and researched
the graphitization process [13]. In this paper, we have
measured the temperature dependences of resistivity to
study the electrical property evolution in the graphitization
process of activated carbon.

2. Experimental

We performed the high-pressure and high-temperature treat-
ments on activated carbon by using a conventional cubic-anvil
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type high-pressure facility [13]. The treating process was car-
ried out at 5.0 GPa and 100—1600 °C for 5—10 min. Here the
samples are represented as HPHT#n, where n is equal to the
high-pressure sintering temperature. For example, HPHT 1200
denotes activated carbon treated at 1200 °C and 5.0 GPa. The
structures of these samples were checked by the powder
X-ray diffraction (XRD) technology with Cu Ko radiation at
room temperature, using a Rigaku diffractometer (MXP-
AHP18) for 26 =10—90°. According to the peak intensity
evolution, as shown in Fig. 1, the graphitization process can
be distinctly viewed into three regions: the non-graphitization
region, the near-graphitization region, and the graphitization
region, which correspond to activated carbon treated below
900, 1000—1100 and above 1200 °C, respectively. The mea-
surements of temperature dependences of electrical resistivity
in the temperature range of 5.0—300.0 K were performed by us-
ing the standard four-probe method with Ag paste contacts on
an Oxford Maglab measuring system.

3. Results and discusion

The electrical property transition of activated carbon
treated under high pressure and high temperature corresponds
to the structural evolution very well. Fig. 2 shows the temper-
ature dependences of electrical resistivity for activated carbon
treated below 800 °C. The one-dimensional variable-range
hopping conduction mechanism exists in HPHT300—800
that is made of dispersive or merged carbon grains. The rela-
tionships of resistivity versus temperature follow the law:
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Fig. 1. The XRD patterns for activated carbon prepared at 5.0 GPa and differ-
ent temperatures. The RAC represents the raw activated carbon.
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Fig. 2. The temperature dependences of electrical resistivity for activated car-
bon treated below 800 °C. The inset shows the relationships of electrical resis-
tivity versus T2,

p(T) = pyexp|(To/T)""]. (1)

where p is the resistivity at T = . The inset of Fig. 2 shows
the linear relationship of log p versus T 2. The T, of
HPHT300—800 is obtained through Eq. (1), and the relation-
ship of T, versus high-pressure sintering temperature is shown
in Fig. 3a. Through the formula:

Ty = (6€*/mks) " (1/4me.e0)" (1/), 2)

the localization length & of the wave function is achieved, as-
suming the dielectric constant ¢, is equal to 10 [14,15] as
shown in Fig. 3b. The £ takes a value similar to the ab-plane
size L, of the graphitic granules [13].

Fig. 4 shows the temperature dependence of electrical resis-
tivity for HPHT900, with the three-dimensional variable-range
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Fig. 3. The high-pressure sintering temperature dependences of (a) T and (b)
localization length £ in the range 300—800 °C.
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hopping conduction mechanism. The relationship of resistivity
versus temperature below 140 K follows the law:

p(T) = pyexp| (To/T) "] ©

The inset of Fig. 4 shows the linear relationship of log p
versus T~"*. As we know, the one-dimensional hopping of
electrons exists widely in activated carbon sintered under am-
bient pressure [14—16], but the three-dimensional hopping has
not been found in previous results although it exists in many
non-crystalline semiconductor materials. There are many insu-
lating regions (carbon grains) in activated carbon, and the
electrical transportation between these tiny regions depends
mainly on the hopping, which is the governed conduction
mechanism in these samples [17]. With increasing high-
pressure sintering temperature, small insulating regions merge
into larger ones. The conduction mechanism transfers to three-
dimension hopping from one-dimension one while these
insulating regions become larger but do not form pre-graphitic
grains in HPHT900.

In the near-graphitization region, the relationship of electri-
cal resistivity versus temperature is nearly linear above about
100 K. Fig. 4 shows the result of HPHT1000. The conduction
mechanism is intervenient the semiconductor and semimetal.
The appearance of honeycomb-like textures shows that the
structure of activated carbon changes dramatically and micro-
graphites connect to each other more closely [13], which
weakens the variable-range hopping conduction mechanism
and strengthens the semimetal property of samples.

Fig. 5 shows the temperature dependence of relative electri-
cal resistivity for the graphitized activated carbon. HPHT 1200
and HPHT1300 behave common semimetal property in con-
duction mechanism like polycrystalline graphite, with linear
relationship of resistivity versus temperature. HPHT1400—
1600 exhibits special electrical property. The relationship of
resistivity versus temperature below 80 K of these samples fol-
lows the law:

2.6 -
350 i HPHT900 i -
3 251 o
E0T ) S 24
: s |
. =)
_ = 23
E 250 HPHT900
1]
g
= 200 | 1 .
0.5 0.6 0.7
150 1
HPHT1000
00—
1 1 1 1 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300

Temperature(K)

Fig. 4. The temperature dependences of electrical resistivity for HPHT900 and
HPHT1000. The inset shows the relationships of electrical resistivity versus
T~ for HPHT900.
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Fig. 5. The temperature dependences of electrical resistivity for activated car-
bon treated above 1200 °C. The inset shows the relationships of electrical re-
sistivity versus T2 for HPHT1400 and HPHT1600.

p(T) = po +AT?, (4)

where p is the resistivity at T =0 and A is a negative constant.
The inset of Fig. 5 shows the linear relationships of resistivity
versus T°% for the sample HPHT1400 and HPHT1600. The
conduction mechanism under low temperature is similar to
that of YqgUp,Pd; alloy [18], which indicates that there
may be a non-Fermi-liquid behavior in our samples. Accord-
ing to our prevenient results [13], there are the disorder struc-
tures in the graphitized activated carbon, which are reflected
by SEM photographs and Raman spectra. This non-Fermi-lig-
uid behavior is attributed to the disorder structures in the
graphitized activated carbon.

Fig. 6 shows the high-pressure sintering temperature de-
pendence of the ratio of resistivity at 5.0 and 300.0 K with
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Fig. 6. The high-pressure sintering temperature dependence of the ratio of re-
sistivity at 5.0 and 300.0 K for HPHT300—1600, with the y-axis in logarithmic
scale. The black bold line is the Boltzmann fit to these data. The inset shows
the relationship of ps.ox/p300.0k versus high-pressure sintering temperature for
the graphitized activated carbon.
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the y-axis in logarithmic scale for HPHT300—1600. The
black bold line is Boltzmann fit to these data. The inset shows
the relationship of ps.ok/p300.0x versus high-pressure sintering
temperature for the graphitized activated carbon. The ratio
decreases drastically between 700 and 1000 °C. The insula-
tor—metal transition occurs in the high-pressure sintering
temperature range of 900—1000 °C, which is less than that
of activated carbon sintered under ambient pressure [16].

4. Conclusions

In the graphitization process of activated carbon treated by
high-pressure sintering, the electrical properties show a corre-
sponding relationship with a variety of structural features. The
continuous occurrence of variable-range hopping, the approx-
imatively linear p—T relationship, and semimetal conduction
mechanism, accords with three regions in the graphitization
process. The insulator—metal transition occurs between non-
graphitization region and near-graphitization region.
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