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a b s t r a c t

Activated carbon was treated at 5.0 GPa up to 1600 ◦C and the structural evolution in the graphitization
process was investigated. The graphitization temperature is reduced to 1200 ◦C at 5 GPa, as reflected
by x-ray diffraction patterns. Honeycomb-like structures come into being in the high-pressure sintering
temperature range of 1000–1100 ◦C and slice-like structures appear after graphitization. Raman
frequency and half width drop drastically near the graphitization temperature, and the appearance of
D and D′ lines indicates there are still some disorder structures in the graphitized activated carbon.

© 2009 Published by Elsevier Ltd
1. Introduction

Carbon has attracted more and more attention in scientific
aspects and technological applications due to the diversity
of structural and electrical properties. The forms of carbon
include not only the crystalline phase of graphite, diamond and
fullerene, but also some amorphous materials [1]. Recently, some
interesting phenomena on carbon-based materials have been
found: ferromagnetism and superconductivity fluctuation in pure
highly oriented pyrolytic graphite [2,3], superconductivity in hole-
or electron-doped C60 [4], ferromagnetism in rhombohedral C60
treated under high pressure and high temperature [5], complex
magnetic behavior and high-pressure effects on structural and
electronic properties in glassy carbon [6–8], etc. It is indicated
that the ferromagnetic and superconducting properties could be
ascribed to structural instability, supported by some theoretical
studies [9,10]. Here it is noted that pressure plays a significant role
in treating these carbon basedmaterials or tuning their properties.
As one of non-crystalline carbon forms, activated carbon could

be used as an absorption material and catalyst due to its poros-
ity and surface chemistry activity. Activated carbon is composed of
micrographites in the nanometer scale with short-range order [1].
Themicrographite is formedwith the stack of nano-sized graphitic
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sheets. So the study of activated carbon is helpful to understand the
properties of nano-sizedmaterials. Theremay be amagnetic order-
ing arrangement in the zigzag edge of graphitic sheets and micro-
graphites that are made of several sheets [11,12]. The sheets and
micrographites have other special properties in electronic trans-
portation, optical spectra, field emission, etc [13–15]. So activated
carbon should have novel properties due to its special structure.
Activated carbon could become graphite under high tempera-

tures, like most amorphous carbon materials [16]. The graphitiza-
tion temperature of activated carbonwould reach above 2500 ◦C at
ambient conditions [17]. High pressure can significantly reduce the
graphitization temperature and substantially accelerate the kinet-
ics of transformation of activated carbon and other non-crystalline
carbon [18]. Inagaki et al. have reported that non-graphitized car-
bons can become graphite at∼1500–1700 ◦C and 0.5 GPa [19–21].
High pressure could confine themicrographites of activated carbon
in a fixed small space while high temperature diffusion could have
them connect to each other, which accelerates the transition from
activated carbon to graphite. The connections include the joint of
graphitic sheets in the direction parallel with c-axis with Van der
Waals force between graphitic sheets and the joint of sheets in
the ab-plane with covalence bond between carbon atoms. Some
oxide catalysts could also reduce the graphitization temperature
of activated carbon but bring some impurities to the sample [22].
Activated carbon treated under high pressure and high tempera-
ture would be pure and useful for further research and application.
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Fig. 1. The XRD patterns for activated carbon prepared at 5.0 GPa and different
temperatures. The RAC represents the raw activated carbon.

In this communication, we have treated activated carbon
powder by using high-pressure sintering, and examined the
structural properties of these samples with x-ray diffraction (XRD)
patterns, scanning electron microscope (SEM) photographs, and
Raman spectra.

2. Experimental

A conventional cubic-anvil type high-pressure facility was used
to perform the high-pressure and high-temperature treatments
on activated carbon. The raw material, wrapped with a column
of platinum foil of 5.0 mm in diameter to avoid contamination,
was put into an h-BN sleeve which was in turn inserted into
a graphite tube heater. Pyrophyllite was used as the pressure-
transmitting medium, which can provide a good quasi-hydrostatic
environment. The treating process was carried out at 5.0 GPa and
100–1600 ◦C for 5–10 min, where the rate of loading pressure is
about 0.3 GPa/min below 1 GPa and is about 0.8 GPa/min above
1 GPa, and the rate of raising the temperature is about 100 ◦C/min.
This was followed by a quench from high temperature before
releasing pressure with the rate about 0.6 GPa/min. A detailed
experimental technique can be found in Ref. [18]. While the
sintering temperature exceeded 400 ◦C, the products were black
and hard bulk. Here the samples are represented toHPHT+number
with the number being the high-pressure sintering temperature.
For example, the HPHT1600 denotes activated carbon treated at
5.0 GPa and 1600 ◦C. The structures of these samples were checked
by the powder x-ray diffraction (XRD) technology with Cu-Kα
radiation at room temperature, using a Rigaku diffractometer
(MXP-AHP18) for 2θ = 10◦–90◦. Themorphologieswere observed
through SEM photographs on a Hitachi S-4200. Raman spectra
were collected through a micro-Raman spectrometer (Jobin Yvon
T64000), by using a Verdi-2 solid-state laser (5320 Å) as the source
for excitation, with the instrument resolution being 1 cm−1.
Fig. 2. The high-pressure sintering temperature dependencies of c-axis correlation
length Lc and d spacing of peak (002) for activated carbon. The black bold lines are
the Boltzmann fits to these data.

3. Results and discusion

The graphitization process of activated carbon under high
pressure and high temperature can be reflected by x-ray diffraction
patterns, as shown in Fig. 1. According to the peak intensity
evolution, the graphitization process can be distinctly viewed in
three regions. The non-graphitization region, near-graphitization
region, and graphitization region correspond to activated carbon
treated below 900 ◦C, at 1000–1100 ◦C, and above 1200 ◦C,
respectively. There are only the peak (hk) and (002) in the XRD
pattern of the raw activated carbon, which lacks other (hkl) peaks
of graphite. While the high-pressure sintering temperature is
below 1000 ◦C, activated carbon remains the non-crystalline form.
With increasing high-pressure sintering temperature, the (hkl)-
type peaks come forth gradually. To the samples in the near-
graphitization region, the appearance of peak (004) indicates that
the graphite phase begins to come into being, but the other peaks
of graphite are still not found. Activated carbon becomes graphite
at 1200 ◦C, while the peaks (101) and (006) begin to appear and
the peaks (002) and (004) become very sharp. In this experiment,
the graphitization temperature of activated carbon is lower than
the previous results [17,19–21]. After graphitization, the (hkl)-type
peaks (102), (103) and (112) appear. The c-axis correlation length
Lc and d002 of HPHT600-1600 are calculated from the peak (002) by
using the formula

Lc = 0.45λ/(∆ sin θ) (1)

and

d002 = λ/(2 sin θ), (2)

where λ is the wave length of incident x-rays, ∆ is the half
width, and θ is the diffraction angle [23]. The relationships of Lc
and d002 versus high-pressure sintering temperature are shown
in Fig. 2, and the data are fitted using the Boltzmann function.
With increasing high-pressure sintering temperature, Lc increases
and d002 decreases. There is a drastic increase of Lc in the range
1100–1300 ◦C, corresponding to the transition from the near-
graphitization region to the graphitization region. The decrease
of the d value at higher high-pressure sintering temperatures
indicates that graphitic layers connect to each other more closely.
In the graphitization process of activated carbon, the morphol-

ogy evolution with increasing high-pressure sintering tempera-
ture is observed using the SEM photographs. The raw activated
carbon is made of anomalistic carbon grains with size about sev-
eral microns, as shown in Fig. 3(a). While the high-pressure sin-
tering temperature is below 600 ◦C, activated carbon is still made
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Fig. 3. SEM photographs of (a) the raw material and activated carbon treated at (b) 700 ◦C, (c) 900 ◦C, (d) 1100 ◦C, (e) 1200◦C, (f) 1600 ◦C.
of small grains. The carbon grains become larger with increasing
high-pressure sintering temperature and begin to merge together
at 700 ◦C, as shown in Fig. 3(b). The SEMphotograph of HPHT900 in
Fig. 3(c) exhibits a high-extent ofmerged grains. Themerged grains
could be reflected by the acuity of the peak (002) in XRD patterns.
To HPHT1000 and HPHT1100, the appearance of a honeycomb-like
structure shows the drastic change in the texture, with the result
of HPHT1100 being shown in Fig. 3(d). These results could corre-
spond to the appearance of peak (004) in XRD patterns. Themicro-
graph indicates that the higher sintering temperature strengthens
the combination among carbon grains. The interiormicrographites
connect each other more closely at higher high-pressure sintering
temperatures. However, the change of density is not obvious, as
calculated from d002 through the formula [24]

δx-ray =
ZAmH
a2c c
√
3/2
=
7.627
d002

, (3)

where Z = 4 is the number of carbon atoms in a unit cell,
A = 12 is the atomic weight of carbon, mH = 1.66 × 10−24 g
is the mass of a hydrogen atom, and ac = 2.456 ´Å is the lattice
constant of graphite. In other words, there is only a little volume
change for activated carbon from the non-graphitization region
to the near-graphitization region. The micron-scale graphite-like
ribbons and holes constitute the near-graphitization activated
carbon. The combination among carbon grains enlarges the holes,
which results in that the sample is asymmetric on the micron
scale. Compared with graphite, it is more difficult to compress
the material made of graphite-like ribbons due to its larger bulk
modulus [7], and the holes remain in the sample under high
pressure and high temperature. So there is a perforated structure
in HPHT1000 and HPHT1100. When the high-pressure sintering
temperature exceeds 1200 ◦C, slice-like structures begin to form,
with themicrographs of HPHT1200 and HPHT1600 being shown in
Fig. 3(e) and (f), respectively. The average size of these slices is tens
of nanometers in thickness, which is approximately equal to the c-
axis correlation length Lc . With increasing high-pressure sintering
temperature, the area and thickness of the slices both increase after
graphitization, which indicates that these graphitic slices become
larger.
Fig. 4 gives the Raman spectra of activated carbon treated under

different high-pressure sintering temperatures. The solid and
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Fig. 4. First-order Raman spectra for the rawmaterial and activated carbon treated
at 5.0 GPa and various temperature. The solid line is the Lorentzian fit to these data
and the dashed line is the fit to the∼1620 cm−1 lines.

dashed lines represent the Lorentzian fit to thewhole experimental
data and the results near 1620 cm−1, respectively. We could
observe that there are two main first-order Raman modes at
∼1580 cm−1 and ∼1350 cm−1. The 1580 cm−1 mode (G line)
corresponds to the Raman-allowed E2g mode in the ideal graphite,
and the 1350 cm−1 mode (D line) corresponds with the disorder-
induced line, which associates with the large density of phonon
states. The weak 1620 cm−1 mode (D′ line) is also induced by
disorder but associates with the density of mid zone phonon
states [25]. Before graphitization, the intensity of G line in Raman
spectra is weak and that of D line is strong, so there are a few
crystals in these samples, which could be checked by XRD patterns
and SEM photographs. After graphitization, the intensity of the
G line begins to strengthen, but that of the D line is still strong,
which indicates there are also disordered structures, being similar
to the result in Ref. [26]. It should be emphasized that the spot
diameter of the focused laser beam is about 1µm, so the sample in
this range contains many graphitic slices, even in the graphitized
activated carbon, indicated by the SEM photographs. The edges of
graphitic slices, including both armchair and zigzag edges, result
in the formation of D and D′ modes [27,26]. In our samples, the
arrangement of edges in the range of laser beam is disordered,
which leads to D and D′ lines in Raman spectra. With increasing
high-pressure sintering temperatures, the G linemoves to the low-
frequency direction.

4. Conclusions

High pressure can accelerate the graphitization process of
activated carbon, with the graphitization temperature as low as
1200 ◦C at 5.0 GPa, indicated by XRD patterns. With increasing
high-pressure sintering temperature, the texture of activated
carbon changes from dispersive or merged carbon grains across
honeycomb-like structures in the near-graphitization region to
slice-like structures after graphitization. Raman spectra reflect
that there are still some disorder structures in the graphitizated
activated carbon.
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