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A B S T R A C T

Activated carbon was treated at 5 GPa up to 1600 �C, and the structural evolution in the

graphitization process was investigated. The graphitization temperature is equal to

1200 �C at 5 GPa, reflected by X-ray diffraction (XRD) patterns. Honeycomb-like structures

in micron scale come into being in the high-pressure sintering temperature range of

1000�1100 �C and slice-like structures appear after graphitization. The existence of D

and D’ lines in the Raman spectra for the graphitized-activated carbon indicates that there

are still some disordered structures. The continuous occurrence of variable-range hopping,

the approximately linear q–T relationship, and semimetal conduction mechanism accords

with the graphitization process.

� 2008 Elsevier Ltd. All rights reserved.
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 in-

clude not only the crystalline phase of graphite, diamond and

fullerene, but also many amorphous materials [1]. Recently,

several interesting phenomena on carbon-based materials

have been found: ferromagnetism and superconductivity

fluctuation in pure highly oriented pyrolytic graphite [2,3],

superconductivity in electron-doped C60 [4], ferromagnetism

in rhombohedral C60 treated under high pressure and high

temperature [5], complex magnetic behavior and high-pres-

sure effect on structural and electrical properties in glassy

carbon [6–8], etc. It is indicated that the ferromagnetic and

superconducting properties could be ascribed to structural

instability, supported by the theoretical studies [9,10]. Here,

it is noted that pressure plays a significant role in treating

these carbon-based materials or tuning their properties.

As one of non-crystalline carbon, the activated carbon

could be used as adsorption material and catalyst due to its

porosity and surface chemistry activity [11]. The radial distri-
er Ltd. All rights reserved

.
. Jin).
bution is an important method in the structural analysis of

activated carbons and disordered carbons by using X-ray dif-

fraction and neutron scattering techniques, which can pro-

vide the details of structure, including the disordered and

defective features [12–17]. Activated 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. So the study for activated carbon is helpful

to understand the properties of nano-sized materials. There

may be the magnetic ordering arrangement in the zigzag edge

of graphitic sheets and micrographites that are made of sev-

eral sheets [18,19]. The sheets and micrographites have other

special properties in electronic transportation, optical spec-

tra, field emission, etc. [20–22]. So activated carbon should

have novel properties due to its special structure.

Activated carbon can transform to graphite at high tem-

perature, like most amorphous carbon materials [23]. The

graphitization temperature of activated carbon would reach

above 2500 �C at ambient condition [24]. High pressure can

significantly reduce the graphitization temperature and sub-

stantially accelerate the kinetics of transformation of acti-

vated carbon and other non-crystalline carbon [25]. Inagaki
.
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et al. have reported that non-graphitized carbon could trans-

form to graphite at 1500�1700 �C and 0.5 GPa [26,27]. High

pressure could confine the micrographites 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 connec-

tions include the joint of graphitic sheets along the c-axis

with Van der Waals force between graphitic sheets and the

joint of sheets in the ab-plane with covalent bond between

carbon atoms. Some oxide catalysts could also reduce the

graphitization temperature of activated carbon [28]. The cur-

rent-induced movement of Fe particles could transform the

amorphous carbon nanowires into the graphitized carbon

nanowires [29]. However, these methods will bring some

impurity, which affects the purity of samples. Activated car-

bon treated under high pressure and high temperature would

be pure and useful for further research and application.

In this paper, we have treated activated carbon powder by

using high-pressure sintering, and researched the structural

evolution in the graphitization process with X-ray diffraction

(XRD) patterns, scanning electron microscope (SEM) photo-

graphs, Raman spectra, and electrical resistivity

measurement.

2. Experimental

2.1. High-pressure sintering

The activated carbon produced for this work was commercial

product (Beijing Chemical Reagents Company). A conven-

tional cubic-anvil type high-pressure facility was used to per-

form the high-pressure and high-temperature treatments on

activated carbon. The raw material, wrapped with a col-

umned platinum foil of 5.0 mm in diameter to avoid contam-

ination, was put into an h-BN sleeve which was in turn

inserted into a graphite tube heater. Pyrophyllite was used
Fig. 1 – XRD patterns for (a) activated carbon prepared at 5.0 GPa

carbon in the range of 40�90�. The RAC represents the raw-acti
as the pressure-transmitting medium, which can generate a

fine quasi-hydrostatic environment. The treating process

was carried out at 3–5 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 about 0.8 GPa/min above 1 GPa, and the rate of rais-

ing temperature is about 100 �C/min. This was followed by a

quench from high temperature before releasing the pressure

with the rate about 0.6 GPa/min. When the high-pressure sin-

tering temperature is above 400 �C, the products were black

and hard bulk. Here, the samples are represented as HPHTn,

where n is equal to the high-pressure sintering temperature.

For example, the HPHT1600 denotes activated carbon treated

at 5 GPa and 1600 �C.

2.2. Sample characterization

The structures of these samples were checked by the pow-

der XRD technology with Cu Ka radiation at room tempera-

ture, using a Rigaku diffractometer (MXP-AHP18) for

2h = 10�90�. The morphologies were observed through SEM

photographs on a Hitachi S-4200. Raman spectra were col-

lected through a micro-Raman spectrometer (Jobin Yvon

T64000), by using Verdi-2 solid-state laser (532 nm) as the

source for excitation, with the instrument resolution

1 cm�1. The measurements of temperature dependences of

electrical resistivity were performed by using the standard

four-probe method with Ag paste contacts on an Oxford Mag-

lab measuring system.

3. Results and discussion

3.1. Structural property

The graphitization process of activated carbon under high

pressure and high temperature can be reflected by X-ray dif-

fraction patterns, as shown in Fig. 1a. According to the peak
and different temperatures, and (b) the graphitized-activated

vated carbon.



Fig. 3 – High-pressure sintering temperature dependences of

(a) the c-axis correlation length Lc and d spacing of peak

(002) and (b) the a-axis correlation length La for activated

carbon. The black bold lines are the Boltzmann fits to these

data.
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intensity evolution, the graphitization process can be dis-

tinctly viewed into three regions. The non-graphitization re-

gion, 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-acti-

vated carbon, being lack of other (hkl) peaks of graphite.

When the high-pressure sintering temperature is below

1000 �C, activated carbon is non-crystalline. With increasing

high-pressure sintering temperature, the (hkl)-type peaks

come forth gradually. For the samples in the near-graphitiza-

tion 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 transforms to

graphite at 1200 �C, while the peak (101) and (006) begin to

appear and the peak (002) and (004) become very sharp. In

this experiment, the graphitization temperature of activated

carbon is lower than the previous results [24,26,27]. After

graphitization, the (hkl)-type peak (102), (103) and (112) ap-

pear, with the detailed XRD patterns in the range of 40�90�
shown in Fig. 1b.

Fig. 2a shows the XRD patterns of activated carbon treated

at 1200 �C and, 3 and 5 GPa for 10 min, in order to research the

effect of pressure on the graphitization process. At 3 GPa and

1200 �C, activated carbon can also transform to graphite.

However, the graphitization degree is less than that at 5 GPa

and the same sintering temperature, which indicates that

the higher pressure can promote the graphitization process

of activated carbon. The pressing time also is an important

factor in the graphitization. So we treated activated carbon

at 1200 �C and 5 GPa for different time, as shown in Fig. 2b.
Fig. 2 – XRD patterns for the activated carbon treated (a) at

1200 �C and different pressures for 10 min, and (b) at 5 GPa

and 1200 �C for different pressing time.

Fig. 4 – Relationships of (a) lattice parameters and (b) unit

cell volume versus the high-pressure sintering temperature

for the graphitized-activated carbon. The inset shows the

sintering temperature dependences of normalized lattice

parameters.
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At the pressing time of 5 min, the graphitization of activated

carbon has already finished but with a weaker crystallization

compared with that at 10 min. So the longer pressing time

can also enhance the graphitization degree. According to

the abovementioned discussion, the graphitization degree of

activated carbon can be enhanced by higher pressure and

longer pressing time.

The c-axis correlation length Lc and d002 of HPHT600�1600

are calculated from the peak (002) by using the formula [30]

Lc ¼
0:45k
D sin h

; ð1Þ

d002 ¼
k

2 sin h
; ð2Þ

where k is the wave length of incident X-ray, D is the half-

width, and h is the diffraction angle. The a-axis correlation

length La of HPHT600�1600 is calculated from the peak (10)

by using the formula [30]

La ¼
0:92k
D sin h

: ð3Þ
Fig. 5 – SEM photographs of (a) the raw material and activated c

and (f) 1600 �C.
The relationships of d002, Lc and La versus high-pressure

sintering temperature are shown in Fig. 3, and the data are fit-

ted using Boltzmann function. With increasing high-pressure

sintering temperature, Lc and La are increasing and d002 is

decreasing. There is a drastic increase of Lc and La in the range

of 1100�1300 �C, corresponding to the transition from near-

graphitization region to graphitization region. The decrease

of d value in higher high-pressure sintering temperature indi-

cates that graphitic layers connect to each other more closely.

The lattice parameters of graphitization-activated carbon

at different high-pressure sintering temperatures are calcu-

lated through the XRD patterns, with the results shown in

Fig. 4a. Both the a- and c-axis shrink with increasing sintering

temperature below 1500 �C, and the values of HPHT1600 are

approximately equal to those of HPHT1500, which indicates

that the graphitization process basically finishes at about

1500 �C. The inset of Fig. 4a shows the relationships of nor-

malized lattice parameters versus high-pressure sintering

temperature. The decrease of c-axis with sintering tempera-
arbon treated at (b) 700 �C, (c) 900 �C, (d) 1100 �C, (e) 1200 �C,
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ture is larger than that of a-axis, due to the weak Van der

Waals force between the two neighboring layers along the c-

axis. Fig. 4b shows the sintering temperature dependence of

unit cell volume for graphitization-activated carbon. With

increasing sintering temperature, the volume adopts the sim-

ilar change process with that of lattice parameters.

3.2. Morphology examination by SEM

In the graphitization process of activated carbon, the mor-

phology evolution with increasing high-pressure sintering

temperature is observed using the SEM photographs. The

raw-activated carbon is made of anomalistic carbon grains

with size about several microns, as shown in Fig. 5a. The

diameter of holes is equal to 1–6 lm, obtained from the

SEM photograph, which is close to that of carbon grains.

When the high-pressure sintering temperature is below

600 �C, activated carbon is still made of small grains. The car-

bon grains become larger with increasing high-pressure sin-

tering temperature and begin to merge together at 700 �C,

as shown in Fig. 5b. The SEM photograph of HPHT900 in

Fig. 5c exhibits the high-extent merged grains. The merged

grains could be reflected by the acuity of the peak (002) in

XRD patterns.

For HPHT1000 and HPHT1100, the appearance of honey-

comb-like structure shows the drastic change in the texture,

with the result of HPHT1100 shown in Fig. 5d. These results

could be corresponding to the appearance of peak (004) in

XRD patterns. The micrograph indicates that the higher sin-

tering temperature strengthens the combination among car-

bon grains. The interior micrographites connect each other

more closely at higher high-pressure sintering temperature.

However, the change of density is not obvious, as calculated

from d002 through the formula [31]
Fig. 6 – First-order Raman spectra for the raw material and

activated carbon treated at 5.0 GPa and various

temperatures. The solid line is the Lorentzian fit to these

data, and the dashed line is the fit to the �1620 cm�1 lines.
dX-ray ¼
ZAmH

a2
c c

ffiffiffi

3
p

=2
¼ 7:627

d002
; ð4Þ

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 = 0.2456 nm is the lattice

constant of graphite. In other words, there is only little vol-

ume change for activated carbon from non-graphitization re-

gion to near-graphitization region. The micron scale graphite-

like ribbons and holes constitute the near-graphitization acti-

vated carbon. The combination among carbon grains enlarges

the holes, which results in that the sample is asymmetric in

the micron scale. Comparing 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 sam-

ple under high pressure and high temperature. So there is the

perforated structure in HPHT1000 and HPHT1100.

When the high-pressure sintering temperature is larger

than 1200 �C, slice-like structures begin to form, with the

micrographs of HPHT1200 and HPHT1600 shown in Fig. 5e

and f, respectively. The average thickness of tens of nanome-

ter for these slices is approximately equal to the c-axis corre-

lation length Lc and the a-axis correlation length La. With

increasing high-pressure sintering temperature, both the area

and thickness of the slices are increasing after graphitization,

which indicates that these graphitic slices become larger.

3.3. Raman spectral analysis

Fig. 6 shows the Raman spectra of activated carbon treated

at different high-pressure sintering temperatures. The solid
Fig. 7 – Relationships of (a) Raman frequency and (b) half-

width for the dominant peak near 1580 cm�1 versus the

high-pressure sintering temperature. The black bold lines

are the Boltzmann fits to these data.
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and dashed lines represent the Lorentzian fit to the whole

experimental data and the results near 1620 cm�1, respec-

tively. 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 to 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 asso-

ciates with the density of mid zone phonon states [32]. Before

graphitization, the intensity of G line in the 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. Raman spectroscopy could effectively re-

flect the degree of stacking order in graphite [33]. After graph-

itization, the intensity of G line begins to strengthen, but that

of D line is still strong, which indicates that there are also dis-

ordered structures, being similar to the result in [34]. It should

be emphasized that the spot diameter of the focused laser

beam is about 1 lm, so the sample in this range contains a

lot of graphitic slices, even in the graphitized-activated car-

bon, indicated by the SEM photographs. The edges of gra-

phitic slices, including both armchair and zigzag edges,

result in the formation of D and D’ modes [35]. In our samples,

the arrangement of edges in the range of laser beam is disor-

dered, which leads to D and D’ lines in the Raman spectra.
Fig. 8 – Temperature dependences of electrical resistivity for acti

(c) above 1200 �C. The insets of (a), (b), and (c) show the relation

HPHT700, T�1/4 for HPHT900, and T3/2 for HPHT1600, respective

dependence of the ratio of resistivity at 5 and 300 K for HPHT300

The inset shows the details for the graphitized-activated carbon
With increasing high-pressure sintering temperature, G

line moves to the low-frequency direction. The relationships

of Raman frequency and half-width for the G line versus

high-pressure sintering temperature are shown in Fig. 7,

where the black solid lines are the Boltzmann fit to these

data. The frequency of 1582.6 cm�1 and half-width of

10.6 cm�1 for the G line of HPHT1200 are close to those of

ideal highly oriented pyrolytic graphite [36,37]. With increas-

ing high-pressure sintering temperature, both the frequency

and half-width are decreasing and drop drastically between

1000 and 1200 �C, which corresponds to the graphitized phase

transition of activated carbon.

3.4. Electrical properties

Fig. 8 shows the temperature dependences of electrical

resistivity for activated carbon treated (a) below 800 �C, (b)

at 900�1000 �C, and (c) above 1200 �C. The one-dimensional

variable-range hopping conduction mechanism exists in

HPHT300�800 that is made of dispersive or merged carbon

grains. For HPHT900, the three-dimensional variable-range

hopping is the main conduction mechanism. The relation-

ships of resistivity versus temperature for HPHT300–900 fol-

low the law

qðTÞ ¼ q0 exp½ðT0=TÞ1=d�; ð5Þ
vated carbon treated (a) below 800 �C, (b) at 900�1100 �C, and

ships of electrical resistivity versus T�1/2 for HPHT400 and

ly. (d) Shows the high-pressure sintering temperature

–1600. The black bold line is the Boltzmann fit to these data.

.
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where q0 is the resistivity at T =1. The d is equal to 2 and 4 for

HPHT300�800 and HPHT900, respectively. The insets of Fig. 8a

and b show the linear relationships of logq versus T�1/d. In the

near-graphitization region, the relationship of electrical resis-

tivity versus temperature is nearly linear above about 100 K,

with the result of HPHT1000 shown in Fig. 8b. The conduction

mechanism is intervenient the semiconductor and semi-

metal. According to the appearance of honeycomb-like tex-

tures in the SEM photographs, the structure of activated

carbon changes dramatically and micrographites connect to

each other more closely, which weakens the variable-range

hopping conduction mechanism and strengthens the semi-

metal property of samples.

The linear relationships of resistivity versus temperature

indicate that HPHT1200 and HPHT1300 have a semimetal

property similar to that of a polycrystalline graphite. How-

ever, HPHT1400�1600 exhibits special electrical property

and their temperature dependences of resistivity below 80 K

follow the law

qðTÞ ¼ q0 þAT3=2; ð6Þ

where q0 is the resistivity at T = 0 and A is a negative constant.

The inset of Fig. 8c shows the linear relationships of resistiv-

ity versus T3/2 for HPHT1600. This non-Fermi-liquid behavior

is attributed to the disordered structures in the graphitized-

activated carbon, reflected by the SEM photographs and Ra-

man spectra.

Fig. 8d shows the relationship of q5 K/q300 K versus high-

pressure sintering temperature for HPHT300�1600. The black

bold line is Boltzmann fit to these data. The inset shows the

details in the range of 1200�1600 �C. The ratio decreases dras-

tically between 700 and 1000 �C. The insulator–metal transi-

tion occurs in the range of 900�1000 �C, which is less than

that of activated carbon treated only at high temperature [38].

4. Conclusions

We treated activated carbon at 5 GPa up to 1600 �C and found

that high pressure can accelerate its graphitization process,

with the graphitization temperature as low as 1200 �C, indi-

cated by XRD patterns. With increasing high-pressure sinter-

ing temperature, the texture of activated carbon changes

from dispersive or merged carbon grains in the non-graphitiza-

tion region across honeycomb-like structures in the near-

graphitization region to slice-like structures after graphitiza-

tion. Raman frequency and half-width of G line in the graphi-

tized-activated carbon are close to those of highly oriented

pyrolytic graphite, but there are still some disordered struc-

tures in these samples. The electrical property transition corre-

sponds to the structural evolution in the graphitization process

very well. The insulator–metal transition occurs between non-

graphitization region and near-graphitization region.
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[5] Makarova TL, Sundquist B, Höhne R, Esquinazi P, Kopelevich
Y, Scharff P, et al. Magnetic carbon. Nature
2001;413(6857):716–8.

[6] Wang X, Liu ZX, Zhang YL, Li FY, Yu RC, Jin CQ. Evolution of
magnetic behaviour in the graphitization process of glassy
carbon. J Phys Condens Matter 2002;14(43):10265–72.

[7] Wang X, Bao ZX, Zhang YL, Li FY, Yu RC, Jin CQ. High pressure
effect on structural and electrical properties of glassy carbon.
J Appl Phys 2003;93(4):1991–4.

[8] Jin CQ, Wang X, Liu ZX, Zhang YL, Li FY, Yu RC. The unusual
morphology, structure, and magnetic property evolution of
glassy carbon upon high pressure treatment. Braz J Phys
2003;33(4):723–8.
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