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bstract

iomorphic porous TiC and TiC/TiO2 ceramics were covered with highly porous carbon, so-called carbide-derived carbon (CDC), by selective
tching of Ti from TiC with chlorine containing gas in a temperature range 400–1000 ◦C. The etching rate of TiC is strongly affected by the
hlorine concentration, but only slightly by the reaction temperature. No correlation was found between etching rate of TiC and specific surface
rea (SSA) of the resulting CDC with respect to temperature. Kinetic investigations show that for up to 80 min the etching process is controlled
y the chemical reaction. At longer times a diffusion limitation has to be taken into account. Addition of hydrogen to the etching gas enhances
he diffusion of the chlorine molecules, so that no diffusion limitation was observed. Microporous carbon with narrow pore size distribution was
btained at temperatures ranging from 400 to 800 ◦C. Treatment at higher temperatures leads to formation of mesopores. The CDC produced by

hlorination of TiC at 400 ◦C is amorphous. Increased reaction temperature and addition of hydrogen to the chlorine gas lead to formation of
egions with higher order like onion carbon and graphitic ribbons. The CDC coated TiC/TiO2 ceramics with predominantly anatase phase show
nhanced photo catalytic activity.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Porous solids are of great technological importance due to
heir ability to interact with solids and liquids not only on
he surface, but also through their bulk. Although large pores
an be produced and well controlled in a variety of materials,
anoporous carbon because of its high specific surface area with
tuneable, very narrow, pore size distribution, has received
uch attention recently due to many potential applications as

dsorbents, catalyst supports, electrodes and hydrogen storage
ystems. Carbide-derived carbon (CDC) represents a new class
f these nanoporous carbons, produced by selective thermo-
hemical etching of inorganic carbon containing materials such

s metal carbides. The structure of the CDC can be templated
y the initial carbide structure, with the opportunity for further
tructural modifications by controlling the process parameters

∗ Corresponding author.
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ike temperature, total pressure, etching agent type and concen-
ration.

Review of the literature data on CDC shows that the etch-
ng process is possible using a variety of carbides like B4C,1

i2AlC,2 TiC,3 SiC,4 Ti3SiC2.5 Among them is SiC the most
nvestigated template for this process.

Titanium carbide (TiC) is also a very promising candidate
or producing CDC. TiC as starting material shows a small and
niform carbon–carbon distance and this may lead to a highly
orous carbon with narrow pore size distribution.6 These results
n CDC from TiC show that amorphous carbon is produced and
hat the specific surface area increases with etching temperature
n a temperature range from 400 to 1000 ◦C. After 3 h treatment
n chlorine atmosphere a specific surface area of 1200 m2/g up to
800 m2/g is reached at 400 and 800 ◦C, respectively. At higher
emperatures a graphitisation of carbon results in a small decline

n SSA. In general, etching temperatures below 1000 ◦C result
n amorphous carbon whereas temperatures above 1000 ◦C lead
o graphitisation of the carbon resulting in a decrease of the
SA. Purging with H2 at 600 ◦C increases SSA because of the

mailto:n.popovska@rzmail.uni-erlangen.de
dx.doi.org/10.1016/j.jeurceramsoc.2007.07.018
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diameter and a heated length of 100 cm. After chlorination, the
furnace was cooled down to room temperature in helium atmo-
sphere. The etching rate was calculated as mass loss (mg)/unit
time (h).
Fig. 1. Overall scheme for productio

emoval of residual chlorine from the pores. Investigations on
hlorination on TiC powder revealed onion-like structure of
he produced carbon at a chlorination time for 1 h at 900 ◦C.
hese structures with concentric spherical graphitic shells were
bserved to have outer diameters in the range of 15–35 nm. The
istance between graphitic planes in the shells was 0.34 nm,
lightly larger than the interplanar distance in graphite.7 Fur-
her investigations on pore size and pore size distribution were

ade which show that micro pores (<2 nm) are formed in a tem-
erature range of 400–700 ◦C.3,7 With increasing chlorination
emperature the average pore size is increased and for reaction
emperatures higher than 1000 ◦C the pore size distribution is
roadened and mesopores are detected.3 The effect of metals,
uch as iron, nickel and cobalt on the treatment of TiC in chlo-
ine gas was studied in Ref.8 It was shown, that catalytically
ctive metals support the formation of better-organised carbon
tructures like graphitic lamellas.

Most investigations on the field of CDC are based on metal
arbides in the form of powder. The reaction kinetics and
onditions for diffusion limitations have been little studied. Fur-
hermore, almost no information is published about the influence
f temperature, etching agent and time on the etching rate.

In this work, porous carbons were prepared by CDC approach
ccording to reactions (1) and (2) using porous TiC and TiC/TiO2
tructures produced from paper preforms by chemical vapor
nfiltration and reaction (CVI-R) technique.9

iC + 2Cl2 → TiCl4 + C (1)

iC + 3Cl2 + H2 → TiCl4 + C + 2HCl (2)

t is important to point out that the formation of carbon on
he surface is uniform and does not change the shape of the
nitial TiC and TiC/TiO2 ceramics allowing preparation of struc-
ures with complex geometry and high mechanical stability. The
dea is to use these structures as adsorbent, catalyst or cata-
yst support because of their easier separation from the reaction

ixture. CDC coated TiC/TiO2 porous ceramic is expected to
how enhanced photo catalytic activity because of high specific
urface area.10

. Experimental work

.1. Processing of biomorphic porous ceramics by CVI-R
echnique

Biomorphic porous TiC and TiC/TiO2 ceramics derived from
aper preforms were produced by chemical vapor infiltration and

eaction technique in a three-step process according to the fol-
owing scheme (Fig. 1). Details are given in Refs.9,11 The paper
reform (3 cm × 3 cm) consisting mainly of cellulose fibres was
onverted into carbon biotemplate (Cb) by pyrolysis in inert
orous TiC and TiC/TiO2 ceramics.

tmosphere, followed by chemical vapor infiltration at 1100 ◦C
nd atmospheric pressure with TiCl4/CH4/H2 as precursor sys-
em according to the following equation11:

x + y)TiCl4 + xCH4 + yCb → xTiC + yTiCb + 4(x + y)HCl

(3)

he last processing step was oxidation of TiC in order to produce
iC/TiO2 ceramics. The oxidation was conducted in air flow for
0 h at 400 ◦C.

.2. Processing of carbide-derived carbon (CDC) by
elective etching of TiC ceramic

The porous TiC ceramic was covered with a carbon layer by
elective etching in chlorine or chlorine/hydrogen gas mixtures
t temperatures in the range 400–1000 ◦C at atmospheric pres-
ure (Fig. 2). The gas mixtures consist of helium with 0.020
r 0.026 mol/h Cl2 without or with addition of H2 (Cl2/H2 = 4).
he chlorination times vary between 20 min and 4 h.

The TiC/TiO2 mixed ceramic was treated with chlo-
ine/hydrogen gas mixture for a short time of 10 min at low
emperature of 400 ◦C in order to obtain thin carbon layer retain-
ng the catalytic active anatase modification of TiO2 (Fig. 2).

The TiC samples were placed in the isothermal zone of a
orizontal hot-wall tubular flow reactor operated at atmospheric
ressure and heated up to the reaction temperature by 5 ◦C/min
nder a helium flow. Once the desired temperature was reached,
hlorine or chlorine/hydrogen gas mixture with a gas velocity of
.5 cm/s was passed through the alumina tube with 3.2 cm inner
Fig. 2. Processing scheme for CDC coated TiC and TiC/TiO2 ceramics.
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.3. Characterisation methods

The resulting carbon–ceramic composites (CDC-TiC and
DC-TiC/TiO2) were characterised by Raman spectroscopy.
aman spectra from 100 to 2000 cm−1 were collected using
aman spectrometer equipped with an Ar+ laser (λ = 633 nm)
t 50× magnification in order to investigate the structure of the
arbon formed.

Gas sorption analysis was performed using a Gemini 2370
rom Micromeritics GmbH with nitrogen as adsorbates at
195.8 ◦C. It was used to calculate the specific surface area

SSA) and the pore volume. The porosity of the ceramics was
etermined by Hg-porosimetry with Carlo Erba Mercury Intru-
ion Porosimeter 2000.

Coaxial double ring bending tests (INSTRON Model 4204)
ere carried out to measure the bending strength of the

eramic samples according to German Standard Code DIN
2,292.

The morphology of the samples was investigated by scan-
ing electron microscopy coupled with energy dispersive X-ray
nalysis (SEM/EDX, JSM-6400) to determine the composition
f the surface layer.

Thermodynamic calculations were performed with Gibbs
nergy minimization software HSC Chemistry®. This is thermo-
hemical software designed for the calculation of various kinds
f chemical reactions and thermodynamic equilibria to make
onventional thermodynamic calculations fast and easy to carry
ut.

. Results and discussion

.1. Parameter screening of the etching process of TiC
eramic

.1.1. Kinetics of the chlorination of TiC
The kinetics of the chlorination process was investigated at

00 ◦C and presented in Fig. 3 by plotting the etched mass as

function of reaction time for chlorine and chlorine/hydrogen

s etching agent. According to the literature,6 the CDC layer
hickness increased linearly with the reaction time indicating no
ontrol by diffusion. Looking at the curves in Fig. 3, it can be

ig. 3. Kinetic curves of the etching reaction with chlorine and chlo-
ine/hydrogen (Cl2/H2 = 4) mixture at 400 ◦C.

w
o
i
b

F
f
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een that it is the case only at etching times in the region up to
0 min, where the amount of etched titanium is nearly linearly
ncreased from 106 mg in 20 min up to 336 mg in 80 min. At
onger reaction time the process is limited by diffusion of the
eactive gas through the formed carbon layer in order to react
ith TiC.
Addition of small amount hydrogen to chlorine gas

Cl2/H2 = 4) results in a 20–25% lower etching rate due to the
ower reactivity of the HCl as etching agent. The progression
f the kinetic curve looks also different. No clear diffusion lim-
tation seems to occur up to 240 min reaction time. Hydrogen
nhances the diffusion of the chlorine molecules as described in
he literature4 and enlarges the specific surface area of the carbon
ormed. Thus, hydrogen addition can avoid diffusion limitation
nd it is useful especially at longer etching times to achieve high
tching rate and CDC with high SSA.

Thermodynamic calculations show the possibility to etch car-
on to CCl4 by treatment with chlorine at temperatures up to
00 ◦C.6 To prove this, experiments were conducted with the
nitial Cb-template etching it at the same chlorination condition.
owever, no mass loss could be measured indicating that this

eaction is kinetically inhibited.

.1.2. Effect of temperature and chlorine concentration on
he etching rate of TiC and the SSA of the resulting CDC

The etching rate of TiC at different temperatures and chlorine
oncentrations is presented in Fig. 4. Increasing the temperature
p to 600 ◦C leads to higher etching rates especially at higher
hlorine concentration. However, in the range 600–1000 ◦C
lmost no temperature dependence of the etching rate could be
bserved. Thus, the temperature has less effect on the etching
rocess than chlorine concentration.

The effect of the etching conditions on the specific surface
rea of the resulting CDC is shown in Fig. 5. The curves show
imilar temperature dependence of the SSA, independent from
he chlorine concentration used. In both cases SSA is linearly
ncreased by raising the reaction temperature up to 800 ◦C,

here a maximum value of SSA is achieved. A further increase
f the temperature results in CDC with lower SSA due to changes
n the microstructure as well as in the pore structure, as shown
elow. Comparing Figs. 4 and 5 it can be concluded, that there

ig. 4. Etching rate of TiC at different temperatures and chlorine concentrations
or 1 h etching time.
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ig. 5. Specific surface area (SSA) of CDC obtained at different etching condi-
ions for 1 h etching time.

s no correlation between etching rate of TiC and SSA of the
esulting CDC.

.2. Microstructure of CDC

.2.1. Pore structure
The pore structure of CDC derived from TiC at different reac-

ion temperature in the range 400–1000 ◦C was investigated by
ow temperature nitrogen adsorption. The adsorption isotherms
f samples chlorinated at 400, 600 and 800 ◦C are of type I of the
runauer classifications,12 which is consistent with a microp-
rous material with pore size less than 2 nm. The adsorption
sotherm at 1000 ◦C shows a hysteresis and, therefore, is of

ype IV in the same classification scheme, indicating presence
f mesopores. The pore size distribution of the CDC obtained
t different temperatures is presented in Fig. 6. The sample
tched at low temperature shows narrow distribution (Fig. 6a),

1
i
p
a

ig. 6. Horvath-Kawazoe pore size distribution of CDC obtained at different chlori
.020 mol/h Cl2, 1 h.
ig. 7. Mean pore diameter for CDC obtained at different temperatures (Fig. 6).

hereas broadening of the curves with the temperature is visible
Fig. 6b–d). The mean diameter of the pores (Dm) increases with
ncreasing the chlorination temperature (Fig. 7). The observed
ifferences in the pore size are due to changes in the CDC
icrostructure on increasing the reaction temperature. It seems

hat the narrow pore size distribution at 400 ◦C is associated with
morphous carbon and formation of larger mesopores results in
laces with graphitic structures. Similar trends were found by
hlorination of Ti2AlC.2

.2.2. Raman spectroscopy
The CDC structure was examined by Raman spectroscopy

Fig. 8). The spectra show the two characteristic peaks
or carbon- the D-band at 1330–1342 cm−1 and G-band at

585–1600 cm−1. A much higher intensity of disordered-
nduced D-band compared with G-band, corresponding to in
lane vibration of carbon atoms in graphite, suggests in all cases
nanocrystalline and disordered structure of CDC. However,

nation temperatures, (a) 400 ◦C, (b) 600 ◦C, (c) 800 ◦C and (d) 1000 ◦C with
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Table 1
EDX analysis of element composition of TiC (position 1) and CDC-TiC (position
2)

at.% Position 1 Position 2

C 58.5 94.5
O – 2.7
S
T

m
o
a
i

3

a
f
a
t
c
t
T
g

ig. 8. Raman spectra of samples chlorinated at different temperatures with
.020 mol/h Cl2 for 1 h.

ncreasing the chlorination temperature results in a decrease of
ull width at half maximum (FWHM) of D- and G-band indicat-
ng a substantial increase of ordered carbon in particular above
00 ◦C.

.2.3. Morphology of CDC
The surface morphology of TiC-ceramics before and after

hlorination at 600 ◦C was investigated by scanning electron
icroscopy (SEM) and presented in Fig. 9. A difference in the

bre structure can easily be recognized. Whereas the TiC fibres

ook quite irregular in size and thickness, the CDC-TiC fibres
eem to be bloated because of the porous structure. The element
omposition of the layer was estimated by EDX analysis at the

c
f
A
s

Fig. 9. SEM images of (a) TiC ceram

Fig. 10. HRTEM micrographs of CDC-TiC chlorinated
– 0.8
i 41.5 2.0

arked positions in the images (Table 1). After chlorination
f the TiC samples the Ti content decreases from 41.5 to 2.0
t.% and they consist mainly of carbon. Oxygen and sulphur
mpurities were detected in small amount as well.

.2.4. TEM
TEM studies of CDC-TiC reveal their microstructure at

tomic scale. Whereas etching with chlorine at 400 ◦C results in
ormation of mainly amorphous carbon (Fig. 10a), chlorination
t 600 ◦C with chlorine/hydrogen gas mixture results in forma-
ion of more ordered carbon structures (Fig. 10b). The main part
onsists of amorphous carbon but the addition of hydrogen to
he reactive gas favours the formation of onion-like carbon. The
EM micrograph shows also some isolated sites of well-ordered
raphitic sheets within amorphous carbon. Literature review

onfirms the formation of onion-like carbon but it is described
or temperatures of about 900 ◦C in pure chlorine atmosphere.7

dmixture of hydrogen promotes the creation of better ordered
tructures such as onion-like carbon. A HRTEM micrograph of a

ic and (b) CDC-TiC ceramic.

for 1 h at (a) 400 ◦C, (b) 600 ◦C and (c) 1000 ◦C.
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Table 2
Specific surface area (SSA) of biomorphic ceramics

Sample TiC TiC/TiO2 CDC-TiC/TiO2

S

f
c
a
t
o
s
s
c
o
a
p

4

f
t
e
a
h
w

t
i
c
t
t
c
T
u
r

p
w
m
c
s

p
t
l
s

a
h

ig. 11. Thermodynamic stability of TiC and TiO2 during chlorination process.

ample treated at 1000 ◦C shows a well-ordered graphitic ribbon
ithin amorphous carbon (Fig. 10c). The ribbon has a thickness
f about 5 nm, which corresponds to 15 graphene layers. Curved
raphitic structures were not found in this sample and no com-
lete graphitisation is visible. This result agrees well with the
esults of Raman spectroscopy, where the D-peak is still better
ronounced as the G-peak. All analyses suggest a greater grade
f order of CDC with increasing reaction temperature.

.2.5. Mechanical properties of CDC-TiC
The mechanical stability of the CDC-TiC composites was

stimated by measuring their bending strength. The initial TiC
eramics show a bending strength of 45–50 MPa at a porosity
f 60%. After chlorination for 4 h with the chlorine/hydrogen
as mixture at different temperatures the samples retain their
echanical stability. Both, bending strength and porosity are

ot affected by the etching temperature. A bending strength of
6–18 MPa at porosity of around 60% is measured even after
ong etching time, where over 90% of the TiC was converted
o carbon. The CDC layer is adherent and the composites show
igh shape as well as mechanical stability.

.3. Processing of carbon coated TiO2 by selective etching
f TiC/TiO2 ceramics

The CDC approach was also applied on the TiC/TiO2 ceram-
cs in order to produce carbon layers with high specific surface
rea. It is expected, that carbon coated TiO2 will show enhanced
hoto catalytic activity as reported in the literature.13 However,
t has to be proved by thermodynamic calculations whether
he Ti from TiO2 will also be etched by chlorination, which
ould be unfavourable because of the destruction of the photo

atalyst.
The thermodynamic calculations with the HSC software have

hown (Fig. 11) that the reaction of chlorine with TiO2 is ther-
odynamically not favourable. Therefore, it is possible to apply

he CDC-method on the mixed ceramics without destroying the
hoto catalytic active TiO2 layer.
In previous work9 the processing of biomorphic TiC/TiO2
eramics was studied in detail. It was found, that the oxidation
emperature of TiC affects the anatase/rutile ratio of the resulting
iO2 samples. The catalytically more active anatase phase is

s
i
o
r

SA (m2/g) 0.7 17.7 63.4

ormed at temperatures below 600 ◦C. Therefore, the TiC/TiO2
eramics produced by oxidation of biomorphic TiC at 400 ◦C in
ir flow9 were etched for 10 min at 400 ◦C in Cl2/H2 mixture
o produce a thin carbon layer on the TiO2 surface. The amount
f carbon is calculated to be 1.8 wt%. As a result, the specific
urface area of the resulting ceramic composite was increased
ignificantly as shown in Table 2. The CDC coated TiC/TiO2
eramics show enhanced photo catalytic activity by degradation
f 4-chlorophenol (4-CP) under UV light due to the improved
dsorption capacity. The results will be presented in a separate
aper.

. Conclusions

Biomorphic porous TiC and TiC/TiO2 ceramics produced
rom paper preforms by chemical vapor infiltration and reaction
echnique can be covered with highly porous carbon by selective
tching of Ti from TiC with chlorine containing gas in a temper-
ture range 400–1000 ◦C. Calculations of the Gibbs free energy
ave shown that at these conditions the reaction of Ti from TiO2
ith chlorine is thermodynamically not favourable.
The etching rate of TiC is affected by the chlorine concen-

ration, but only slightly by the reaction temperature. Kinetic
nvestigations have shown that for up to 80 min the etching pro-
ess is controlled by the chemical reaction. At longer treatment
imes diffusion limitation has to be taken into account. Addi-
ion of hydrogen to the etching gas enhances the diffusion of the
hlorine molecules, so that no diffusion limitation was observed.
hus, hydrogen addition can avoid diffusion limitation and it is
seful especially at longer etching times to achieve high etching
ate and CDC with high SSA.

The pore structure of CDC can be tuned by the etching tem-
erature. Microporous carbon with narrow pore size distribution
as obtained at temperatures ranging from 400 to 800 ◦C. Treat-
ent at higher temperatures leads to formation of mesopores. No

orrelation was found between etching rate of TiC and specific
urface area of the resulting CDC.

The CDC produced by chlorination of TiC at 400 ◦C is amor-
hous. Increased reaction temperature and addition of hydrogen
o the chlorine gas lead to formation of higher ordered regions
ike onion carbon and graphitic ribbons as shown by Raman
pectroscopy and TEM.

The CDC coated TiC/TiO2 ceramics with predominantly
natase phase show enhanced photo catalytic activity due to the
igh SSA of 64 m2/g.

The produced carbon–ceramic composites are mechanically

table and show a bending strength of 16–18 MPa at a poros-
ty of 60%. These structures can be used as adsorbent, catalyst
r catalyst support because of their easier separation from the
eaction mixture.
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