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Carbide-derived carbons (CDC) allow a precise control over the pore size through the selection of the
carbide precursor and varying of the synthesis conditions. However, their pore volume is limited by the
carbide stoichiometry. While activation of carbons derived from various organic precursors has been
widely studied, this process may similarly be able to increase the pore volume and specific surface area
of CDC. Oxidation of carbide-derived carbon in air and CO, at different temperatures and times allows
for significant increase in pore volume and specific surface area as well as control over average pore size
with subnanometer accuracy. The effect of activation and associated changes in the pore volume and
surface area on the hydrogen uptake are also discussed.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Carbide-derived carbons (CDC), as a new class of nanoporous
carbons, have been attracting much attention in the past decade
[1-3]. CDCs show a high efficiency in a large number of
applications such as hydrogen and methane storage [4,5],
electrode material in Li-ion batteries [6] and supercapacitors
[7,8], for protein sorbents [9] and adsorption of toxic chemicals
from water/air. CDC is a nanoporous carbon material produced by
extracting metal atoms from metal carbide via chlorination [1,10]
or hydrothermal treatment [11]. These carbons can be manufac-
tured with a large variety of porosities, depending on synthesis
conditions such as the carbide precursor, chlorination tempera-
ture, time and annealing procedure. Although large pore volumes
can be achieved by using precursors with large metal/carbon
ratios, pore growth and structure collapse occur when precursors
with low carbon contents are used [12]. Practically, it is also more
suitable to use low cost precursors such as TiC or SiC which
produce about ~55% of porosity in case of conformal transforma-
tion. Since chemically CDC is similar to other porous carbons,
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methods of activation that are used for other carbon materials
may be applied to CDC.

Oxidation of carbon, often referred to as activation, has been
investigated for decades and is well known as a powerful route to
modify the properties (porosity, microstructure, surface chemis-
try, electrical conductivity, etc.) of carbon materials [13]. Different
methods have been developed including chemical activation using
molten NaOH and KOH [14,15] or hot acids (HNO3, H,SO4, H3PO,4)
[16] and physical activation in air, CO,, or steam [17-23]. The
properties of activated carbons strongly depend on the activation
process and choice of conditions. Even minor changes in the
reaction conditions (e.g., temperature, concentration, and time)
for the same reagent can lead to significant differences in pore
texture, surface chemistry and microstructure [24,25]. Very little
has been reported on activation of CDC, although CDC heating in
nitrogen, air, CO, and water vapor was described in an early
patent as a method of residual chlorine removal [26]. Activation of
CDC by infiltration with water and fast heating was also
mentioned, but no detailed studies of the activation process
parameters on CDC structure and properties have been published.

Activation procedures that maximize pore volume and surface
area of different carbon materials lead to a broadening of the pore
size distribution (PSD) at the same time, which can limit
the control over the porosity. In most cases, the required
activation conditions depend on the nature of the initial carbon,
its porosity, degree of graphitization and surface chemistry [18].
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Of the potential activation techniques, physical activation is
particularly advantageous due to its use of inexpensive gaseous
reactants and process simplicity. Physical activation in CO,, steam
or air has been widely studied for different activated carbons
[19,25,27]. CO; is a relatively mild oxidizer, which leads to a better
control over the development of microporosity during activation
compared to other reagents such as steam, oxygen or air [20-23].
On the other hand, air activation is a low energy/cost process
because of the higher reactivity, requiring a lower activation
energy as compared to CO, or steam [18,27,28]. However, the
process is difficult to control. Our previous work has shown that
controlled oxidation in air can be very selective and is able to
remove amorphous carbon from carbon nanotubes [29] and
nanodiamond [30]. Oxidation is therefore potentially suitable to
control and modify the porosity of the most common and low-
cost CDCs, such as TiC-CDC [31] or SiC-CDC [10], in order to
achieve the desired pore volume or size.

In this paper, we report an investigation of the influence of air
and CO, activation on structure and properties of TiC-CDC and
SiC-CDCs and identify the optimal activation conditions to
maximize the micropore volume for hydrogen storage and other
applications.

2. Experimental
2.1. Materials

By chlorinating TiC (particle size <2 um, density 4.93 g/cm?) at
600°C in a quartz tube furnace, 600 °C-TiC-CDC was produced
[31], while chlorination at 1000 and 1300°C was done in a
graphite furnace, as described previously [32]. The sample names
“600 °C-TiC-CDC”, “1000 °C-TiC-CDC” and “1300 °C-TiC-CDC” refer
to the chlorination temperature during CDC synthesis. When
the desired temperature was reached, chlorine gas was passed
(15 ml/min) through the quartz tube to extract the Ti metal from
the sample following reaction:

TiC + 2Cly(g) — TiCla(g) + C(s) 1)

After chlorination, the furnace was cooled to room temperature
under a constant argon flow. A more detailed description of the
CDC synthesis is given elsewhere [31]. The synthesized TiC-CDC
samples contain traces of Si (<0.2at%), W (<0.8at%), Ti
(<0.06 at%) and Fe (<0.07 at%), as determined by EDS. 1100 °C-
SiC-CDC was synthesized using a chlorination process similar to
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the one described above [33]. The SiC powder was provided by
Superior Graphite with a particle size <6 pm [Ref. 33].

Activation of 1000 °C-TiC-CDC and 600 °C-TiC-CDC was per-
formed in dry air and CO, (Airgas), respectively. Approximately
200mg of CDC powder was placed in a tube furnace for each
activation experiment. The quartz tube was then purged at
ambient temperature and pressure for 4 h at a constant gas flow
(air or CO,) of ~200ml/min. Samples were heated at a rate of
25°C/min under a constant gas flow of ~50ml/min until the
desired activation temperature was reached. After activation, the
furnace was turned off and samples were cooled to room
temperature.

2.2. Characterization

Raman analysis was performed using a Renishaw 1000/2000
Raman microspectrometer with a 514nm Ar" laser (18001/mm
grating, 50 x Objective, max. 800W/cm?) in backscattering
geometry.

The pore structure of the TiC-CDCs was characterized by gas
sorption measurements using a Quadrasorb apparatus (Quanta-
chrome Instruments) in N, at 77 K and CO, at 273 K. The specific
surface area (BET-SSA) was calculated using Brunauer-Emmett-
Teller (BET) analysis from N, sorption. The pore size distribution
was determined from N, and CO, isotherms using the non-local
density functional theory model (NLDFT), which assumed slit
pores [34]. The volume of pores below 1.5 nm (micropores) was
calculated from CO, sorption, using the same NLDFT model.
The porosity of SiC-CDC was measured using Quantachrome
Autosorb-1 with Ar adsorbate at -195.8 °C. Sorption isotherms
were analyzed by Quantachrome’s data reduction software
(version 1.27) [34].

Thermogravimetric analysis (TGA) was performed using a SDT
2960 DTA-TGA from TA instruments. Samples were heated from
25 to 800°C at 2 °C/min under a constant air flow of 40 ml/min.

The H, uptake was measured using a Sieverts type apparatus at
77 K and high pressure (60 bar) as described elsewhere [35].

3. Results and discussion
3.1. Raman characterization of as-produced CDC
Fig. 1 shows the Raman spectra of TiC-CDC chlorinated at 600,

1000 and 1300 °C, respectively; 600 °C-TiC-CDC (Fig. 1a) exhibits
broad D and G bands of similar intensity at 1351 and 1595cm™},
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Fig. 1. Raman spectra of TiC-CDC synthesized at chlorination temperatures of 600 °C (a), 1000 °C (b) and 1300 °C (c). With increasing chlorination temperature, D and G
bands are sharpened. Full-width at half maximum (FWHM) values are shown in brackets.
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with a full-width at half maximum (FWHM) of 186 and 85cm™,
respectively, indicating the presence of mainly amorphous sp?
carbon. At low chlorination temperatures, TiC-CDC is constituted
mainly of amorphous carbon and little or no graphite, in
agreement with earlier studies [31]. While for 1000 °C-TiC-CDC
(Fig. 1b) both Raman peaks are noticeably sharpened, shape and
intensity distribution somewhat vary for different sample spots.
Chlorination at high temperatures leads to increasing
graphitization and a less homogeneous sample composition.
Raman spectra recorded from regions of high graphitization
show a sharp (FWHM ~31cm™') and intense G band at
~1581 cm~'. Amorphous parts of the sample exhibit intensity
ratios comparable to that of 600 °C-TiC-CDC, while the FWHM of
the D band is reduced to about ~88cm™!, suggesting a general
increase in bond ordering. Previous HRTEM studies showed that
TiC-CDC becomes more organized at higher chlorination
temperatures and carbon atoms reassemble into curved
graphene sheets and graphitic ribbons with interplanar spacing
close to that of graphite (<0.34nm) [31]; 1300 °C-TiC-CDC
exhibits a higher homogeneity compared to 1000 °C-TiC-CDC.
Both D (1353cm™!) and G band (1581 cm™!) are significantly
sharpened, showing FWHM values of 51 and 27 cm ™}, respectively.
The low D band intensity, a G band position of 1581 cm~! and the
reduced peak width of both Raman bands suggest a high level of
graphitization.

3.2. Oxidation in air

In order to identify the optimal temperature range for the
activation, we performed TGA on the three TiC-CDC samples in air.
Fig. 2 shows weight loss and derivative weight fraction (do/dT)
during activation as a function of the oxidation temperature.
The activation energies (E,) were calculated using the
Achar-Brindley-Sharp—-Wendworth method [36-38] and are 138
and 210kJ/mol for 600°C-TiC-CDC and 1300 °C-TiC-CDC,
respectively, and 120 (E4) and 198 kj/mol (EX) for 1000 °C-TiC-
CDC, which showed two different regimes, probably
corresponding to oxidation of amorphous (I) and graphitic (II)
carbon.

The weight loss between 350 and 550 °C results mainly from
the oxidation of amorphous carbon and 600 °C-TiC-CDC (Fig. 2a)
and 1000 °C-TiC-CDC (Fig. 2b) show similar oxidation behavior
and activation energies. At temperatures above 550 °C, 600 °C-TiC-
CDC and 1000 °C-TiC-CDC differ in burn-off rates. The composition
of 600 °C-TiC-CDC does not change during oxidation due to the
high homogeneity of the sample (Fig. 2a). However, in case of
1000 °C-TiC-CDC, the remaining ~40wt% mainly consist of
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graphitized carbon showing a higher resistance to oxidation
compared to amorphous material (Fig. 2b). At elevated tempera-
tures (>550°C) the activation energy of 1000 °C-TiC-CDC
(E% =198 KkJ/mol) is similar to that of 1300°C-TiC-CDC (210k]/
mol), which exhibits a high level of graphitization and therefore
requires higher oxidation temperatures (>500 °C).

TGA analysis shows that oxidation of TiC-CDC (in air) does not
start below 350°C, but occurs at a reasonable rate between
400 and 450°C in case of 600 °C-TiC-CDC and 1000 °C-TiC-CDC.
The graphitized 1300°C-TiC-CDC requires significantly higher
oxidation temperatures (>500°C) and is therefore less favorable
for activation. Moreover, the higher synthesis temperature leads
to an increase in the average pore size and a broadened pore size
distribution. We therefore focused our efforts on activation of
600 °C-TiC-CDC and 1000 °C-TiC-CDC, and set the initial activation
temperature to 430°C in order to achieve sufficient control over
the porosity development. Changes in porosity of 1000 °C-TiC-CDC
after activation (in air) for 3, 6.5 and 10 h at 430°C are shown in
Fig. 3. The BET-SSA increases with activation time (Fig. 3a)
reaching a maximum value of ~1800m?/g after 6.5h with no
further increase at higher burn-off. A similar saturation of the
BET-SSA has been observed during activation of other carbon
materials [39]. Related changes in the pore volume are shown in
Fig. 3b. The total pore volume increases from 0.7 to 0.78 (+11.4%),
0.84 (+20%) and 0.87 (+24%) after activation for 3, 6.5 and 10h,
respectively, while the micropore volume, corresponding to the
volume of pores smaller than 1.5nm, increases from 0.34 to
0.36 cm?/g (+6%), during activation for 3 h, but stabilizes around
0.36cm>/g for longer activation times. The observed porosity
development may be explained by a two-step process starting
with (1) the formation of new micropores at moderate conditions,
and (2) widening into larger pores for longer times, leading to an
increase of the total pore volume [19,21]. Fig. 3c shows changes in
SSA and burn-off during activation for 3 and 6.5h at different
temperatures between 400 and 550°C. The BET-SSA increases
with burn-off (weight loss) at lower activation temperatures,
reaches a maximum value of ~1800 m?/g after 6.5 h at 425 °C and
3h at 475°C, respectively, but shows no further increase with
burn-off at higher temperatures.

The corresponding changes in pore volume are shown in
Fig. 3d. While the total pore volume significantly increases with
activation temperature (up to 55%), the micropore volume shows
a small increase (+6%) at low temperature, but decreases at higher
activation temperatures, suggesting the enlargement of micro-
pores into mesopores.

Our results demonstrate that activation in air at lower
temperatures (~430°C) and for long activation times
(>6.5h) leads to the highest micropore volume (+6%) and
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Fig. 2. TGA (solid lines) and derivate weight fraction (dashed lines) of TiC-CDC chlorinated at 600 °C (a), 1000 °C (b) and 1300 °C (c). Experiments conducted in air at

2 °C/min.
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BET-SSA (+14%) values at a weight loss of just ~10%, which is
much lower than 40%, typical for manufacturing of activated
carbons [22,40,41]. The total pore volume increases (up to 60%)
with burn-off, and reaches a maximum for high activation
temperatures and long activation times. The optimum activation
conditions with respect to a high BET-SSA at a low weight loss are
6.5h at 430°C and 3 h at 475°C.

The resulting changes in the pore-size distribution of 1000 °C-
TiC-CDC after activation in air are shown in Fig. 4. It should be
noted that, jaggedness in the PSDs are a result of the numerical
model rather than an actual feature of the pore structure.
Oxidation of 1000 °C-TiC-CDC for 3 h at 430°C (Fig. 4a) leads to
a slight increase in the volume of pores smaller than 0.8 nm.
Increasing oxidation time reduces the contribution of small pores
to the total pore volume, shifting the average pore-size from 1.10
(non-activated) to 1.20 and 1.25nm after 3 and 6 h activation at
430°C, respectively. An increase in activation temperature at
constant activation time leads to a decrease of the pore volume for
pore sizes below 0.8 nm (Fig. 4b) and to formation of larger pores
(>2nm). The average pore size changes from 1.10 (non-activated)
to 1.22, 1.50 and 1.90nm after 6.5h activation at 415, 450 and
475 °C, respectively.

The results of activation in air demonstrate the possibility of
increasing the porosity of TiC-CDC; however, BET-SSA and pore
volume showed only a moderate increase and were accompanied
by a large weight loss. The micropore volume, which is crucial for
many CDC applications [42,43], remained almost unchanged, and
mesopores appear at high activation temperatures and long

activation times leading to an increase in the total pore volume
and BET-SSA saturation.

3.3. Oxidation in CO,

In an attempt to achieve an increase in the micropore volume,
600 °C-TiC-CDC was activated using CO,. Graphitization and
ribbon formation in high-temperature CDCs such as 1000 °C-TiC-
CDC and 1300 °C-TiC-CDC lead to relatively large pore sizes and
are therefore unfavorable for most CDC applications. The lower
chlorination temperature of 600 °C-TiC-CDC minimizes the for-
mation of graphitic carbon (Fig. 1). Fig. 5 shows changes in BET-
SSA and porosity of 600°C-TiC-CDC after activation at various
conditions. At constant activation time (2h), the BET SSA is
proportional to the burn-off and increases with temperature from
about 1300m?/g (non-activated) to >3000m?/g at 950°C
(Fig. 5a). At 875°C, both total pore volume (+28%) and
micropore volume (+18%) increase compared to non-activated
600 °C-TiC-CDC (Fig. 5b). While the total pore volume follows the
trend of the BET SSA and increases with increasing activation
temperature (+150% at 950 °C), the micropore volume decreases
(—8% at 950°C), falling below that of non-activated 600 °C-TiC-
CDC (Fig. 5b). Fig. 5¢ compares burn-off and BET SSA of 600 °C-
TiC-CDC for different activation times at 875 and 950°C,
respectively. BET SSA and burn-off follow similar trends for both
activation temperatures and increase with activation time. While
at lower activation temperatures, BET-SSA and burn-off after ~8 h
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Fig. 4. Pore-size distribution and average pore diameter (D,,) of 1000 °C-TiC-CDC after activation in air for 3 and 6.5h at 430°C (a) and 6.5 h at 415, 450 and 475 °C (b).

approach a maximum value of ~2700m?/g and ~55wt%,
respectively, values up to 3100m?/g at a weight loss of 75 wt%
are obtained at high activation temperatures (950°C). The
corresponding changes in the pore volume are shown in Fig. 5d.
The total pore volume follows the trend of the BET SSA and
increases with activation time, reaching maximum values of
114cm3/g (12h at 875°C) and 1.34cm3/g (2h at 950°C). The
micropore volume is the highest for short activation times but
decreases with time, similar to air activation, following the two-
step process with initial formation of new micropores followed by
the enlargement of those micropores into mesopores as described
above. While activation at lower temperatures leads to an initial
micropore volume increase of about 17%, higher temperatures
always lead to a micropore volume lower than in non-activated
600 °C-TiC-CDC. The optimum conditions for activation of 600 °C-
TiC-CDC in CO, with respect to a high BET-SSA, development of
micropores and low weight loss are therefore low activation
temperatures (~875°C) and long activation times (>8h). High
temperatures and longer activation times lead to a larger total
pore volume, but are unfavorable for the formation of micropores.

The pore size distributions of CO,-activated 600 °C-TiC-CDC are
plotted in Fig. 6. The average pore size shifts towards higher
values with increasing activation time (Fig. 6a) and activation
temperature (Fig. 6b). Oxidation for 4 and 12 h at 875 °C leads to
an increase in the average pore size from 0.73 to 0.96 and 1.51 nm,
respectively (Fig. 6a). The observed shift results mainly from a
decrease in the pore volume of pores smaller than 0.8 nm due to
the formation of larger pores in the size range of 1-2nm and
above. At constant activation temperature, oxidation in CO,
enlarges small pores with time, thus decreasing micropore and
increasing mesopore volume. Similar trends were found for
activation at different temperatures (constant time). Activation
for 2 h at 875,925 and 950 °C increases the average pore size from
the initial 0.73 to 0.80, 1.35 and 1.52 nm, respectively.

Fig. 7a compares the Raman spectra of 600 °C-TiC-CDC before
and after CO,-activation at 875 and 950°C for 8 and 2h,
respectively. In order to accurately measure changes in Raman
intensity, spectra were fitted using 4 Lorentzian/Gaussian peaks
centered at 1170, 1350, 1510, and 1595 cm~ . The Raman bands at
1350 and 1595 cm™! have been assigned to graphitic sp? carbon,
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Fig. 5. BET SSA and pore volume of 600 °C-TiC-CDC after oxidation in CO, as a function of activation temperature (a, b) and activation time (c, d).

and are referred to as D and G band. Both D and G bands are
noticeably sharpened. The FWHM decreases from 186 and
85cm™! (as-received) to 185 and 83cm~! (875°C/8h) and
178 and 78cm~' (950°C/2h), respectively. The peaks at
1170 and 1510cm™! are believed to originate from sp> carbon
phases and C-H contribution or semicircle ring stretch vibrations
of benzene, respectively [44]. However, EXAFS [31], EELS [45] and
pair distribution function studies [46] show ~10at% or less of sp>
carbon in TiC-CDC. The interpretation of changes in the Raman
spectrum of CDCs is further complicated by the presence of
amorphous carbon and graphite, and functional groups
contributing to the Raman signal. Although, the intensity ratio
between D and G band has successfully been used to determine
the coherence length (crystal size) in graphitic materials such as
carbon blacks, great care must be taken with a highly disordered
material such as 600 °C-TiC-CDC.

A reduction in the width of the G band (FWHM) and a decrease
in the Ip/Ig ratio generally indicate increasing graphitization and/
or removal of amorphous carbon [47]. The relative percentage of
graphitic carbon increases during activation and the Ip/lg ratio
decreases with activation time (Fig. 7b) and activation tempera-
ture (Fig 7c), as expected. A more detailed analysis of the Raman
spectra of CDCs is outside the scope of this work.

To confirm that the developed procedure is applicable to other
CDCs, we performed several experiments on SiC-CDC [Ref. 48].
The results showed similar trends. BET-SSA, micropore and total
pore volume increased by 29%, 67% and 60%, respectively, after
CO, activation of 1100°C-SiC-CDC for 1h at 950°C. While the

oxidation conditions have not been optimized, the results clearly
indicate that physical activation under CO- is applicable to CDC
derived from other metal carbides.

3.4. Hydrogen storage

The ability to control the pore structure of CDCs is of great
importance for a large number of applications, especially for
adsorption and storage of gases such as hydrogen and methane.
Fig. 8 shows the hydrogen excess adsorption isotherms of 1000 °C-
TiC-CDC and 600 °C-TiC-CDC measured at high pressure at 77 K
after activation in air and CO,, respectively. The gravimetric H,
uptake of non-activated 1000 °C-TiC-CDC (2.9 wt%) is lower than
that of 600°C-TiC-CDC (3.3 wt%) due to the higher degree of
graphitization and a lower micropore volume [4]. While both air
and CO, activation of CDC can potentially increase H, uptake, the
relative increase is larger for CO,-activated 600 °C-TiC-CDC due to
a better porosity development, i.e. 40-50% increase in BET-SSA
and micropore volume improvement. The highest H, uptake
(~4.6 wt%) was measured for 600 °C-TiC-CDC after activation in
CO,, for 2 and 8 h at 950 and 875 °C, respectively. The maximum
value is therefore obtained either for CDC having a very high BET-
SSA containing larger pores or for CDC with smaller BET-SSA
(> 2500m?/g) and a high micropore volume. Our results indicate
that optimal activation conditions for maximizing H, storage
capacity is a compromise between high BET-SSA and total pore
volume versus the micropore volume; the larger BET-SSA
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associated to the volume of bigger pores compensates
the decrease in the micropore volume In the case of
1000°C-TiC-CDC, best values (3.2wt%) were obtained after
activation in air for 3 h at 475 °C where the micropore volume is
maximum as compared to the CDCs activated at higher
temperature or for a longer time. This confirms that micropores
are more efficient to improve the H; storage [4,49]. However, one
has to keep in mind that both CDCs differed in structure and
porosity before activation. Due to its high homogeneity and a
lower graphitization, 600 °C-TiC-CDC is a more adequate
candidate for activation. In addition, CO, activation allows a
better process control and a larger increase in the micropore
volume when compared to air activation. The rapid enlargement
of the micropores into mesopores during air activation can be
attributed to a higher reactivity of O,, compared to CO,.

4. Summary and conclusions

We have demonstrated the possibility of adjusting the porosity
of CDCs by physical activation in air and CO,. While air-activation
of 1000°C-TiC-CDC leads to an increase in BET-SSA and total

pore volume, the microporosity development remains in-
sufficient to target H, storage applications. The high reactivity of
0, leads to a rapid enlargement of micropores into mesopores
and limits the control over porosity development. Activation of
600 °C-TiC-CDC in CO,, which is a milder oxidizer allowing
a better control on the porosity development, leads to a
17% increase in the micropore volume and further improve-
ment in BET-SSA and total pore volume compared to air
activation; this results in a 40% increase in gravimetric H, uptake
to ~4.6 wt%. Furthermore, BET-SSA of above 3000 m?/g and pore
volume of 1.3-1.4g/cm> can be achieved by activation in CO,.
The developed activation method can be applied to other CDCs,
such as SiC-CDC, leading to a similar increase in pore volume and
BET-SSA.

Our results show that activation in both air and CO, can be
used to increase the average pore size of CDCs derived from low
cost carbides with a high carbon content, such as TiC and SiC.
While small pores (<1 nm) are of great importance for hydrogen/
methane storage and supercapacitor applications, a larger average
pore size (1-5nm) may be very attractive for sorption of
biological molecules and toxins, which are usually larger in size
compared to the electrolyte ions or hydrogen molecules.
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