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a  b  s  t  r  a  c  t

The  improvement  of  direct  methanol  fuel  cells  (DMFCs)  requires  the  development  of highly  active  cata-
lysts.  Carbide-derived  carbon  (CDC)  is  a new  class  of  carbon  materials  which  are  produced  via selective
extraction  of  the  non-carbon  compounds  from  metal  carbides.  Nanoporous  carbon  with  a surface  area
of 906  m2 g−1 and  mean  pore  size  of  3.4 nm  was  produced  in  consequence  of chlorinating  pure  titanium
carbide.  This  material  was  oxidatively  treated  to  create  the  nucleation  sites  for  the  metal  precursor.  An
increase  of  oxygen  content  in  the  carbon  sample  was  observed  after  the  functionalization  step.  The  CDC
material  was  subsequently  loaded  with  18.62  wt.%  platinum,  with  an  average  particle  size  of  1.16  nm,
ovel support material
atalyst
irect methanol fuel cell

by  wet  impregnation  and  chemical  reduction.  As a result,  an  enhanced  electrochemical  activity  towards
oxygen  reduction  was  observed.  The  maximum  power  density  of  50.16  mW  cm−2 was  achieved  and  is
subsequently  18%  higher  than  the  value  measured  for  commercial  platinum  catalyst  (20  wt.% Pt)  on  acti-
vated  carbon.  This  increase  can  be attributed  to  good  catalyst  dispersion,  high  surface  area  and  small
platinum  cluster  sizes,  thus,  confirming  the  potential  of  carbide-derived  carbon  supported  catalysts  for

DMFC applications.

. Introduction

Direct methanol fuel cells (DMFCs) have attracted great atten-
ion as a promising power source for portable applications due
o their high energy density, simple system design and low emis-
ions of pollutants [1–3]. Using liquid methanol as fuel offers many
dvantages over the hydrogen, such as easier storage and transport
t lower costs [4].  However, there are still some factors limiting the
idespread commercialization of this kind of fuel cell. The major
roblems associated with DMFC operation are the slow electrode
inetics of the oxygen reduction reaction and methanol crossover
hrough the polymer membrane.

To improve the fuel cell performance, highly active electrocat-
lysts have to be developed. It is generally known that catalysts
xhibit great influence on the cost and durability of fuel cells. Most
atalysts used in DMFCs are supported on porous conductive carbon
aterials with a high specific surface area. These support materials

re necessary to obtain a high dispersion and a narrow distribution

f platinum or platinum-alloy nanoparticles, which are essential
or a high catalytic performance of fuel cell catalysts [5–9].

∗ Corresponding author. Tel.: +49 5323 722187; fax: +49 5323 722182.
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Widely, platinum or platinum alloy nanoparticles supported on
high surface area carbon blacks are commercially used as DMFC
catalysts. Recently, nanostructured carbon materials like carbon
nanofibers, carbon nanotubes or mesoporous carbons have been
intensively studied as support materials for platinum electrocat-
alysts in DMFCs [10–13].  The use of novel carbon materials as
catalyst support can enhance the mass activity of the catalyst in
the cathode oxygen reduction reaction [14].

There are several attributes that carbon materials as supports
need to possess to be acceptable for low temperature fuel cell
electrocatalysts. These attributes are high surface area for a high
degree of dispersion of the nanoparticles, suitable pore structure,
good crystallinity resulting in low electrical resistance to facili-
tate electron transport during the electrochemical reactions, good
interaction between the catalyst nanoparticles and the carbon sup-
port, high stability in the fuel cell environment and good corrosion
resistance [6,15].

In  this contribution, we demonstrate the use of carbide-derived
carbon (CDC) as an attractive catalyst support material for the elec-
trode of a DMFC. With the carbide-derived carbon method, a new
class of carbon materials can be produced from the selective extrac-

tion of non-carbon compounds from metal carbides [16–18].  With
the CDC method it is possible to convert the carbide partially, with
controlled layer thickness, or completely into nanoporous carbon
with a defined pore structure and specific surface areas greater than

dx.doi.org/10.1016/j.jpowsour.2011.09.107
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:schlange@icvt.tu-clausthal.de
dx.doi.org/10.1016/j.jpowsour.2011.09.107


 Powe

2
l
c
a
p
u

M

t
o
t
o
p
t
D
o
t
p
p
c
p
t
t
p
c
s

a
T
t
T
o
[

2

2

P
p
H
c

2

a
w
0
a
4

2

n
i
(
T
t
c
a

A. Schlange et al. / Journal of

000 m2 g−1 [19–21].  Hence, the characteristics of CDC can be tai-
ored towards a specific application. The extraction of the metal
an be achieved by using either halogens or supercritical water in

 high temperature reaction or vacuum decomposition [22–24].  A
romising reaction path is the extraction of the metal species (Me)
sing chlorine gas:

eC(s) + x/2Cl2(g) → MeClx(g) + C(s)

In order to selectively extract the metal compounds, the forma-
ion of gaseous CCl4 has to be suppressed either thermodynamically
r kinetically. For thermodynamic reasons the reaction tempera-
ure has to lie above approximately 400 ◦C [25–27],  as the formation
f metal–chloride species then is favoured. Typical reaction tem-
eratures range from 400 to 1200 ◦C. By choice of the reaction
emperature one can influence and tailor the created pore structure.
ash et al. investigated average pore diameter of carbon materials,
riginating from zirconium carbide, increased with rising reaction
emperatures from 0.74 nm at 400 ◦C to 1.41 nm at 1200 ◦C [28]. The
roduced specific surface area is also a function of reaction tem-
erature, featuring a maximum between 800 and 1200 ◦C for most
arbides. This can be explained with halogenide residues clogging
ores at low temperatures and CDC consolidation at high tempera-
ures [28,29]. Increased reaction temperature also has an effect on
he morphology of the created carbon material. Up to reaction tem-
eratures of approx. 800 ◦C almost every CDC features amorphous
haracteristics whereas above 1000 ◦C more crystalline, graphitic,
tructures can be generated, depending on the precursor carbide.

In summary, a set of parameters exists with which the char-
cteristics of CDC can be tailored towards its specific application.
he choice of the original carbide together with the chlorination
emperature determines the created pore and carbon structure.
hese characteristics make CDC an interesting material in the field
f catalyst support for the electrode of direct methanol fuel cell
30].

. Experimental

.1. Materials

All chemicals used in this work were analytical grade. As
latinum precursor H2PtCl6·6H2O (Merck) was  used. HNO3,
olytetrafluoroethylene (Dyneon), ethylene glycol, NaOH and
3PMo12O40 were purchased from Sigma–Aldrich. TiC was pur-
hased from Alfa Aesar with a purity of 99.5% (metal basis).

.2. Synthesis of titanium carbide-derived carbon support

For this work, TiC–CDC was produced in a tubular reactor at
 reaction temperature of 1200 ◦C. Approx. 6 g of TiC was  etched
ith a chlorine concentration of 2 mol  m−3 and a gas velocity of

.015 m s−1 inside the reactor. Helium was used to adjust the over-
ll flow rate to 8 NL h−1. The experiment was performed for at least

 h in order to convert the metal carbide completely to carbon.

.3. Surface modification of TiC–CDC support

Before Pt deposition, the TiC–CDC material was  treated with
itric acid to create oxygen functional groups. In a typical exper-

ment, 5 g of support material was mixed with 150 mL  nitric acid
65 wt.%) and refluxed at 110 ◦C under nitrogen atmosphere for 5 h.

he resulting solution was washed with deionized water and cen-
rifuged until the filtrate reached pH 7. Finally, the treated titanium
arbide-derived carbon (TiC–CDCf) material was  dried in an oven
t 60 ◦C overnight.
r Sources 199 (2012) 22– 28 23

2.4. Preparation of platinum electrocatalyst

The Pt electrocatalyst was prepared using the polyol alcohol
reduction method [33,34]. Ethylene glycol (EG) was  used as solvent
and reducing agent, and H3PMo12O40 was  used to prevent Pt par-
ticle agglomeration. Typically, H2PtCl6·6H2O, H3PMo12O40 (weight
ratio PMo12:Pt = 1:1) and pretreated carbon support (160 mg)  were
mixed with 80 mL EG in a beaker and subjected to an ultrasonic bath
for 10 min. After that, the pH value of the mixture was adjusted to
10 by adding 1 mol  L−1 NaOH under vigorous stirring. The amount
of Pt precursor was calculated to obtain a nominal metal loading
of 40 wt.% after the complete reduction. The suspension was  trans-
ferred to a 100 mL  flask and heated under refluxing conditions at
140 ◦C for 3 h under continuous magnetic stirring.

After cooling down, the resulting catalyst (Pt/TiC–CDCf) was
washed with ethanol to eliminate traces of chloride ions, which was
separated using a centrifuge at 4000 rpm and dried in a furnace at
60 ◦C for 24 h under air flow.

2.5. Characterization methods

The analysis of the pore volume and pore size distribution
was  carried out for the CDC after chlorination as well as for
the supported catalysts, using CO2 and N2 sorption measure-
ments with a Quantachrome Nova 4200e measuring at 273 K, and
a Quantachrome QuadrasorbSI measuring at 77 K, respectively.
Subsequent data evaluation was  performed with the software
NovaWin version 10.0 and QuadraWin version 5.02 for CO2 and
N2 sorptions, using non-local density functional theory (NLDFT)
and quenched solid density functional theory (QSDFT) for slit pores,
respectively.

The crystalline structures of supported catalysts were character-
ized by X-ray diffraction (XRD) with a Siemens D5000/Kristalloflex
diffractometer in the �/2� modus using Co-K� radiation source at
� = 0.1789 nm (40 kV, 40 nA) with particle sizes being determined
using the Scherrer equation [31]. The 2� Bragg angles were scanned
over a range from 20◦ to 80◦ with a step size of 0.02◦.

The morphology and size distribution of the catalyst were car-
ried out using transmission electron microscopy (TEM) with a JEOL
2100 (accelerating voltage 200 kV). TEM samples were prepared
by placing a drop of catalyst suspension dispersed in ethanol on
a copper grid followed by solvent evaporation at room tempera-
ture. Information about size and distribution of the Pt nanoparticles
was  obtained using LINCE 2.42e software [32] with 300 nanoparti-
cles on the TEM pictures. Thermogravimetric analysis (TGA) was
performed with a Mettler TGA 860 thermo balance in air at a
flow rate of 50 cm3 min−1 and a heating rate of 20 K min−1 over
a temperature range of 25–900 ◦C using several mg  samples. To
investigate the oxidized support material, elemental analysis (EA)
(Vario-EL, Elementar Analysesyteme GmbH) and scanning electron
microscopy (SEM) (Helios Nanolab 600, FEI) investigations were
done.

2.6. Electrochemical measurements and electrode preparation

DMFC single cell measurements were evaluated in a test station
using a high impedance potentiometer (Delta Elektronika SM3000,
The Netherlands). A cell with an active area of 5 cm2 was used.
The catalyst loadings on the cathode and anode side were both
1 mg  cm−2. The cathode layer was prepared using a Pt supported
TiC–CDCf catalyst or commercial Pt catalyst (20 wt.% Pt) supported
on Vulcan® XC-72R carbon from E-TEK (labeled as Pt/C). In the

anode layer a commercial catalyst from BASF (40 wt.% Pt, 20 wt.%
Ru on Vulcan® XC-72R carbon) was  used.

For the preparation of catalyst coated membrane (CCM), water,
catalyst and Nafion® ionomer (15 wt.%) were used at a weight ratio
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shows the original CDC and picture (b) shows the carbon mate-
rial after treatment with nitric acid. Comparing both pictures it
seems that surface roughening is caused by the functionalization
process. This underlines the statement obtained from the sorption
ig. 1. Non-local density functional theory (NLDFT) pore volume obtained from CO2

orption, measured with a Quantachrome Nova 4200e at 273 K. Subsequent data
valuation was  performed with the software NovaWin version 10.0 using NLDFT.

f 9:1:1.175. Water was added to the catalyst and submitted to an
ltrasonic mixer for 5 min  to form a uniform suspension. After that,
afion® ionomer was added to this suspension and stirred with a
agnetic stirrer overnight, resulting in homogeneous distribution

f the Nafion® ionomer in the solution. The catalyst ink was  sprayed
n a Nafion® 117 membrane positioned on a hot plate (120 ◦C).

Finally, the CCM was hot-pressed at 120 ◦C with a pressure
f 0.14 t cm−2 for 3 min. The diffusion layers were fabricated by
oating carbon cloth (Ballard, AvCarb 1071HCB) with a layer of
5 wt.% carbon black (Ketjen Black EC 300 J) and 15 wt.% PTFE.
urrent–voltage measurements were carried out at 80 ◦C with

 mL  min−1 of 1 mol  L−1 methanol solution being pumped at the
node side while 200 mL  min−1 of pure oxygen was  fed to the
athode side.

. Results and discussion

.1. Influence of surface functionalization on the TiC–CDC
tructure

A treatment of carbon materials with oxidizing agents like HNO3
ay  attack the carbon structure and lead to the collapse of spe-

ific pore volume and surface area. Since a high surface area is
mportant for enhanced catalytic performance, the influence of the
urface modification with HNO3 on the TiC–CDC structure has to be
valuated. Sorption analysis using CO2 and N2 reveal the specific
urface area and pore volume thereby indicating pore stability. In
rder to evaluate the effect of the surface modification, the original
upport material was analyzed before and after functionalization.
o further investigate the changes due to the deposition of plat-
num on TiC–CDC sorption measurements were conducted after
his step as well. The results were compared to sorption analysis of
ommercially available carbon black and platinum loaded carbon
lack.

The comparison of CO2 sorption results, illustrated in Fig. 1,
eveals a cumulative micropore volume of 0.187 and 0.149 cm3 g−1

or the commercial carbon black (Vulcan XC-72R) and TiC–CDC
espectively. These results indicate a relatively low amount of
icropores smaller than 1.5 nm in both materials. For TiC–CDC

fter 5 h functionalization with boiling nitric acid the micropore

olume is reduced to 0.099 cm3 g−1 which can be attributed to
artial collapse of pores in the carbon material. For the platinum
ontaining CDC a comparison to the commercial platinum loaded
arbon black can be drawn. In this instance the cumulative volume
r Sources 199 (2012) 22– 28

of the commercial catalyst reaches only 0.077 cm3 g−1 compared to
0.084 cm3 g−1 for Pt/TiC–CDCf.

N2-sorption measurements analyzing pores larger than 1 nm,
shown in Fig. 2, indicate similar results. The non-platinum loaded
commercial carbon black reaches a specific pore volume of
1.122 cm3 g−1 containing a wide pore size distribution from 2 nm
to larger than 20 nm.  For the platinum containing carbon black
the pore volume is strongly reduced to 0.178 cm3 g−1. The anal-
ysis of the specific surface area also shows a decrease from 738
to 86 m2 g−1 for the platinum loaded one (see Table 1). There is no
information about how this commercial material is treated to intro-
duce the metal. Therefore, one cannot say which process is leading
to the decrease in specific pore volume and surface area. TiC–CDC
reaches a cumulative pore volume of 0.713 cm3 g−1 with pores up
to 4 nm and a volume mean pore size of 3.4 nm.

After the functionalization and the deposition of platinum
the obtained specific pore volume is reduced to 0.404 and
0.246 cm3 g−1, respectively. The specific surface area of TiC–CDC
declines from originally 906 m2 g−1–390 m2 g−1 after the func-
tionalization and is even further reduced to 180 m2 g−1 after the
deposition of platinum. These results show that during functional-
ization the originally obtained TiC–CDC pore structure is affected
and its specific surface area is drastically reduced. This effect can
be explained by the complete oxidation of carbon from pore walls
to CO2 which results in a combination of neighboring pores and
thus a lower specific surface area of the CDC after functionaliza-
tion. The deposition of platinum lowers the accessible pore volume
and surface area, which can be explained by clogged pores. These
closed pores are not accessible anymore which again reduces the
specific surface area of the material and may  be a drawback for
its application in catalysis. Despite the strong affection of the pore
structure during functionalization and clogging of pores within
platinum deposition, TiC–CDC still features higher surface area and
pore volume compared to the commercial catalyst. These charac-
teristics might lead to lower mass transfer resistance and as a result
be advantageous for the application in catalysis.

To investigate macroscopic changes caused by the oxidizing
agent HNO3 on TiC–CDC, SEM pictures were made before and after
the functionalization step which are shown in Fig. 3. Picture (a)
Fig. 2. Quenched solid density functional theory (QSDFT) pore volume obtained
from N2 sorption, measured with a Quantachrome QuadrasorbSI at 77 K. Subsequent
data evaluation was  performed with the software QuadraWin version 5.02 using
QSDFT.
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Table  1
QSDFT specific surface area obtained from N2 sorption analysis.

–CDCf Pt/TiC–CDCf Vulcan XC-72R Pt/C
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Table 2
Results of elemental analysis for TiC–CDC and TiC–CDCf samples.

C (wt.%) H (wt.%) N (wt.%) O (wt.%) C/O

TiC–CDC 97.34 0.25 0.04 2.36 41.15
TiC–CDCf 81.42 1.43 0.16 16.98 4.79
TiC–CDC TiC

QSDFT specific surface area (m2 g−1) 906 390

xperiments that the functionalization conditions used in this work
ead to a decomposition of the carbon structure which reduces
he specific surface area. Less harsh functionalization conditions

ay  improve the preservation of the original TiC–CDC structure
nd have to be studied in future work as well as investigations
oncerning mass transfer resistance during catalysis.

.2. Elemental analysis and TGA for CDC

The functionalization step for CDC is necessary, following the
hlorination of the surface, the received material shows few func-
ional groups, probably chemisorbed chlorine [35]. By chemical
xidation with nitric acid functional groups are introduced on the
arbon surface, which promote nucleation sites for Pt nanoparticles
eduction. These oxygen-containing groups are mainly carboxyl

COOH), hydroxyl (O–H) and carbonyl (C O) groups [35–39].

The increase in surface oxygen for TiC–CDC by the oxidative
reatment with nitric acid was examined by elemental analy-
is (EA), the results are given in Table 2. They indicate that the

ig. 3. Comparison of TiC–CDC before (a) and after functionalization (b) using 5 g of
upport, 150 mL  nitric acid (65%), refluxed at 110 ◦C in nitrogen atmosphere for 5 h.
oxygen concentration increases after oxidative treatment from
2.36% to 16.98% while the carbon content in the sample decreases
from 97.34% to 81.42%, which can be explained by the formation of
functional groups on the TiC–CDC surface.

Thermogravimetric analysis (TGA) was used to investigate the
thermal stability of the samples. It can be seen that the untreated
TiC–CDC is thermally stable in air up to a temperature of 580 ◦C (see
Fig. 4), at higher temperatures the carbon material is burned off. In
contrast, the functionalized material TiC–CDCf starts to decompose
at lower temperature due to the presence of oxygen containing
groups. In the temperature range between 150 ◦C and 350 ◦C a
weight loss of 5.14% is observed, which can be attributed to the
decarboxylation of carboxylic acid groups [40]. The thermal degra-
dation in the range between 350 ◦C and 500 ◦C can be attributed to
the elimination of hydroxyl groups from the carbon surface [40].

The platinum loaded sample starts to decompose at a lower tem-
perature since platinum is a catalyst for carbon oxidation. For the
platinum loaded carbon (Pt/TiC–CDCf) a residue of 18.75 wt.% cor-
responds to the platinum content in the sample. This result was
confirmed via the quantitative analysis by ICP, where 18.62 wt.% Pt
was  found. Hence, the yield of noble metal from the precursor solu-
tion is approx. 47% after all steps. To achieve a higher Pt loading on
the support material a modification of the polyol method is needed.
One idea to improve the dispersion of the platinum particles is the
application of ultrasound. The other aspect of interest is the adjust-
ment of the pH value as there is information in the literature that
this parameter also influences platinum loading [41]. It has to be
studied in future work.
Fig. 4. TGA profiles of TiC–CDC, TiC–CDCf and Pt/TiC–CDCf samples.
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ig. 5. X-ray diffraction patterns for TiC, TiC–CDC and Pt/TiC–CDCf powders, ×TiC,
graphitic structures and +platinum.

.3. XRD patterns

Powder X-ray diffraction (XRD) analysis was done to investigate
he structural changes in the sample after the chlorination process,
he diffraction patterns are shown in Fig. 5. For TiC, characteristic
iffraction peaks at 42.0◦, 48.9◦ and 71.6◦ were observed, which

orrespond to (1 1 1), (2 0 0) and (2 2 0) reflections of the TiC fcc
tructure, respectively [42–44].  For TiC–CDC, characteristic diffrac-
ion peaks at 30.4◦ and 50.4◦ can be attributed to (0 0 2) and (1 0 0)
eflections of the graphite plane. After chlorination no presence

Fig. 6. TEM micrographs of catalyst samples
r Sources 199 (2012) 22– 28

of TiC residue or crystalline graphite was observed, revealing the
complete transformation of TiC to nanoporous carbon powder. The
absence of TiC in the nanoporous carbon sample was additionally
confirmed by EDX analysis.

For the Pt/TiC–CDCf sample, two  characteristic peaks at 30.4◦

and 46.6◦ were found, which correspond to (0 0 2) graphite and
(1 1 1) platinum planes, respectively. The XRD measurements were
done with a diffractometer using Co-K� as the radiation source. For
this reason the Pt (1 1 1) peak is occurring at higher position than
by using Cu-K�.

Despite the high chlorination temperature of 1200 ◦C the
TiC–CDC features broad peaks corresponding to (0 0 2) and (1 0 0)
graphite planes indicating a relatively low degree of crystallinity
[44–47].  The graphite crystallite size Lc was  calculated from the
peak broadening (FWHM) of the (0 0 2) peak with a Scherrer factor
of 0.91 and La from the (1 0 0) peak and a factor of 1.84, to 2.9 and
5.68 nm, respectively [48].

Hence, TiC–CDC synthesized at 1200 ◦C shows an amorphous
sp2 structure with some degree of graphitic low range ordering, as
reported in literature. This graphitic structure can affect the electro-
chemical performance e.g. due to lower resistance. The Pt/TiC–CDCf
sample contains Pt particles smaller than 2 nm in size resulting in
broad peaks. A particle size evaluation using Scherrer equation and
a Scherrer factor of 0.91 leads to a mean particle size of 1.09 nm.
Additionally particle size evaluation here was performed using TEM
pictures. For commercial Pt/C catalyst (not shown in Fig. 5) the Pt
particle size calculated with the Scherrer equation was 3.21 nm.
3.4. TEM analysis

In Fig. 6 TEM micrographs of catalyst samples are depicted
including particle size histograms and the average particle size.

: (a) Pt/C and (b) Pt/TiC–CDCf catalyst.
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Fig. 7. Comparison of performance in DMFC using Pt/C and Pt/TiC–CDCf cathode
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atalyst. Cell with 5 cm2 at 80 ◦C, operating with 5 mL  min−1 of 1 mol L−1 methanol
nd 200 mL  min−1 of pure oxygen. CCM’s manufactured with the same commercial
node catalyst (PtRu/C BASF, 40 wt.% Pt, 20 wt.% Ru) on Nafion® 117 membrane.

or the carbon black supported catalyst a mean platinum particle
ize of 1.90 nm was estimated. Some areas of the support materials
re not covered with metal particles indicating an inhomogeneous
istribution of particles. The Pt/TiC–CDCf catalyst showed a very
omogeneous and uniform particle size distribution with a mean
article size of 1.16 nm.  Smaller catalyst particles should lead to
n increased catalytic activity at equally introduced amounts of
latinum, which has to be investigated in DMFC test runs.

.5. DMFC measurements

The performance of a single DMFC using commercial carbon
lack and carbide-derived carbon as support materials for oxygen
eduction catalysts are shown in Fig. 7. The measurements for both
atalysts were done under the same operating conditions. The real
latinum loading for both cathode and anode was 1 mg  cm−2. The
easured open circuit voltage (OCV) of the DMFC with Pt/TiC–CDCf
as with 640.4 mV  higher than the observed 601.9 mV for Pt/C

tandard catalyst, despite the platinum loading for the Pt/TiC–CDCf
eaching only 18.62%. The current densities at 400.0 mV  were found
o be 78.9 mA  cm−2 for Pt/TiC–CDCf and 68.6 mA  cm−2 for Pt/C,
espectively.

It is also shown in Fig. 7 that the cell with the standard cat-
lyst exhibited a maximum power density of 42.58 mW cm−2. If
his value is compared to the value of 50.16 mW cm−2 obtained
or the cell using the new catalyst Pt/TiC–CDCf, an increase of per-
ormance of 18% could be achieved using CDC as catalyst support.
his improved performance can be related to the good catalysts
ispersion, a higher surface area of TiC–CDCf support, the smaller
latinum particles sizes compared to carbon black supported cat-
lyst and the more graphitic ordering of TiC–CDC reducing the
lectric resistance.

. Conclusion

Titanium carbide-derived carbon (TiC–CDC) was successfully
sed as an electrocatalyst support material for DMFC applica-
ion. Before metal deposition, the surface functionalization of this
orous carbon was carried out. The oxidative treatment with nitric

cid of TiC–CDC increased the oxygen concentration, in parallel
he carbon content in the sample was decreasing, promoting a for-

ation of functional groups on the TiC–CDC surface. Additionally
he specific pore volume and surface area were reduced during

[

[
[
[

r Sources 199 (2012) 22– 28 27

functionalization but were still slightly higher compared to the
commercially available platinum containing carbon black.

The carbon support material obtained after chlorination and
functionalization process allowed to prepare a Pt/TiC–CDCf cata-
lyst with a mean Pt particle size of 1.16 nm.  The results of TGA,
XRD and TEM revealed a successful deposition of platinum on CDC.
The Pt/TiC–CDCf catalyst showed a very homogeneous and uniform
particle sizes distribution with a smaller particle size compared to
commercial carbon black. The maximum area related power den-
sity of a direct methanol fuel cell using carbide-derived carbon as
support material for oxygen reduction increased by 18% in compar-
ison to a commercial catalyst supported on carbon black.

The study showed that TiC–CDC supported noble metal cata-
lysts show better performance during fuel cell application than
a commercial catalyst, even without optimization of the catalyst
and support. This improved performance, already indicates that
carbide-derived carbon is a very promising material as support in
direct methanol fuel cell applications. Nevertheless, future exper-
iments will focus on the production of TiC–CDC containing even
higher amounts of platinum at larger specific surface areas than
achieved in this work and to find the optimum characteristics for
CDC in DMFC application. In order to confirm the stability of these
catalysts long time experiments in direct methanol fuel cells are
necessary.
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