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Highly graphitic carbon xerogel (GCX) is prepared by the modified sol-gel polymerization process using
cobalt nitrate as the catalyst, followed by high temperature treatment at 1800 °C. The as-prepared GCX
is explored as a stable support for Pt in proton exchange membrane fuel cells. The results of N, sorption
measurement and X-ray diffraction analysis (XRD) reveal that GCX has a better mesoporous structure
and a preferably higher degree of graphitization, compared with the commercial XC-72 carbon black. The
transmission electron microscopy (TEM) image indicates that Pt nanoparticles are well dispersed on GCX
and exhibit relatively narrow size distribution. Accelerated aging test (AAT) based on potential cycling
is used to investigate the durability of the as-prepared Pt/GCX in comparison with the commercial Pt/C.
Electrochemical analysis demonstrates that the catalyst with GCX as a support exhibits an alleviated
degradation rate of electrochemical active surface area (39% for Pt/GCX and 53% for Pt/C). The results of
single cell durability tests indicate that the voltage loss of Pt/GCX at 100 mA cm~2 is about 50% lower than
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that of Pt/C. GCX is expected to be a corrosion resistant electrocatalyst support.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs), as the ideal
power source conversion plants for stationary and transportation
applications, have been investigated quite intensively over the past
decades. Electrocatalyst support, which is used to decrease the
usage of platinum and increase the utilization of electrocatalyst, is
becoming one of the key materials in PEMFCs. At the same time, its
properties directly affect the performance and the durability of fuel
cells [1-5]. In the adverse operating conditions of PEMFCs, such as
the acidic environment, the high potential condition and the pres-
ence of Pt [6], Vulcan XC-72 carbon black (Cabot Corp., denoted as
XC-72) widely used as electrocatalyst support can be easily oxi-
dized and degraded [7]. Therefore, the supported nanoparticles
usually agglomerate and detach from the corroded sites resulting
in the decrease of the electrochemical active surface area (EASA)
[1,3-5]. Generally, there are two approaches to tackle the support
corrosion: one is introducing non-carbon supports [8-10] and the
other is developing novel carbon materials [11-18]. Although Pt
supported on non-carbon catalysts show a better stability than con-
ventional Pt/C catalyst[8-10], the corresponding catalytic activities
are much lower due to the low conductivity of the non-carbon
supports. Up to now, carbon material is still believed to be the
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best choice for PEMFCs support because of its superior proper-
ties including high electronic conductivity, proper surface property,
low cost and abundant anchor sites for catalyst particles [1].

Recently, a number of novel carbon materials have been inves-
tigated as supports in PEMFCs, such as ordered mesoporous carbon
[11], carbon nanotubes [12,13], carbon nanohorns [14,15], car-
bon nanocoils [16-18], graphitic carbon [19] and carbon aerogels
[20,21]. Carbon aerogels have received considerable attention due
to their particularly controllable pore structures including high
porosities, surface areas and appropriate pore volumes [20,21].
However, because of the high cost of supercritical drying method,
their practical application in PEMFCs has been greatly restricted.
Carbon xerogel [22], obtained by vacuum drying instead of com-
plicated supercritical drying, is one of the promising novel carbon
supports for fuel cell catalyst due to its appropriate porous struc-
ture similar to carbon aerogel [20,21] and simple drying method
for industrial and domestic application. As a kind of carbon mate-
rials, carbon xerogels suffer the same corrosion problems as XC-72
because of their low degree of graphitization. Generally, the degree
of graphitization is mainly determined by the temperature of heat-
treatment. At the same time, the high temperature calcination also
leads to the decrease of the specific surface area and the collapse of
the mesostructure. Therefore, it is expected to be a serious barrier
to obtain a highly stable carbon xerogel with porous properties and
relatively high specific surface areas.

Carbon aerogels with relatively high specific surface areas can
be obtained when transition metal salts are used as catalyst in the
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process of porous structure formation and graphitization [23-25].
In this work, the graphitization process carried out with aid of cat-
alysts was introduced into carbon xerogels preparation. A kind
of highly graphitic carbon xerogels was prepared by pyrolyzing
the cobalt nitrate doped polymeric precursor at high temperature
and applied as a stable catalyst support in PEMFCs. Cobalt species
deposited on the pyrolized sample were removed by 0.5M H,S04.
Pt supported on the as-prepared graphitic carbon xerogel (Pt/GCX)
was prepared by the ethylene glycol (EG) reduction method in com-
parison with a conventional Pt/C catalyst (Johnson Matthey Corp.,
20wt.%). In electrochemical measurements and single cell tests,
accelerated aging tests (AATs) were used to evaluate the stability
of catalysts.

2. Experimental
2.1. Synthesis of GCX support

The RF-Co xerogel was synthesized by the sol-gel polymer-
ization of resorcinol (R) and formaldehyde (F) in water with an
appropriate amount of cobalt nitrate as catalyst. In brief, the stoi-
chiometric R/F molar ratio was 1:2. At first, cobalt nitrate was added
into the solution and the molar ratio of resorcinol (R) to catalyst
(C) was 32:1. The solution was kept stirring until it turned to RF
aquagel. The RF aquagel was dried and cured in vacuum oven at
85°C for 7 days. Then, the as-prepared xerogel was carbonized at
1000°C for 3h and then at 1800°C for 2 h in nitrogen flow. After
that, the product was mulled and then stirred in 0.5 M H,SO4 solu-
tion to remove the soluble Co species. At last, after being washed
to neutral with deionized water and dried in vacuum oven at 60 °C,
the resulting carbon xerogel was obtained and identified as GCX.

2.2. Preparation of Pt/GCX catalyst

The Pt/GCX catalyst was synthesized by reducing H,PtClg in a
mixture of ethylene glycol (EG) using the as-prepared GCX powder
as support. The synthesis procedure for the 20 wt.% Pt/GCX cata-
lyst was as follows: 133.3 mg GCX was added into 50 mL EG and
the mixture was homogenized for 20 min in an ultrasonic bath, fol-
lowed by the addition of 2.26 mL H,PtClg/EG solution (0.075 M).
Then, a certain amount of NaOH/EG solution was dripped into the
mixture to adjust the pH to greater than 10. The reduction pro-
cedure was conducted at 130°C with reflux for 2.5 h. After being
washed with deionized water and dried in vacuum oven at 60°C,
the Pt/GCX catalyst was finally obtained.

2.3. Physical characterization of supports and catalysts

X-ray diffraction (XRD) analysis were performed on Rigaku
Rotalflex (RU-200B) using Cu-Ka radiation (A =1.54056 A) with a
Ni-filter to characterize the crystalline structures of samples. The
20 angular region was extended from 20° to 90°, and the scan rate
was 5° min~! with a step size of 0.02°. In the X-ray diffraction data,
the average particle size of the Pt particles could be estimated from
Pt (22 0) diffraction peak [26].

BET analysis were carried out by physical adsorption of N,
at 77K using a Micromeritics Accelerated Surface Area and
Porosimetry System (ASAP2010). The Brunauer-Emmett-Teller
(BET) equation was applied to obtain the specific surface area. And
the Barrett-Joiner-Halenda (BJH) method provided the pore size
distribution (PSD).

Inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) analysis of the dissolved GCX sample was conducted to
determine bulk Co content.

Transmission electron microscopy (TEM) measurements were
conducted on a JEOL JEM-2011 electron microscope operated at

100 kV.The catalyst was placed in a vial containing ethanol and then
ultrasonically agitated to form homogeneous suspension. A drop
of the suspension was dispersed on a copper grid for analysis. Two
hundreds of metal particles were sampled to obtain the particle
distribution diagram of the catalyst.

2.4. Electrochemical measurements of catalysts

2.4.1. Cyclic voltammetry (CV) measurements

Electrochemical characterization was performed on CHI 600
electrochemical station (CH Instrument, USA) with an RDE sys-
tem (EG&G model 636, USA). The commercial Pt/C catalyst (JM
Corp., 20 wt.%) was used as the comparison. The Pt/GCX and Pt/C
(20 wt.%) electrocatalysts were tested in 0.5M H;SO4 electrolyte
with a standard three-electrode electrochemical cell in which a
Pt foil (3 cm?) and a saturated calomel electrode (SCE) served as
the counter electrode and the reference electrode, respectively. The
thin film catalyst layer on the glassy carbon electrode (GCE, area:
0.1256 cm?) which was used as working electrode was prepared
as follows. A mixture containing 5 mg Pt/GCX or commercial Pt/C
(20 wt.%) catalyst, 1 mL ethanol and 50 pL Nafion (Du Pont Corp.,
5 wt.%) was ultrasonically blended for 20 min to obtain a homoge-
neous ink. 10 pL of the mixture was cast on the clean GCE surface
and dried in air. Durability tests of catalyst were performed by a
potential cycling accelerated aging test. The 1000 cycles CV data
were recorded in 0.5 M H,S04 electrolyte purged with N, at room
temperature. The potential range was from 0 to 1.2V and the scan
rate was 50mVs~!. All electrode potentials in this paper were
quoted to reversible hydrogen electrode (RHE).

2.4.2. Rotating disk electrode (RDE) tests

A rotating disk electrode (RDE) system (EG&G model 636) cou-
pled with CHI 600 electrochemical station (CH Instrument, USA)
was used to test the activities of the catalysts. The RDE tests were
carried out in O, saturated 0.5 M H,SO4 solution with the rotating
speed of 1600 rpm, the potential range from 1.15 to 0.05V, and the
scan rate of 5.0mVs~1.

2.5. Cell tests of Pt/GCX and Pt/C catalysts

2.5.1. Preparation of membrane electrode assembly (MEA)

The as-prepared Pt/GCX and Pt/C (20 wt.%) were tested as PEM-
FCs cathode catalyst with Pt loading of 0.3 mgcm=2. In all cases,
the commercial Pt/C catalyst (TKK Corp., 47.6 wt.%) with Pt loading
of 0.3 mg cm~2 was used as the anode catalyst and Nafion 212 (Du
Pont Corp.) was used as the proton exchange membrane. Taking the
Pt/GCX as an example, the electrode was prepared as follows: the
as-prepared Pt/GCX catalyst was mixed with appropriate amount
of isopropyl alcohol and 10 wt.% PTFE emulsion (the weight ratio
of Pt/GCX to PTFE was 7:3) to form a homogeneous slurry, which
was spread on a prefabricated gas diffusion layer. The prepared
electrode was calcined at 245 °C for 45 min and then at 350°C for
50 min in nitrogen atmosphere. The cathode was obtained after
spraying Nafion solution on the surface of the electrode to form
hydrophilic surface with Nafion loading of 0.7 mg cm~2. To form the
membrane electrode assembly (MEA), the Nafion 212 was sand-
wiched between two electrodes and then hot-pressed at 140°C
under 0.2 MPa for 1 min and 1 MPa for 1 min.

2.5.2. Single cell tests

Single cell tests were conducted in a 5 cm? single PEMFC which
was assembled as reported previously [27]. The single cells were
tested at 80 °C with the fuel (H; ) and the oxidant (05 ) humidified by
bubbling through distilled water at 90 and 85 °C. The operating gas
pressures were kept at 0.2 MPa for both electrodes. The activation
of single cell was conducted at 1000 mA cm~2 for 8 h. The cells with
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Fig. 1. XRD patterns of (a) GCX and (b) XC-72.

Pt/GCX and Pt/C (20 wt.%) as cathode catalysts were named as cell
A and cell B, respectively.

The durability test of cathode catalyst on the single cell perfor-
mance was carried out by a potential cycling AAT after the measure
of the initial performance. The anode and the cathode were injected
with hydrogen and nitrogen at 0.2 MPa during the test. In order to
simulate the usual PEMFCs operation potential (between the open
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Fig. 2. Pore size distributions of (a) GCX and (b) XC-72.

circuit potential and the normal operation potential), the cathode
was subject to a potential scan between 0.6 and 1.2V versus the
anodic potential with the scan rate of 20 mV s—1[27]. The cell perfor-
mances were recorded before and after 3000 cycles potential sweep
test to evaluate the durability of cathode catalyst by comparing the
initial and final single cell performances, respectively.

3. Results and discussion
3.1. Surface and structure characteristics

Fig. 1 shows the XRD pattern of the GCX with that of Vulcan XC-
72 carbon black (Cabot Corp., denoted as XC-72) as the comparison.
The two well-resolved XRD diffraction peaks centered at 20 of 26.3°
and 42.6° which are assigned to (002) and (1 0 1) diffractions of the
graphitic framework are observed for both GCX and XC-72. More-
over, the two peaks of GCX are sharper and narrower than those of
XC-72. At the same time two peaks (centered at 53.9° and 77.5°)
corresponding to the (004) and (1 1 0) diffractions for the graphite
can also be seen for GCX, which indicates that GCX sample has a
high degree of graphitization. The high crystallinity of carbon struc-
ture may be directly attributed to the high temperature (1800 °C) in
the heat-treatment process [28]. In addition, the presence of cobalt
nitrate during the pyrolysis may have some effects on accelerating
the graphitize process [23-25].
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Fig. 3. (a) XRD patterns and (b) enlarged XRD patterns of Pt/GCX and Pt/C.
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Table 1
Surface and textural properties of GCX and XC-72.

Sample BET (m?g~') Viotal (cm? g~1) Vineso (cm® g~!) Vinicro (cm? g~1) Pore size (nm)
GCX 143 0.402 0.400 0.008 11.2
XC-72 235 0.554 0.517 0.037 9.4

Fig. 2 displays the pore size distributions (PSDs) of GCX and
XC-72. Surface areas and textural characteristics of the GCX and
XC-72 are compiled in Table 1. It can be seen in Fig. 2 that the
PSD of XC-72 is between 25 and 35 nm, which is in the mesopore
range (2-50 nm). Compared with XC-72, the PSDs of GCX sample
are in the range of 3-4 and 30-80 nm. It has been reported that
the pores with 3-8 nm are useful for fuel diffusion and the pores in
the 20-40 nm region are accessible for the Nafion ionomer to con-
tact Pt [28]. Therefore, the special PSDs of GCX are favorable to the
ORR and mass-transfer in PEMFCs. As is shown in Table 1, although
the BET specific surface area of GCX is 92m?2 g~! less than that of
XC-72, the mesoporous percentage of GCX calculated to be 99.5%
is larger than that of XC-72 (93.3%). The results may be attributed
to the elimination of micropore along with the crystallization of
carbon structure during the high temperature treatment. Because
of its superior mesopore size distribution, GCX is supposed to be a
feasible support material for electrocatalysts of PEMFCs.

Fig. 3(a) shows the XRD patterns of Pt/GCX and Pt/C (20 wt.%).
The (00 2)diffraction of graphitic framework for Pt/GCX centered at
26 of 26.3° is still obviously sharper and narrower than that of Pt/C,
which demonstrates that the original graphitic structure of GCX has
not been destroyed in the synthesis of Pt/GCX. The peaks centered
at40.0°,46.4°,67.5° and 81.5° are ascribed toPt (11 1), Pt (200), Pt
(220)and Pt (311).The Pt (11 1)and Pt (2 00) peaks of Pt/GCX are
almost connected as one peak due to the sharp background peak of
GCX support centered at 260 of 42.6° ((10 1) diffraction of graphitic
framework). The Pt (22 0) peak (20 of 67.5°) of Pt/GCX is evidently
broader than that of Pt/C (20 wt.%). As mentioned above, the face-
centered cubic (fcc) reflection patterns of the Pt (2 2 0) diffraction
peak suite Gaussian line shapes on a linear background, thus the
average particle size of the Pt particles could be estimated from the
Pt (220) diffraction peak in the X-ray diffraction data [26]. From
the enlarged image in Fig. 3(b), the average crystallite size of Pt/GCX
catalyst was estimated to be smaller than that of Pt/C (20 wt.%).
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Fig. 4. TEM images of (a) GCX and (b) Pt/GCX. (c) Nanoparticles size histogram of deposited Pt on GCX.
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Fig. 5. Electrochemical active surface area retention as a function of cycle number
for (a) Pt/GCX and (b) Pt/C catalysts on a glassy carbon electrode.

The TEM images of the GCX and Pt/GCX catalyst are shown in
Fig. 4. There is no obvious metal particle in the GCX sample. Cou-
pled with the result of ICP-AES analysis, the cobalt species has been
indeed completely removed by being washed with 0.5M H;SO4.
The micro-morphology of polyhedral graphitic carbon can be seen
in Fig. 4(a). As shown in Fig. 4(b) and (c), the Pt nanoparticles
deposited on the GCX are well dispersed and exhibit relatively
narrow size distribution with an average particle size of 3.3 nm.

3.2. Electrochemical characteristics

It is revealed that the EASA decreases gradually during the CV
continuous cycling as shown in Fig. 5. The Pt EASA retention of
Pt/GCX and Pt/C (20 wt.%) was calculated to be 53% and 39% after
AAT, indicating that Pt/GCX catalyst potentially presents much
better durability than Pt/C (20 wt.%). The ORR polarization curves
before and after AAT for Pt/GCX and Pt/C (20 wt.%) are displayed
in Fig. 6. The initial half-wave potentials E;/, (the potential cor-
responding to a half of the diffusion current [27]) of Pt/GCX and
Pt/C (20wt.%) were 809 and 813 mV, while the final (after 1000
cycles potential sweep test) half-wave potentials Eqj,’ of Pt/GCX
and Pt/C (20 wt.%) were 773 and 711 mV. The potential decreases
E4 of the two catalysts for ORR activity calculated with the equa-

—— Pt/GCX Initial el
—-—- PUYGCX After 1000 cycles . /
- - -PYC Initial Sl
----- Pt/IC After 1000 cycles

1fk

Current Density / mA cm2

0.6 0.8
Potential / V vs. RHE

Fig. 6. Polarization curves before and after 1000 cycles of (a) Pt/GCX and (b) Pt/C
for ORR in O, saturated 0.5 M H,SO4 at room temperature. Sweep rate: 1600 rpm.
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tion Eq=Eq, — E1 o’ were 36 and 102 mV, respectively. The results
clearly demonstrate that Pt/GCX catalyst maintains a higher activity
towards ORR than Pt/C (20 wt.%) after 1000 cycles potential sweep
test. One reason for the high stability is that GCX can effectively
resist oxidative corrosion due to the high degree of graphitization
derived from high temperature treatment. Another reason may be
the enhancement of interaction between Pt and GCX support. The
7 sites of GCX, which are considered the anchoring centers for Pt
nanoparticles, are strengthened along with the increase of graphi-
tization [1,19]. Consequently, the agglomeration of GCX supported
Pt nanoparticles could be inhibited. So the decrease of EASA and
ORR for Pt/GCX is evidently alleviated as well.

3.3. Stability tests of single cells

Before and after 3000 cycles potential sweep test, the perfor-
mances curves of cell A and cell B are recorded and shown in Fig. 7.
The initial performance of cell A is higher than that of cell B, which
may be attributed to the proper mesopore structure of GCX for
mass-transfer and the well dispersion of Pt nanoparticles to provide
abundant active sites. The amounts of performance degradation for
the two cells at different current densities are compared in Fig. 8.
The cell voltage loss of cell A is 12mV at 100 mA cm~2, which is
50.0% less than that of cell B (24 mV). In addition, the cell voltage
loss of cell Ais 23 mV at 500 mA cm—2, which is 46.5% less than that
of cell B (43 mV).
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Fig. 7. Single cell performance curves of (a) cell A and (b) cell B before and
after the 3000 cycles of potential sweep. Anode: The commercial 47.6 wt.% Pt/C
with Pt loading of 0.3 mgcm~—2. Cathode: Pt/GCX or Pt/C (20wt.%) with Pt load-
ingof 0.3 mgcm=2. Ty, /Teen/To, = 90 °C/80°C/85°C, Py, /Po, = 0.2 MPa/0.2 MPa.
Membrane: Nafion212 (Du Pont Corp.).
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Fig. 8. The cell voltage losses of cell A (Pt/GCX as cathode catalyst) and cell B (Pt/C
(20 wt.%) as cathode catalyst) at different current densities.

Compared with the performance degradation of cell B, the
smaller voltage loss of cell A indicates that Pt/GCX catalyst pos-
sesses better stability than Pt/C (20 wt.%) in single cell tests, which
is consistent with the result of electrochemical characterization.
The special properties of GCX support play an important role on
the long-term operating condition of PEMFCs. As mentioned above,
the stable structure and abundant anchoring sites of GCX effec-
tively prevent Pt nanoparticles from agglomerating and detaching
from GCX support surface, which contribute to the high corrosion
resistance of Pt/GCX.

4. Conclusions

GCX with high degree of graphitization and superior mesopore
size distribution was successfully synthesized through a modified
sol-gel method followed by high temperature thermal treatment
and investigated as support of PEMFCs electrocatalyst. Pt nanopar-
ticles are well dispersed on the GCX and exhibit relatively narrow
size distribution with an average nanoparticles size of 3.3 nm.
Owing to the better corrosion resistance of GCX and the proba-
ble interaction between Pt nanoparticles and GCX support, Pt/GCX
catalyst exhibits better stability than Pt/C (20 wt.%) in both elec-
trochemical measurements and single cell tests. Together with

its feasible and relatively inexpensive synthesis process, GCX is a
promising substitute for the commercial Vulcan XC-72 carbon black
as electrocatalyst support in PEMFCs.
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