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bstract

Various 60 wt% Pt/C catalysts were prepared using LG precipitation method with Vulcan XC-72, Ketjen black EC 300J, and Ketjen black EC
00JD. The average Pt particle size decreases with increasing the surface area of carbon black supports. The 60 wt% Pt/C catalyst with 1.6 nm

f Pt particle size and good dispersion could be prepared using Ultra high Surface Area Carbon (USAC, Ketjen black EC 600JD). In single cell
est, the activity of electrode catalysts was enhanced with Pt surface area increase above 0.6 V but the correlation between activity of catalysts and
t surface area was not clear below 0.6 V. Pt catalyst supported on USAC showed good oxygen reduction activity in all voltage regions and also
howed stable voltage of 0.6 V at 900 mA cm−2 without degradation over 180 h of durability test.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane fuel cell (PEMFC) is an
ttractive power source for various applications such as backup
ower systems, stationary power systems, electrically powered
ehicles, and distributed power generations, since it is an elec-
rochemical power plant that directly converts chemical energy
nto electrical energy efficiently without air pollution. The deple-
ion of crude oil and the increment of oil consumption by BRICs
ill continuously threaten stable energy supply. To reduce the

onsumption of crude oil and air pollution, the development
f renewable energy source, such as fuel cell, photovoltaic cell,
ind power generation, geothermal energy, and so on, is encour-

ged in many countries. All kinds of renewable energy can
e used for the generation of electricity. For the automobile
pplication, however, PEMFC is the most appropriate energy
ource because it could be operated at any time with the supply
f fuel.
One of the significant obstacles for the commercialization of
EMFC is the high cost of MEA, especially the high cost of
oble metals used as electrode catalysts such as Pt and Ru [1]

∗ Corresponding author. Tel.: +82 2 3290 8030; fax: +82 2 3290 8005.
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ince the cost of these noble metals could not be reduced by the
ass production. Pt is the only catalyst known to be active for

ydrogen oxidation, methanol oxidation, and oxygen reduction
t low temperature [2]. The first progress of Pt catalyst was the
evelopment of the carbon supported Pt catalysts to replace Pt
lack catalysts used in Phosphoric Acid Fuel Cell (PAFC) by
nited Technologies Corporation (UTC) in the 1970s, which

educed the required Pt amount from 5 to 1 mg cm−2 [3].
Most commonly used carbon support is Vulcan XC-72 with

ET specific surface area of 250 m2 g−1 that was developed for
AFC catalysts but also good as a PEMFC catalysts so far. The
arbon support is important to obtain sufficient active Pt sur-
ace area by helping the dispersion of small Pt particle. Also,
arbon support materials have an excellent combination of elec-
ron conductivity, corrosion resistance, surface properties, and
ow cost for the commercialization of fuel cell [4]. Therefore,
any research groups have studied various carbon support mate-

ials such as carbon nanotube [5], graphitic carbon nanofiber
6], carbon nanohorn [7], carbon nanocoil [8], ordered uni-
orm porous carbon networks [9], and so on, in order to replace
ommonly used Vulcan XC-72. However, the promising car-

on support that could replace Vulcan XC-72 is not discovered
et.

Herein, we synthesized Pt catalysts (60 wt% Pt/C) on carbon
lack with various surface areas. We found that the average Pt

mailto:jnpark@lgchem.com
dx.doi.org/10.1016/j.jpowsour.2006.05.057
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article size decreases with increasing the surface area of sup-
orts by the same Pt/C fabrication method. We measured the
xygen reduction activities of catalysts using single cell test
pparatus. LG3 catalyst, the catalyst using Ultra high Surface
rea Carbon (USAC, BET S.A. = 1500 m2 g−1), showed the best

lectro-catalytic activity compared with other LG Pt/C catalysts
sing the lower surface area carbon black and the best commer-
ial Pt/C catalysts. LG3 catalyst also showed stable activity for
ore than 180 h on durability test.

. Experimental

.1. Preparation of catalysts by precipitation

Modified precipitation method was used to prepare Pt/C with
igh loading and good dispersion on the carbon surface. The
ollowing describes simple and short procedure that is well
xplained in our previous paper [10]. The carbon slurry was
repared by vigorous mixing of carbon black with distilled
ater. Then the slurry was heated up to a desired temperature

round 90 ◦C. The pH of the slurry was adjusted to the basic
sing Na2CO3. The chloroplatinic acid solution, prepared by
issolving chloroplatinic acid (H2PtCl6·6H2O, Heesung Engel-
ard) into the distilled water, was added to the carbon slurry and
he pH of the slurry was again adjusted to the basic. Reducing
gent was then introduced into the slurry for in situ liquid-phase
eduction. The Pt/C slurry was filtered, washed, and then dried
t 80 ◦C in an oven.

.2. Characterizations of Pt/C catalysts

The crystal structure of prepared catalysts was determined
y X-ray powder diffraction (XRD, Bruker, D4 Endeavor). The
verage size of Pt particle was calculated by Debye-Scherrer
quation using Pt(1 1 1) peak while the instrumental line broad-
ning was not taken into consideration [11]. Pt dispersion on
arbon and Pt particle size were also checked using Transmis-
ion Electron Microscope (TEM, Philips, TECNAI 20-S). The
t metal loading after preparation of Pt/C was determined by
nductively-Coupled Plasmaspectrometer (ICP, GBC, Integra
MP). For the ICP analysis, the Pt/C catalysts were dissolved

n aqua regia.

.3. Preparation of MEA

Pt/C catalysts (60 wt%) were prepared for the fabrication of
membrane electrode assembly (MEA). Various catalyst inks

ontaining Nafion® ionomer (Dupont, 5 wt% solution), Pt/C
owder, and isopropyl alcohol were applied on carbon paper
ubstrates (SGL 10BC) with 0.2 mg Pt cm−2 loading on the cath-
de and 0.4 mg Pt cm−2 (Johnson Matthey; HiSPEC® 9100)
oading on the anode. The active area of MEA was 6.25 cm2

2.5 cm × 2.5 cm). Catalysts on the cathode are LG series cata-

ysts or commercial catalysts as a reference. Nafion® 112 (thick-
ess 50 �m, Dupont) membrane was inserted between anode and
athode layers by hot pressing. MEA was hot pressed at 140 ◦C
or 2 min under a pressure of 1 tonne.
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The active area of MEA for the durability test was 25 cm2

5 cm × 5 cm) and 0.4 mg Pt cm−2 was loaded on the cathode.
he other conditions were same as above.

.4. Single cell test

The electrochemical activity of Pt/C in the cathode catalysts
as evaluated using pure hydrogen as a fuel and air as an oxi-
ant at 70 ◦C cell temperature. The hydrogen flow rate was
00 ml min−1 and the air flow rate was 1000 ml min−1. Anode
nd cathode were fully humidified. Single cell tests were carried
ut in 6.25 cm2 single cell with one-channel serpentine flow field
or anode and cathode side. A method to measure the MEA per-
ormance was as follows. First, single cell was operated at 0.6 V
o activate the MEA and a stable current density was obtained
fter 4 h. Then, the polarization curves were obtained.

The durability of MEA was tested using large MEA in con-
tant current mode at 900 mA cm−2 for more than 180 h. The
ydrogen flow rate was 300 ml min−1 and the air flow rate was
200 ml min−1. The MEA was aged in constant voltage opera-
ion at 0.6 V for 1 day. The durability test was performed after
ging.

. Results and discussion

.1. Preparation of catalysts by precipitation

Precipitation of a metal precursor on the support is a common
ethod in the preparation of electrode catalyst because the pro-

edure is relatively easy and simple comparing with colloidal
ethod [12]. However, various synthesis parameters can affect

he size and dispersion of the precipitated metal on the support.
sually Pt loading of Pt/C catalysts is between 20 and 60 wt%.
he lower the Pt loading, the thickness of electrode catalyst

ayer is increased to meet the same Pt loading amount on elec-
rode. As a result, the mass transfer of fuel and air in electrode
s prohibited. Therefore, it is important to use catalyst with high
oading of Pt to enhance the mass transfer of reactant. How-
ver, the preparation of catalyst becomes more difficult by the
ncrease of Pt loading on support because the Pt particle starts
o agglomerate at high Pt loading.

Though the PEMFC system market is not open yet, the initial
arket of PEMFC is already exist and there are several compa-

ies that commercially produce electrode catalysts. In market,
he first generation of supported Pt catalysts used Vulcan XC-72
s a support for long time but the second generation of sup-
orted Pt catalysts, used high surface area carbon black (HSAC,
ET S.A. = 700–800 m2 g−1) to increase the active Pt surface
rea by making smaller Pt particle, has been developed recently
13,14]. The maximum Pt loading was around 60 wt% with Vul-
an XC-72 but now it could be reach up to 80 wt% using HSAC
ccording to Johnson Matthey [15].

We prepared catalysts with 60 wt% Pt loading using differ-

nt carbon blacks. The BET specific surface area of carbon
lacks are 242 (Vulcan XC-72), 780 (Ketjen black EC 300J),
475 m2 g−1 (Ketjen black EC 600JD), respectively. The TEM
mages of prepared catalysts show that the Pt particles are well
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Fig. 1. The TEM images of (a) LG1, (b) LG2, and (c) LG3.
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size increases the active surface area of Pt on support and also
increases the mass activity of catalyst. The preparation of cata-
lyst with more than 60 wt% loading of Pt on the USAC will be
studied in next step.

Table 1
The physical properties of LG 60 Pt/C catalysts and commercial 60 Pt/C catalysts

Catalysts BET S.A. of carbon
support (m2 g−1)

Pt particle size
by XRD (nm)

ICP yield (%)

LG1 242 3.4 93
Fig. 2. The XRD spectra of

ispersed on the carbon surface (Fig. 1). Fig. 2 shows the XRD
pectra of LG catalysts. The width of Pt(1 1 1) peak around 40◦
learly shows the change of Pt particle size by the change of
arbon support materials.

The calculated Pt particle size and the yield of Pt are sum-
arized in Table 1, which shows the effect of the surface area

f carbon black on the Pt particle size. As the surface area of
arbon support materials increases, the average particle size of
t decreases. The preparation of catalysts was performed with
ame conditions except carbon materials. The ICP analysis result
hows that the yield of Pt on the carbon black is over 90%. All

f the LG catalysts show 93% Pt yield that could be improved
ver 95% by the further optimization of preparation parameters.
he physical properties of commercial catalysts are also shown

n Table 1. The Pt particle size of LG3 catalyst is 1.6 nm that is

L
L
C
C

G1, (b) LG2, and (c) LG3.

maller than those of commercial catalysts. This small particle
G2 780 2.3 93
G3 1475 1.6 93
ompany A 800 2.1 n.a.
ompany B 740 1.9 n.a.
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performance in this practical operating condition and also in
mass transfer limitation region. This implies that LG3 catalyst
is more flexible in different humidification condition and also
more robust to flooding in electrode. We expect LG3 catalyst
ig. 3. (a) The polarization curves of LG1 (�), LG2 (�), and LG3 (�), and
b) the polarization curves of LG3 (�), Company A (�), and Company B (�)
H2/air = 200/1000 sccm, anode/cell/cathode = 85/70/80 ◦C).

.2. Electrochemical reactivity of Pt/C catalysts

The electro-catalytic activity of prepared catalyst and com-
ercial catalysts were tested using a single cell and the polar-

zation curves are shown in Fig. 3. LG Pt/C catalysts and
ommercial catalysts have the same Pt loading (60 wt% Pt)
ith different carbon support materials. The oxygen reduction

eaction is known as rate-determining step in PEMFC system
ince exchange-current density of the oxygen reduction reaction
10−9 A cm−2

Pt ) is six orders of magnitude lower than the hydro-
en electro-oxidation reaction (10−3 A cm−2

Pt ) [16]. Therefore,
e examined the oxygen reduction activities of LG catalysts
ith fixed anode condition. Pt amount on cathode is generally
.5 mg Pt cm−2 that is enough amounts to avoid MEA degrada-
ion by the deactivation of catalyst. We chose 0.2 mg Pt cm−2 for
athode because it is difficult to compare the activity of catalysts
ith regular amount of Pt on cathode. Fig. 3a shows the polariza-

ion curves of a single cell unit using LG catalysts as the cathode.
he operating cell temperature was 70 ◦C and anode and cathode
ere fully humidified. At 0.6 V (Fig. 3a), the current density of
G3 catalyst is 780 mA cm−2 that is higher than that of LG1 and
G2. Above 0.6 V, the order of activity is LG1 < LG2 < LG3 and

t is same as expectation. Below 0.6 V, LG2 catalyst showed fast

oltage drop comparing with LG1 and it is also same as expecta-
ion. LG3, however, showed very different behavior below 0.6 V.

e expected faster voltage drop comparing with LG2 but LG3 F
Sources 163 (2006) 93–97

howed higher voltage than LG1. This implies that Pt particle
ize is not the only factor to affect the activity of electrode cata-
yst. LG3 catalyst could be used even in mass transfer limitation
egion in spite of thicker electrode layer than other catalysts. It
ight be attributed to the intrinsic properties of LG3 support and

he preparation method of electrode catalyst. In our experiment,
he activity of catalyst is mainly related with the available Pt
urface area in high voltage region and the activity of catalyst
s not directly related with the available Pt surface area in low
oltage region.

In addition, Fig. 3b shows that the current density of LG3
s much higher than that of the commercial ones in all volt-
ge regions even though Pt particle size is similar comparing
G3 catalyst with commercial catalysts. In our experiments,

he excellent performance of LG3 catalyst is attributed to the
igh active surface area of Pt and the preparation method of LG
lectrode catalyst. Tada reported that the mass activities of elec-
rode catalysts improved as the surface area of carbon support
ncreased because of the increasing Pt surface area [17]. He stud-
ed carbon supports with surface area from 60 to 800 m2 g−1 and
e found almost linear increase of mass activities with the sur-
ace area of carbon support. Our result partially coincides with
he result of Tada. The main factor for the excellent performance
f LG3 electrode catalyst is under investigation.

The cyclic voltammograms of LG catalysts are shown in
ig. 4. The oxidation peak of hydrogen occurs around 0.2 V and

his peak area could be used to determine the active Pt surface
rea by electrochemical method. The order of active surface area
as LG1 < LG2 < LG3. These results are well correlated with the

ctivity data over 0.6 V (Fig. 3).
The operating cell voltage of PEMFC is usually between 0.6

nd 0.8 V, preferably 0.65 and 0.75 V because the stack effi-
iency and fuel utilization can be maximized in this voltage
ange. It is generally known that the performance of carbon sup-
ort with high surface area is not good in mass transfer limitation
egion but this mass transfer limitation region is not an oper-
ting window in practical system. LG3 catalyst showed good
ig. 4. The cyclic voltammogram curves of LG1 (�), LG2 (�), and LG3 (�).
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Fig. 5. The durability test of MEA using LG3 at 900 mA cm−2 (H2/air =
300/1200 sccm, anode/cell/cathode = 85/70/75 ◦C).
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ig. 6. The cyclic voltammogram curves of LG3 after 1 day and 200 h operation.

ould be further improved by the increment of Pt loading higher
han 60 wt% and it is under investigation.

.3. Durability of Pt/C catalyst

The major hurdles for the commercialization of PEMFC are
ost, performance, and durability. The durability is most diffi-
ult to measure because it takes thousands of hours of operation
ime and the factors affects durability are too many. For example,
umidification condition, flow rate, cell temperature, channel
esign, gas diffusion layer, method of MEA manufacturing,
ode of operation, and so on. The deactivation of catalysts

hows slow decrease of MEA activity and the degradation of
embrane also shows slow decrease of MEA activity. However,

he abrupt failure of MEA happens when the pinhole is devel-
ped in membrane [18]. We performed primary durability test
sing LG3 at constant current of 900 mA cm−2. According to
eport from Gore, the degradation rate of Gore MEA is 6 �V h−1

o 11,000 h at 800 mA cm−2 [19]. It is generally required less
han 10 �V h−1 of MEA degradation rate for PEMFC applica-
ion. The cell voltage was about 0.6 V at 900 mA cm−2 and the

egradation of MEA was not observed after 180 h of operation
Fig. 5). The cyclic voltammograms of LG3 are shown in Fig. 6.
here was no decrease of active Pt surface area after 200 h com-
aring with after 1 day of operation.

[

[
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. Conclusions

The effect of the surface area according to carbon support
aterials on Pt/C fabrication was investigated. The average Pt

article size decreases with increasing the surface area of carbon
upports. The 60 wt% Pt/C catalyst with 1.6 nm of Pt particle size
nd good dispersion could be obtained using LG precipitation
ethod. In single cell test, the activity of electrode catalysts was

nhanced with Pt surface area increase above 0.6 V but the cor-
elation between activity of catalysts and Pt surface area was not
lear below 0.6 V. Pt catalyst supported on USAC showed good
xygen reduction activity comparing with catalysts using lower
urface area supports and commercial catalysts in all voltage
egions. The USAC supported catalyst also showed no deacti-
ation over 180 h of durability test.

cknowledgements

We thank to Mr. Hyoshik Kil for the ICP analysis and Dr.
oungsoo Yim for the TEM analysis in LG Chem.

eferences

[1] C. Jaffray, G. Hards, Precious metal supply requirements, in: W. Vielstich,
A. Lamm, H. Gasteiger (Eds.), Handbook of Fuel Cells, vol. 3, Wiley, New
York, 2003.

[2] A.S. Arico, S. Srinivasan, V. Antonucci, Fuel Cells 1 (2001) 133.
[3] D.A. Landsman, F.J. Luczak, Catalyst studies and coating technologies, in:

W. Vielstich, A. Lamm, H. Gasteiger (Eds.), Handbook of Fuel Cells, vol.
4, Wiley, New York, 2003.

[4] K. Kinoshita, Carbon, Wiley, New York, 1998.
[5] C. Wang, M. Waje, X. Wang, J.M. Tang, R.C. Haddon, Y. Yan, Nano Lett.

4 (2004) 345.
[6] E.S. Steigerwalt, G.A. Deluga, D.E. Cliffel, C.M. Lukehart, J. Phys. Chem.

B 105 (2001) 8097.
[7] T. Yoshitake, Y. Shimakawa, S. Kuroshima, H. Kimura, T. Ichihashi, Y.

Kubo, D. Kasuya, K. Takahashi, F. Kokai, M. Yudasaka, S. Iijima, Physica
B 323 (2002) 124.

[8] T. Hyeon, S. Han, Y.-E. Sung, K.-W. Park, Y.-W. Kim, Angew. Chem. Ind.
Ed. 42 (2003) 4352.

[9] J.-S. Yu, S. Kang, S.B. Yoon, G. Chai, J. Am. Chem. Soc. 124 (2002) 9382.
10] H. Kim, J.-N. Park, W.-H. Lee, Catal. Today 87 (2003) 237.
11] B.D. Cullity, Elements of X-ray Diffraction, second ed., Addison-Wesley,

Reading, 1978.
12] H.G. Petrow, R.J. Allen, US Patent 4,044,193 (1977).
13] T.R. Ralph, M.P. Horgath, Platinum Rev. 46 (2002) 3.
14] http://www.tanaka.co.jp/products-e/products1/f 5.html.
15] http://www.johnsonmattheyfuelcells.com/HiSPEC Datasheet.pdf.
16] H.A. Gasteiger, J.E. Panels, S.G. Yan, J. Power Sources 127 (2004)

162.
17] T. Tada, High dispersion catalysts including novel carbon supports, in: W.

Vielstich, A. Lamm, H. Gasteiger (Eds.), Handbook of Fuel Cells, vol. 3,
18] W. Liu, K. Ruth, G. Rusch, J. New. Mater. Electrochem. Syst. 4 (2001)
227.

19] http://www.gore.com/en xx/products/electronic/fuelcells/series 56 mea
fuel cells.html.


	The preparation of Pt/C catalysts using various carbon materials for the cathode of PEMFC
	Introduction
	Experimental
	Preparation of catalysts by precipitation
	Characterizations of Pt/C catalysts
	Preparation of MEA
	Single cell test

	Results and discussion
	Preparation of catalysts by precipitation
	Electrochemical reactivity of Pt/C catalysts
	Durability of Pt/C catalyst

	Conclusions
	Acknowledgements
	References


