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bstract

Polymer electrolyte membrane fuel cell (PEMFC) technology has advanced rapidly in recent years, with one of active area focused on improving
he long-term performance of carbon supported catalysts, which has been recognized as one of the most important issues to be addressed for the
ommercialization of the PEMFCs. The cathode catalyst layer in PEMFCs typically contains platinum group metal/alloy nanoparticles supported
n a high-surface-area carbon. Carbon support corrosion and Pt dissolution/aggregation are considered as the major contributors to the degradation
f the Pt/C catalysts. If the platinum particles cannot maintain their structure over the lifetime of the fuel cell, change in the morphology of

he catalyst layer from the initial state will result in a loss of electrochemical activity. This paper reviews the recent advances in the stability
mprovement of the Pt/C cathodic catalysts in PEMFC, especially focusing on the durability enhancement through the improved Pt–C interaction.
uture promising strategies towards the extension of catalysts operation life are also prospected.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In fuel cell technologies, polymer electrolyte membrane fuel
ells (PEMFCs), with the advantages of low operating tempera-
ure (60–100 ◦C) and the fast start-up, are promising candidates
or application of portable power source, electric vehicle and
ransportation applications [1–6]. However, for successful large-
cale commercialization, the effort is now focusing on increasing
he durability and reliability of components and the system as a
hole, in conjunction with lowering the costs. The use of pre-

ious metal catalysts (Pt and its alloys) is a major cost factor
hat must be addressed. Carbon-supported platinum or platinum
lloys are commonly used as the cathode catalysts in order to
ower the component cost. Because catalysis is a surface effect,
he catalyst needs to have the highest possible surface area. So,
he active phase is dispersed on a conductive support as carbon.
rom 1960s to present, great progress has been made on the

ow Pt-loading carbon supported catalysts [7–10]. At the cur-
ent level of the state-of-the-art technology, platinum loading is
educed from 4 mg cm−2 (as used in the Gemini space flights)
o 0.4 mg cm−2 or less at the cathode, and 0.05 mg cm−2 at the
node [7]. According to the US Department of Energy (DOE)
ost reduction targets, the total Pt catalyst loading in a membrane
lectrode assembly (MEA) must be reduced to <0.03 mg cm−2

11]. However, it is very difficult to maintain or improve catalyst
ayer performance when the Pt catalyst loading is reduced. Fur-
hermore, a series of aspects, such as effective Pt catalyst layer
tilization, the durability and reliability of such a supported cat-
lyst component, are still problematic [12,13]. The durability
f PEMFCs has been recently recognized as one of the most
mportant issues to be addressed before the commercialization
f the PEMFCs [14–18]. According to the DOE Technical Tar-
et for Fuel Cell Stack System, the durability of a PEMFC stack
ust be over 5000 h by 2010 [11]. It is believed that exces-

ive degradation of stack voltage is the major failure mode for
uel cell systems. Among the reasons for the voltage degrada-
ion, activity loss of the catalysts is considered one of the major
ontributors [15].

If the PEM fuel cells are able to continue working efficiently
or long periods of time (thousands of hours), then all materi-
ls need to survive under the cell operating conditions. For the
EMFC anode catalyst, when operating on pure hydrogen, is
elatively stable, except being poisoned by sulfur and CO that
riginate from the fuel. The lower the operating temperature,
he more severe is the poisoning effect. Much work has conse-
uently been reported on improving the CO tolerance of PEMFC

nodes, for example by alloying the Pt with Ru or Mo, and by
ncorporating other promoters [19]. However, for the cathode
atalyst layer, this means that the materials need to be stable at
levated temperature (80 ◦C and higher, preferably greater than
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00 ◦C), with oxygen present at 21–100%, under high poten-
ial (0.6 V versus the standard hydrogen electrode (SHE) and
igher), at low pH, and with significant levels of water in both
he vapor and liquid phase [20]. In addition, it is possible for

cathode to see high potentials (e.g., >1.2 V) for short peri-
ds of time. In such an operation condition, carbon supported
latinum (Pt/C) cathode catalyst is not as stable as the anode
21].

Catalyst support degradation was recognized as a poten-
ial area of concern for low-temperature fuel cells during the
evelopment of phosphoric acid fuel cell (PAFC) technology.
n the 1970s and 1980s the stability of carbon-supported cata-
ysts was studied under conditions relevant to PAFCs, notably
igh temperature (165 ◦C) with phosphoric acid [22–26]. Stud-
es on the degradation of PEMFC cathodes have not, until
ecently, been considered as a big concern. The aim of this
eview paper is to provide a better insight into this stability
tudies on carbon-supported catalysts in PEMFC and to present
ome of the latest work in this area. Recently, the Pt–carbon
upport interaction has been paid more and more attention in
he catalyst studies. This interaction has been considered to have
he potential benefits to the improvement of catalytic properties
nd stability of the electrocatalyst [27–33]. This paper will also
oncern the studies on the stability enhancement of the cata-
yst through improving the interaction of platinum with carbon
upport.

. Degradation mechanism of Pt/C and Pt(M)/C
athodic catalysts in PEMFC

.1. Catalyst particle agglomeration and catalyst
issolution

One of the more significant problems hindering the large-
cale implementation of PEM fuel cell technology is the cathode
atalyst performance loss during extended operation. Mecha-
isms that contribute to cathode catalyst degradation have been
roposed, including: catalyst particle sintering [34], catalyst
issolution [35], and cathode support corrosion. Wilson et al.
roposed that the surface area loss of carbon-supported plat-
num in aged PEMFC is due to the platinum particle growth
Fig. 1) caused by crystallite migration in the gas-phase sintering
34].

Meyers and Darling [35] showed that Pt dissolution in PEM
uel cells is negligible at low and high potentials, but is remark-
ble at intermediate potentials. In their kinetic model of Pt

issolution in PEMFCs, they explained the effect of potential
n the following way. They considered three reactions:

t → Pt2+ + 2e− (platinum dissolution) (1)
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ig. 1. Top: Particle-size population distributions of Pt in PEMFC cathodic cata-
ysts. Bottom: Mass distributions of Pt in catalysts. (a) Fresh catalyst; (b) catalyst
fter 1320 h of operation; (c) catalyst after 2200 h of operation [34].

Pt + H2O → PtO + 2H+ + 2e−

(platinum oxide film formation) (2)

PtO + 2H+ → Pt2+ + H2O

(chemical dissolution of platinum oxide) (3)

he reaction (3) is assumed to be slow, but is necessary for the
odel to relax to equilibrium at high potentials when Pt2+ and
tO are in equilibrium. The model and experimental data indi-
ated that at lower potentials (i.e., under the conditions of normal
2/air fuel cell operation), the solubility of platinum in acid is
uite low. At higher potentials on exposure to air to form PtO,
he oxide layer effectively insulates the platinum particles from
issolution. At intermediate potentials, however, the uncovered
urface is prone to high rates of platinum dissolution [35].

.2. Carbon support corrosion

Carbon support corrosion of cathode catalysts in PEMFCs
s a major contributor to the catalyst degradation. In the state
f the art PEMFC, carbon black is normally used as catalyst
upport material for PEMFCs. Despite its widespread use, high-
urface-area carbon support in PEMFC electrodes is susceptible

o corrosive conditions, which include high water content, low
H (<1), high temperature (50–90 ◦C), high oxidative poten-
ial (0.6–1.2 V), and high oxygen concentration. Oxygen atoms
re being generated by the catalyst particles, and at elevated
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emperature, carbon atoms are able to react with oxygen atoms
nd/or water to generate gaseous products such as CO and CO2
hich leave the cell. Furthermore, during the start-up and shut-
own of a fuel cell, local cathode potential can reach as high
s 1.5 V, which significantly speeds up the carbon corrosion. In
ddition, Pt catalysts have been suspected to accelerate the rate
f carbon corrosion [36]. This loss mechanism removes carbon
rom the cell, leading to a reduction of the carbon content in
he catalyst layer with time. As carbon is corroded away, noble
etal nanoparticles will be lost from the electrode or aggregated

o larger particles, which may cause a loss of catalyst activity,
nd, in the extreme, a structural collapse of the electrode. Oxi-
ation of carbon support can also lead to changes in surface
ydrophobicity that can cause gas transport difficulties.

Early investigations of carbon corrosion in fuel cell environ-
ent were motivated by phosphoric acid fuel cell (PAFC) which

uns at higher temperature than PEMFC [37]. Several studies of
lectrochemical formation of surface oxides on carbon black in
cidic electrolytes at elevated temperatures have appeared in the
iteratures [38–42]. The kinetics of carbon oxidation to surface
xides, adsorption of these oxides on the platinum surface, and
ase of subsequent carbon oxidation to CO2 have been investi-
ated. Surface oxide generation in acidic electrolytes involves
he general steps of oxidation of carbon in the lattice structure
Reaction (4)) followed by hydrolysis (Reaction (5)) and finally
asification of oxidized carbon to CO2 (Reaction (6)), wherein
he subscript s denotes surface species [26,41,43].

s → C+
s + e− (4)

+
s + 1

2 H2O → CsO + H+ (5)

sO + H2O → CO2(g) + 2H+ + 2e− (6)

ignificant oxidation of carbon to CO2 can be expected to
ecrease the performance of a PEM fuel cell [44]. Electrochem-
cal oxidation of carbon at room temperature to CO2 and, to

lesser extent, CO, has been reported to occur at potentials
bove 0.9 V (RHE) [45]. There is presently no detailed, widely
ccepted mechanism in the literature that explains carbon sur-
ace oxide generation and conversion into CO2. One proposed
eneric stepwise mechanism of surface oxide formation and
O2 evolution is shown schematically in Reaction (7), [46–50].
ater is understood to be the source of oxygen in Reaction (7).

–Cs–H → R–Cs–OH → R–Cs O → R–CsOOH

→ R–H + CO2(g) (7)

tevens and Dahn [17] studied effect of Pt on the carbon oxi-
ation in the air at high temperature. They measured the weight
oss on heating catalyst samples in air. The samples comprised Pt
5–80 wt%) on BP 2000 carbon of high surface area. For the base
arbon heated in air at 195 ◦C, no weight loss was detected even
fter 3000 h. With Pt/C samples, however, significant weight

oss occurs arising presumably from the catalyzed combustion
f carbon with oxygen. This weight loss increased as the tem-
erature was raised from 125 to 195 ◦C and also as the Pt loading
as increased. TEM images indicated that the weight loss was
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Fig. 2. Comparison of CO2 mass spectra profiles for MEAs with (a) Vulcan-
coated gas-diffusion layer pressed against the Nafion 117 membrane; (b) 0%
Pt (Vulcan only) on Nafion 112; (c) 10% Pt/C on Nafion 112; (d) 39% Pt/C on
Nafion 112. The electrochemical cycles were performed at 2 mV s−1, 50 ◦C,
w 3 −1
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ith He on the cathode (50 cm min ), and dilute H2 (4% H2/N2) on the
node (500 cm3 min−1). The mass spectra were converted by a known 1% CO2

alibration gas, and converted into Faradaic current of CO2 [51].

rimarily from the carbon and that the Pt particles did not sin-
er or agglomerate during exposure to air at high temperatures
17].

Jarvi and co-workers [51] investigated the influence of plat-
num on the corrosion of carbon catalyst supports with varying
t mass fraction, catalyst type, and temperature under PEMFC
ondition. From their investigation, carbon-only electrodes in
PEM MEA showed low CO2 emissions at high potentials.
hen Pt was present in the electrode layer as Pt/C catalysts,

he rate of CO2 emission was higher than in the carbon-only
lectrode at temperatures lower than ∼50 ◦C. Furthermore, the
O2 generation rates increased with higher Pt mass fraction (0,
0, and 39% balanced by carbon support) in the electrode (as
hown in Fig. 2). In addition, a peak occurring at low potential
f 0.4–0.6 VRHE depended on the catalyst type. When a PtRu/C
lectrode was tested, CO2 emission occurred ∼0.1 V more neg-
tive than the Pt/C electrode, suggesting that the CO2 is emitted
rom the electro-oxidation of CO adsorbed on the catalyst sur-
ace. The temperature dependence of CO2 emission indicated
hat the platinum catalyzed support was more easily oxidized to
O2 than a support without platinum (at low temperatures). All
f these observations suggested that the corrosion rate of carbon
atalyst support is accelerated in the presence of Pt-containing
atalysts [51].

The same group (Jarvi and co-workers) [52] also investigated
lectrochemical surface oxidation of Vulcan XC-72 at differ-
nt potential and temperature ranges under PEMFC condition.
otential holds at 1.0 V at room temperature only resulted in

light oxidation of Vulcan XC-72. But the experiments at 65 ◦C
howed clear signs of surface oxidation after only 16 h at poten-
ials >0.8 V, verifying that surface oxides can be generated under
imulated PEM fuel cell conditions [52].
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ig. 3. Reference based scheme of the stability of Pt–M alloy catalysts in PAFC
nd PEMFC fuel cell environment [53–70].

.3. Leaching of base-metal from a Pt-alloy/C catalysts

Carbon supported platinum metal alloy catalysts (Pt–M/C)
re widely used in low temperature fuel cells. Pt alloyed with
rst-row transition elements is used as improved cathode mate-
ial for low temperature fuel cells. A major challenge for the
pplication of Pt–transition metal alloys in polymer electrolyte
embrane (PEMFC) fuel cells is to improve the stability of

hese binary catalysts. Dissolution of the non-precious metal in
he acid environment can give rise to a decrease of the activity
f the catalysts and to a worsening of cell performance. Base-
etal loss mechanism of Pt(M)/C catalysts was analyzed by
asteiger et al. [53], there are at least three possible causes for

he leaching of base-metal from a Pt-alloy/C catalyst in PEM-
Cs: (i) excess base-metal deposited onto the carbon support
uring preparation, (ii) incomplete alloying of the base element
o Pt due to a low alloying temperature applied during for-

ation of the alloy, (iii) even a well-alloyed base-metal may
each out of the surface under PEMFC operating conditions
nd leave a Pt-enriched surface or skin since thermodynami-
ally base-metals are unstable under PEMFC potentials in acidic
lectrolytes (even Pt-alloys do not have high enough heats of
ixing to confer stability). The effect of the base-metal loss on

he catalysts performance has been widely studied. The results
f the different tests on the stability of Pt–M alloy catalysts
n PAFC and PEMFC conditions and the consequences on the
lectrocatalytic activity and cell performance are summarized
n Fig. 3.

. Stability investigation methodologies

Catalysts durability study in PEMFC has remained a difficult
opic because of the lengthy duration of the test time required
i.e., several thousand hours or more), the complexity of failure
nalysis, the overlapping of causes of failure, and the difficulty
f in situ, nondestructive examination of the structure of elec-
rocatalysts and membrane electrode assemblies (MEAs). Any
atalyst degradation contribution would therefore be very dif-
cult to deconvolute from the large intended fuel cell reaction
ignal.

In industry, three methodologies are always used for the
EMFC durability studies. One major methodology involved
n long-term durability studies in PEMFCs has been the
o-called post-mortem examination of individually boiled com-
onents. Another common approach within the industry is
o operate a cell or stack for a given period of time, and
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lysts in PEMFC condition have been reported in the literatures.
Some authors reported high stability of the catalysts after more
than 1000 h of duration tests in PEM fuel cells. On the other
hand, a poor stability of the materials was found following short
X. Yu, S. Ye / Journal of Pow

hen disassemble the components for post-mortem examina-
ion. Also as an integrated PEMFC system, durability data
s often accumulated in bulk to determine the expected
ower loss over time and sources of catastrophic failure
or prototypes or nearly commercial ready sets of compo-
ents.

As discussed in Section 2, Pt/C cathode catalyst degrada-
ion has been studied and three mechanisms that contribute to
he degradation have been proposed. Wilson et al. [34] stud-
ed the Pt particle growth with XRD and TEM using carbon
upported Pt catalyst in thin film catalyst layers after running
or up to 4000 h at maximum power. Particle ripening is read-
ly evident in the electrodes that the initial platinum specific
urface areas of 100 m2 g−1 Pt eventually stabilize to about
0–50 m2 g−1 in the cathode and 60–70 m2 g−1 in the anode.
hey suggested this particle growth (sintering) is attributed to

he crystallite migration mechanism. Darling and Meyers [71]
resents a mathematical model for the oxidation and dissolu-
ion of supported platinum catalysts in PEMFCs, and developed

kinetic expression for the oxidation and dissolution reac-
ions of Pt/C catalyst and compared to available experimental
ata. Electrochemical surface oxidation of carbon support has
een studied by Kangasniemi et al. [52], following potentio-
tatic treatments up to 120 h at potentials from 0.6 to 1.2 V
t room temperature and 65 ◦C. Surface oxidation study was
hen followed using cyclic voltammetry (CV), thermal gravimet-
ic analysis coupled to on-line mass spectrometry (TGA-MS),
-ray photoelectron spectroscopy (XPS), and contact angle
easurements [52]. They also investigated the influence of

latinum on the corrosion of carbon catalyst by on-line mass
pectroscopy during cyclic voltammetry, with varying Pt mass
raction, catalyst type, and temperature [51]. Stevens and Dahn
xplored ex situ and in situ fuel cell catalyst degradation test
ethods and the impact of catalyst degradation on fuel cell

erformance [72]. For ex situ method, samples of platinum-
oaded carbons were held isothermally at elevated temperature
nder either dry or humidified air conditions for extended peri-
ds of time. At regular intervals, the samples were sealed
rom the atmosphere, removed from the oven, cooled, and then
eighed, giving weight change profiles as a function of time.
he in situ method was carried out using a 1.2-V fuel cell
ccelerated test [72]. Colon-Mercado and Popov [73] evaluated
he catalytic, corrosion and sintering properties of commer-
ial Pt/C and Pt3Ni/C catalysts using an accelerated durability
est (ADT). The ADT cell consists of a three-electrode sys-
em, which includes a reference electrode, a platinum mesh
ounter electrode and the catalyst-coated gas diffusion layer
GDL) as a working electrode. For the ADT, the electrodes
ere immersed in a 0.3 M H2SO4 solution, which mimics the

nvironment of the electrode–membrane interface on the cath-
de side. Unlike the case of an electrode–membrane assembly
MEA) interface, in which only the catalyst in contact with the
embrane is active, in the case of the ADT the entire active
urface area of the catalyst is exposed to protons, since the
lectrode is completely immersed in the electrolyte. Under this
pecific condition, the deterioration of the catalysts is accelerated
73].
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. Stability enhancement of Pt/C and Pt(M)/C catalysts
hrough using more stable carbon support and alloying
roper metals with Pt

.1. Using carbon nanotube as catalyst support

One strategy to reduce Pt/C catalyst performance degrada-
ion due to carbon corrosion is to use alternative more stable
arbon support. For example, it has been proposed that car-
on material with more graphite component can be more stable
28]. Recently, carbon nanotube has been proposed as promis-
ng support material for fuel cell catalyst due to its unique
haracteristics, including high aspect ratio, high electron con-
uctivity, and enhanced mass transport capability [74,75]. Wang
t al. compared the electrochemical surface oxidation of car-
on black Vulcan XC-72 and multiwalled carbon nanotube
MWNT) following potentiostatic treatments up to 168 h under
ondition simulating PEMFC cathode environment (60 ◦C, N2
urged 0.5 M H2SO4, and a constant potential of 0.9 V). The sub-
equent electrochemical characterization at different treatment
ime intervals suggests that MWNT is electrochemically more
table than Vulcan XC-72 with less surface oxide formation and
0% lower corrosion current under the investigated condition.
s a result of high corrosion resistance, MWNT shows lower

oss of Pt surface area and oxygen reduction reaction activity
hen used as fuel cell catalyst support [76]. Their result of Pt

urface area loss with experimental time is as shown in Fig. 4.
t can be seen that almost 80% of Pt surface area was lost for
ulcan XC-72 after 168 h oxidation treatment, while only 37%

oss is observed for MWNT. Furthermore, most of the surface
rea loss for the case of MWNT occurs within 72 h, and after
2 h the rate for the Pt area loss is very small, indicating that
WNT could potentially provide much higher durability than
ulcan XC-72 [76].

.2. Alloying proper metals with Pt

Both high and low stability of platinum based binary cata-
ig. 4. Comparison of Pt active surface area loss for the case of Vulcan XC-72
nd MWNT at different time intervals during oxidation treatment [76].
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ig. 5. Lifetime evaluation of carbon supported Pt and Pt-alloy electrocata-
ysts for oxygen reduction in PEMFCs. Current density: 200 mA cm−2; cell
emperature: 50 ◦C; ambient pressure [54].

uration (few hours) measurements in half cells [65,77]. Tests
n half cells are important to evaluate the electrochemical char-
cteristics of a catalyst, but it has to point out that, from the
ractical point of view, the test in fuel cell is the ultimate evalu-
tion criterion for novel materials. The working conditions such
s temperature, pressure and fuel flows are crucial to determine
he real performance of a system. In this regard, duration tests
n PEMFCs indicated a positive effect of the presence of the
on-precious metal on the stability of the catalyst.

Mukerjee and Srinivasan [54] investigated durability and
tability of carbon supported Pt3Cr, Pt3Co and Pt3Ni alloy cat-
lysts in PEMFCs. The lifetime studies on these catalysts under
EMFC operational conditions showed only negligible losses

n performance over periods of 400–1200 h, as can be seen in
ig. 5. In this time range a high stability of the ratio between the
mount of the alloying component and the amount of Pt in the
atalyst was observed.

Colon-Mercado et al. [66] evaluated the catalytic, corrosion
nd sintering properties of commercial Pt/C and Pt3Ni/C cata-
ysts. The carbon supported Pt3Ni alloy showed better resistance
o sintering than a pure platinum catalyst. According to the
uthors, the mobility of platinum on a carbon surface is hindered
hen Ni is present; thus, the sintering effect of platinum atoms

s suppressed. Yu et al. [78] evaluated the durability of a Pt–Co
athode catalyst in the Pt:Co atomic ratio 2.5:1 in a dynamic fuel
ell environment with continuous water fluxing on the cathode.
he overall performance loss over 2400 cycles of the PtCo/C
embrane electrode assemblies (MEAs) was less than that of

he Pt/C MEA. The performance losses of the Pt/C MEA over
200 cycles mainly resulted from the cathode electrochemical
rea (ECA) loss due to platinum recrystallization, while the per-
ormance losses of the PtCo/C MEA resulted from the activity
oss due to cobalt dissolution as well as the ECA loss. Gasteiger
t al. [53] proposed a pre-leaching of the alloy to minimize the
ontamination of the MEA during operation owing to Co disso-
ution. They investigated the durability of the baseline on Pt/C
nd multiply leached Pt–Co/C MEAs tested in a short stack.

hey observed that the enhancement or performance offset of
5–25 mV between the Pt/C and the PtxCo1−x/C is maintained
hroughout the 1000 h of stack operation within limits of error.
he surface area loss for the PtCo/C catalyst was lower than that

l
o
t
T

urces 172 (2007) 145–154

or Pt/C measured over the 1000 h of operation. These results
ndicated that the Pt-alloy catalyst starts life with a larger par-
icle size and does not sinter as rapidly as Pt/C. Protsailo and
aug [55] investigated the performance and, most importantly,
urability improvement of PEMFCs, that can be achieved using
t–Co/C and PtIrCo/C, synthesized by the carbothermal tech-
ique. The alloys showed not only better activity compared to
ure Pt, but also remarkable durability in the conditions at which
t alone is prone to dissolution. The losses of the real surface area
f Pt/C, PtCo/C and PtIrCo/C following 1800 cycles at 120 ◦C
ere about 45% for Pt/C, 18% for PtCo/C and 8% for PtIrCo/C,

espectively.

. Stability enhancement of Pt/C catalysts through
mproved Pt–C interaction

.1. Electronic interaction of Pt–C

Fundamentals of the electronic interaction between Pt and C
n a carbon supported platinum catalyst were presented in the
rst part of this review paper. This interaction is attributed to the
ifferent Fermi-level of electrons in both Pt and C. Electron-spin
esonance (ESR) and X-ray photoelectron spectroscopy (XPS)
tudies have demonstrated electron donation by platinum to the
arbon support in the Pt/C catalyst [79,80]. The Pt–carbon sup-
ort interaction is considered to be beneficial to the enhancement
f catalytic properties and to improved stability of the electro-
atalyst [81–83]. Interaction enhancement strategy for the Pt/C
atalyst can be based on developing strong anchoring sites at the
nterface of Pt/C, through carbon surface modification to form
he proper surface functional groups on the surface of carbon
upport.

.2. Effect of the surface oxidation groups formed on
arbon support

In a Pt/C catalyst, interaction of Pt with C and the stabil-
ty of the catalyst are related to the chemical and nature of
heir interface [84]. It is important to recognize the role of
he chemical nature of the carbon surface in the catalysts sta-
ilization and the interaction between Pt and carbon support.
xygen surface groups are of greatest interest in the prepara-

ion of carbon-supported catalysts, and can be obtained through
urface treatment of carbon by chemical methods with differ-
nt oxidants: HNO3, H2SO4, H3PO4, H2O2, O2 or O3, K2ClO3,
MnO4, etc. Prado-Burguete et al. [85,86] examined and clar-

fied the effect of oxygen surface groups on the dispersion
nd sintering of Pt/C catalysts. In this study, the oxygen sur-
ace groups on carbon black are formed by H2O2 treatment.
hese authors concluded that the acidic oxygen groups intro-
uced by treatment with H2O2 decreased the hydrophobicity
f the carbon, and platinum particles dispersion increases with
ncreasing amount of oxygen surface groups. Furthermore, the

ess acidic oxygen groups introduced increased the interaction
f the metal precursor or the metal particle with the support and
hus minimized the sintering propensity of the Pt/C catalysts.
he more stable oxygen surface groups are more effective for
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an assistance to stabilize the Pt/C catalyst in a PEMFC condi-
tion. However, in order to maintain the high catalytic activity,
the Pt particle must be highly dispersed on the carbon support

Table 1
Effect of sintering treatments on platinum dispersion [92]

Sintering treatment [D/D0]a

Temperature (K) Time (h) C16 C18 C20 C22

623 12 1.00 1.00 1.00 1.00
673 12 0.92 0.95 0.96 –
723 12 0.81 0.88 0.90 0.91
773 12 0.59 0.78 0.89 0.86
ig. 6. Left: Relationship between the Pt surface atoms and the number of molec
ight: Effect of surface oxidation treatment of carbon support on the stability o

he anchorage of platinum particles (reduction under hydrogen
as carried out at 350 ◦C temperature at which the less stable
xygen groups have decomposed), thus enhancing the thermal
tability of the platinum particles supported (Fig. 6) [85]. In most
iteratures [85–89], the dispersion of Pt particles increases with
ncreasing the number of oxygen surface groups in the support.
odriguez-Reinoso summarized the interactions taking place
etween the sites on the carbon surface and the Pt, and indicated
hat maximum catalyst dispersion and resistance to sintering can
e obtained by either: (i) oxidation of the carbon typically ren-
ers the carbon surface more acidic and thus negatively charged
ver a wide range of pH; (ii) increasing the basic C� sites on
he basal plane surface of oxygen-free carbon; and (iii) C O
roups acting as anchoring centers hinder agglomeration and
urface diffusion of catalyst particles across the graphene layers
28].

On the other hand, an important point to be taken into account
s that some oxygen surface groups may not be stable under
he reduction conditions to which the catalysts are subjected to
btain the active phase, and their decomposition would favor
he sintering of the Pt. Coloma et al. studied this effect [90],
nd the results indicate that the dispersion of Pt particle is
avored by the presence of oxygen surface groups. However,
fter reduction procedure at a high temperature, the main part of
he less stable oxygen surface groups are decomposed, and those
emaining affect the electron delocalization in the � sites, weak-
ning their capability to act as anchoring centers, diminishes the
etal–support interaction [90,91].

.3. Effect of thermal treatment of carbon support

Thermal treatment can increase the basicity of the carbon sur-
ace, which cannot be explained by basic groups. The basicity
f the carbon surface has been explained in terms of the � sites
f the carbon basal plane [92]. Furthermore, there is an increase
n the resistance to sintering of the platinum crystallites with
ncreasing degree of pregraphitization of the supports (Table 1)
92], because the interaction of the platinum particles with the
upport increases. This increasing metal–support interaction is

elated to the increasing strength of the � sites on the support
pon pregraphitization, which act as anchoring centers for plat-
num [93]. Thus, proper heat treatment of carbon support can
ncrease the stability of Pt/C catalyst.

7

fi
s
r

volved upon TPD (temperature programmed desorption) of the carbon support.
catalysts [85].

.4. Prospective strategies for durability enhancement of
t/C catalysts

Effects of surface treatment of carbon supports on the Pt par-
icle dispersion and the electrochemical activity of P/C catalysts
n PEM fuel cells have been widely studied [94–106]. But the
ffects of carbon modification on the durability of Pt/C cata-
yst in a real PEMFC condition have not yet been systemically
nvestigated. However, this effect would be an interesting area
or the durability enhancement of Pt/C catalysts towards the
xtension of PEM fuel cells operation life. According to the
egradation mechanism of Pt/C cathode catalysts in PEMFC,
trategies towards the improvement of the catalysts stability are
roposed here: (a) building proper surface functional groups
including surface oxygen functional groups), or increasing the
asic sites on carbon supports to enhance the Pt–C interaction;
b) increasing surface stability of carbon support. Since carbon
orrosion in a PEM fuel cell condition is an electrochemical
rocess, the increasing of the hydrophobicity through proper
urface treatment of the carbon surface would be beneficial to
he suppression of carbon degradation; (c) preparing catalysts
ith high platinum uniformity and low platinum load. As dis-

ussed in previous sections, the presence of Pt deposition has
een proposed to have the negative effects on the carbon cor-
osion [51], lower Pt load on the carbon support would provide
73 36 0.33 0.66 0.79 0.79

a Determined by H2 chemisorption at 298K. D0 is the Pt dispersion after the
rst H2 treatment at 623 K for 12 h. C16, C18, C20 and C22: Carbon black
upport (CC-40-220) was heat-treated for 1 h at 1673, 1873, 2073, and 2273 K,
espectively.
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nder the low Pt load. Pt dispersion improvement by proper sur-
ace treatment of carbon supports has been commonly accepted.
owever, more efforts need to be fulfilled for the detailed corre-

ation between the Pt dispersion and the stability of Pt/C catalyst
n PEM fuel cells.

. Summaries

The durability of polymer electrolyte membrane fuel cells
PEMFCs) has been recently recognized as one of the most
mportant issues to be addressed before the large scale com-

ercialization of PEMFCs. It is believed that carbon supported
latinum (or platinum alloys) cathode catalysts degradation is
he major failure mode for fuel cell systems. A number of mech-
nisms that contribute to the cathode catalyst degradation have
een proposed, including platinum particle sintering, platinum
issolution, and carbon support corrosion. Platinum sintering
particle growth) was proved to be caused by the crystallite
igration. Pt dissolution in PEM fuel cells was negligible at low

nd high potentials, but was remarkable at intermediate poten-
ials. Cathode carbon support corrosion in PEMFC can occur
ecause: (i) the cathode is held at relatively oxidative potentials
nd oxygen atoms are being generated by the catalyst particles;
ii) furthermore, the cells are at elevated temperature and carbon
toms are able to react with oxygen atoms and/or water to gener-
te gaseous products such as CO and CO2 which leave the cell.
his loss mechanism removes carbon from the cell, leading to a

eduction of the carbon content in the catalyst layer with time.
ase-metal loss mechanism for Pt(M)/C catalysts in PEMFCs
as mainly attributed to (i) excess base-metal deposited onto the

arbon support, (ii) incomplete alloying of the base element to
t, and (iii) thermodynamically instability of base-metals under
EMFC potentials in electrolytes.

Catalysts durability study in PEMFC is a difficult topic
ecause of the lengthy duration of the test time required and
he complexity of failure analysis. In industry, post-mortem
xaminations are always used for the PEMFC durability stud-
es, including post-mortem examination of individually boiled
omponents, disassembling the components for post-mortem
xamination after operating a cell or stack for a given period of
ime. Accelerated durability test (ADT) methodology has also
een used for a Pt/C or Pt(M)/C catalyst durability study.

One strategy to reduce Pt/C catalyst performance degrada-
ion due to carbon corrosion is to use alternative more stable
arbon support. Using carbon nanotube as a Pt support has been
ttempted to increase the durability of the catalyst. The mul-
iwalled carbon nanotube (MWNT) showed lower loss of Pt
urface area and oxygen reduction reaction activity when used
s fuel cell catalyst support than that for Vulcan XC-72. Another
pproach for increasing P/C catalyst durability is alloying other
ransition metals with Pt. Both high and low stability of platinum
ased binary catalysts in PEMFC condition have been reported

n the literatures. However, in the real working conditions, dura-
ion tests in PEMFCs indicated a positive effect of the presence
f the non-precious metal (in Pt/C catalyst) on the stability of
he catalyst.
urces 172 (2007) 145–154

Interaction between the carbon support and the Pt plays an
mportant role in the properties of the Pt/C catalyst. It has
een demonstrated that this interaction is attribute to the elec-
ron transferring from platinum to carbon support. Electronic
tructure change of platinum catalytic layer by the presence
nteraction leads to the change of the catalyst properties. Gener-
lly, this electronic interaction has the positive effects towards
he enhancement of catalytic properties, and the improvement
f the catalysts’ stability in PEMFC operation.

Oxygen surface groups are of greatest interest in the prepara-
ion of carbon-supported catalysts, and can be obtained through
urface treatment of carbon by chemical methods with different
xidants. It is important to recognize the role of the chemi-
al nature of the carbon surface in the catalysts stabilization.
n most literature, the stable oxygen surface groups are more
ffective for the anchorage of platinum particles, thus enhancing
he thermal stability of the platinum particles supported. How-
ver, some oxygen surface groups may not be stable under the
eduction conditions during catalyst formation, and their decom-
osition would cause a negative effect on catalysts. Thermal
reatment can increase the basicity of the carbon surface, which
s explained in terms of the � sites of the carbon basal plane.
he increasing metal–support interaction is related to these �
ites which act as anchoring centers for platinum particles. Thus,
roper heat treatment of carbon support can increase the stability
f Pt/C catalyst.

Interaction enhancement of Pt with carbon through surface
reatment of carbon support would be a very interesting area to
mprove the stability of Pt/C catalysts in PEMFC. The promising
trategies for the durability improvement of Pt/C catalysts are
roposed: (a) building proper surface functional groups (includ-
ng surface oxygen functional groups), or increasing the basic
ites on carbon supports to enhance the Pt–C interaction; (b)
ncreasing surface stability of carbon support, e.g., increasing
he hydrophobicity of carbon support through proper surface
reatment; (c) preparing catalysts with high platinum uniformity
nd low platinum load.
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