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bstract

Carbon-supported platinum or platinum alloys are generally used as the cathodic electrocatalysts in polymer electrolyte membrane fuel cells
PEMFC) to enhance the oxygen reduction reaction (ORR). Main challenges to be addressed in this area are the high electrochemical activity
nd high stability maintenance for low-Pt-loading catalysts toward the feasibility for fuel cell operation and the reduction of the system cost. The
nteraction of Pt with carbon support, as well as the interaction of Pt precursor with carbon during the supported catalyst formation, are considered
o be beneficial to the improvement of catalytic activity and durability of the electrocatalysts. This paper provides a review of recent advances

elated to the physico-chemical and electronic interactions at the catalyst–support interface and the catalyst activity enhancement through improved
t–C interaction, especially focusing on the surface modification of the carbon support to form proper functional groups and chemical links at the
t/C interface.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Among the various types of fuel cells, polymer electrolyte
embrane fuel cells (PEMFC) is being in the forefront stage,

nd have drawn a great deal of attention in both fundamental and
pplication in recent years [1–3]. From the 1960s to the present,
reat progress has been made in the research and development
f PEM fuel cells in terms of membranes, anodic/cathodic cat-
lysts, bipolar plate materials as well as the system design, etc.
3–6]. However, these progresses are still not enough to fulfil
he requirement for successful large-scale commercialization of
EMFCs.

One of the big advantages of the PEMFC stack is its fit-
ess in the automobile industry as the zero-emission power
upply. The number of automobiles in the world is expected to
xceed 1.5 billion in 2020 [7]. At the current level of the state-
f-the-art technology (cathode Pt loading: 0.4 mg cm−2; anode:
.05 mg cm−2), the Pt storage in the earth would be short if each
ar that is powered by a 100 kW fuel cell stack needs 100 g Pt
8,9]. One and one-half billion cars would need 150,000 t of Pt.
owever, the total Pt resources in the world are estimated to be
28,000 t [7], which could only supply ∼20% of all automo-

iles. If there are 1.5 billion automobiles, all powered by a fuel
ell stack by 2020, the Pt loading must be reduced by a factor
f 10. According to the US Department of Energy (DOE) cost
eduction targets [10], the total Pt catalyst loading in a membrane
lectrode assembly (MEA) must be reduced to <0.03 mg cm−2

10]. At present, two approaches toward the reduction of Pt usage
n the PEMFC catalysts are continuing to be very active: explo-
ation of non-noble catalysts, and reduction of Pt loading through
he usage of non-precious supports [4,11]. With respect to non-
oble catalysts, there have been no significant breakthroughs in
he areas of materials and technology.

The attractive features of high electrical conductivity, chem-
cal stability and low cost lead the extensive applications
f carbon materials for the precious metal catalyst supports
12–14]. In PEM fuel cell systems, the most common low-Pt-
oading catalysts are platinum (or platinum alloys) supported
y high surface carbon and used in both the cathode and anode
15]. Quite a lot of promising approaches and results have been
eported for Pt loading reduction through supporting tactics
ecently [16–56]. However, it is very difficult to maintain or
mprove catalyst layer performance when the Pt catalyst load-
ng is reduced. Furthermore, a series of aspects, such as effective
t catalyst layer utilization, the durability and reliability of such

supported catalyst component, are still problematic [57,58].

n order to achieve high catalytic performance with the low
t loading, great effort must be put on Pt utilization and the
nhancement of catalyst activity. Of the several factors which
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nfluence electrocatalytic activity of carbon-supported PEMFC
atalysts, particle size, dispersion and structural effects, are of
rucial importance [59–64].

The Pt–carbon support interaction has recently been paid
ore and more attention in the carbon support catalyst stud-

es. This interaction has been considered to have the effects on
he growth, the structure, and the dispersion of platinum parti-
les on the carbon supports, thus providing the potential benefits
o the improvement of catalytic properties and stability of the
lectrocatalyst [11,14,15,59,65–68]. However, these effects and
echanism of interaction, vis-a-vis overall performance, have

een, at best, vaguely understood. This paper aims to provide a
opical review on the interaction of platinum with the carbon
upport, as well as the interaction of Pt precursor with car-
on during the supported catalyst formation, and the role of
hese interactions towards the catalytic activity improvement of
he catalysts in PEMFCs. To this extent, this paper summarizes
he fundamental aspects of the physico-chemical and electronic
nteractions at the catalyst–support interface, especially focusing
n the interaction improvement through the surface modifica-
ion of the carbon support to form proper functional groups and
hemical links at the Pt/C interface.

In a PEMFC operation system, the kinetics of cathode oxy-
en reduction on Pt is relatively slow compared to that of anode
ydrogen oxidation. Therefore, the large overpotential for the
xygen reduction reaction (ORR) has been a major issue in PEM
uel cell performance [69,70], and contributes about 80% portion
f the total cell voltage losses [71–73]. Reducing the overpoten-
ial of ORR at the cathode is very critical to improvement of
he efficiency of the PEM fuel cell performance [74,75]. The

ain focus of this paper will be on cathode oxygen reduction
atalysis.

. Pt/C and Pt(M)/C cathodic catalysts of PEMFC

This section gives a general introduction of the carbon-
upported Pt or Pt alloys cathodic catalysts in PEMFC, including
he Pt or Pt alloys active catalyst layer, carbon support materi-
ls and the techniques for the preparation of carbon-supported
atalysts.

.1. Pt and Pt(M) cathodic catalyst layer

Platinum supported on carbon is generally used as electro-

atalyst for PEMFC cathodes, having Pt the highest catalytic
ctivity for oxygen reduction reaction (ORR) of any of the pure
etals [76]. Alloy catalysts of platinum with various transition
etals were employed to improve the catalytic activity and to
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educe the cost. Many approaches have been reported for Pt
atalytic activity enhancement towards ORRs in fuel cell appli-
ations [77–81]. In particular, the Pt–transition metal alloys have
ttracted much interest due to their enhanced catalytic activities
owards ORR in PEM fuel cell developments. United Technolo-
ies Corporation (UTC) reported the first Pt alloying research
n ORR catalysis for the phosphoric acid fuel cell in 1980 [78].
ukerjee and Srinivasan [82] reported Pt alloy catalysts for

EM fuel cells in 1993. In these reports, the carbon-supported
t/Cr, Pt/Co and Pt/Ni alloy catalysts showed a performance
ain of 20–30 mV over Pt at low current density range. From
995 to 1997, Johnson Matthey investigated carbon-supported
t alloys (Pt/Fe, Pt/Mn, Pt/Ni, Pt/Ti, Pt/Cr and Pt/Cu) for PEM
uel cells [8,78], demonstrating that Pt/Ti, Pt/Mn and Pt/Fe cat-
lysts could enhance fuel cell performance by 20–40 mV at a
ractical current density range. Tafel slopes of ca. 60 mV dec−1

ere found for Pt alloys, which are similar to that of pure Pt cata-
ysts, suggesting that the ORR mechanisms may not be changed
ignificantly. Recently, ternary Pt alloys together with binary
t alloys have been developed. Tamizhmani and Capuano [83]
eported that a carbon-supported Pt/Cr/Cu ternary alloy showed
wo times greater activity towards ORR than pure Pt. The mix-
ure of Pt/Cr/Cu alloy with base metal oxides such as copper
xide and chromium oxide could enhance the activity by a fac-
or of 6 compared to a pure Pt catalyst [83]. More recently, Toda
t al. employed a sputtering method and successfully prepared
he Pt/Ni, Pt/Co and Pt/Fe alloy catalysts [73]. Although the
atalytic activities of these Pt alloys were not validated in a real
uel cell operating condition, the claimed increase in maximum
ctivity could be 10, 15, and 20 times higher than a pure Pt cata-
yst when the Ni, Co and Fe contents in the Pt alloy catalysts were
a. 30, 40 and 50%, respectively. It is obvious that the approach
f Pt alloying with non-noble transition metals can create some
ctive alloy catalysts for catalytic activity enhancement towards
RR. However, there are many concerns about the long-term

tability of these Pt-alloy catalysts due to the leaching issue of
he non-noble metals under the cathode-operating environment
8,77].

.2. Different forms of carbon supports
Carbon has been used for many years as a support for indus-
rial precious metal catalysts [12], and activated carbon, carbon
lack, graphite and graphitized materials have all been applied
n various catalytic processes [14]. However, in fuel cell area by

r
t
l
f

able 1
arbon blacks that have been used as support for Pt catalysts in PEMFCs [88]

arbon Supplier Type of carbon

ulcan XC72 Cabot Corp. Furnace black
lack Pearls 2000 Cabot Corp. Furnace black
etjen EC300J Ketjen Black International Furnace black
etjen EC600JD Ketjen Black International Furnace black
hawinigan Chevron Acetylene blac
enka black Denka Acetylene blac

a BET: Brunauer–Emmett–Teller method.
b DBP: dibutyl phthalate number (measure of carbon void volume).
urces 172 (2007) 133–144 135

ar, the application and studies on comparing different forms of
arbon support for fuel cell electrocatalysts is quite sparse. Most
cientists have tended to stay with just a few well-characterized
orms of carbon black, even though it is recognized that the form
f carbon can affect the dispersion of the Pt particles [84–87].
wo main types of carbon black have successfully been used as
upports for Pt catalysts: oil-furnace blacks and acetylene blacks.
il-furnace blacks are manufactured from aromatic residue oils

rom petroleum refineries, while acetylene blacks are made by
hermal decomposition of acetylene (ethyne). In general, fur-
ace blacks have surface areas ranging from 20 to 1500 m2 g−1,
hile acetylene blacks typically have areas below 100 m2 g−1,
ut developmental products are now available with areas up
o 1000 m2 g−1. The common carbon black support materials,
ogether with some properties are listed in Table 1 [88].

Recently, variety of novel carbon materials have been
xplored as the catalyst supports in PEM fuel cells. The materi-
ls in these studies include the modified graphite [89], modified
iamond [90], mesoporous carbon materials [91–94], monodis-
ersed hard carbon spherules [95], carbon cryogel [96], and
arbon aerogel [97]. The carbon nanomaterials (such as nan-
tube or nanofiber) are also increasingly becoming proposed as
atalyst supports [98–110].

.3. Techniques for the preparation of Pt/C catalysts

Development of techniques in order to control the size
monodisperse nanoparticles are preferred) and composition
f the supported catalyst has been a major area of research.
wo main chemical methods are widely used to obtain carbon-
upported fuel cell catalysts, impregnation method [111–118]
nd colloidal method [119–133].

In impregnation method, a solution of metal salt(s) is pre-
ared and mixed with the carbon support. The resulting slurry is
ried to remove the solvent and then usually heat-treated and/or
educed to decompose the salt to give the desired form of the
atalyst. A variation of this method is incipient-wetness impreg-
ation. Here the volume of the impregnating metal solution is
hosen to match the pore volume of the carbon. This method
as the advantage that metal is only deposited within the pore
tructure of the carbon. Colloidal method consists in the prepa-

ation of a platinum metal colloid, followed by adsorption on
he carbon support, or in the formation of a Pt oxide colloid, fol-
owed by simultaneous reduction and adsorption, or adsorption
ollowed by reduction. The development of colloidal methods

BET surface area (m2 g−1)a DBP adsorption (units)b

250 190
1500 330

800 360
1270 495

k 80 –
k 65 165
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o prepare Pt-based fuel cell catalysts has received more atten-
ion. In particular, colloidal methods have been used to prepare
imetallic catalysts with narrow particle size distributions and
lloy structures [134].

In addition to the impregnation and colloidal methods, many
ther methods have also been applied to the preparation of
arbon-supported fuel cell catalysts, e.g. ion exchange method
135], vapor phase method [136], and recently, microemulsion
ethods [137–142].
Many fuel cell catalysts used in PEMFC are multi-component

ystems and alloying the components is necessary to the give
he maximum benefit. To achieve this with practical catalyst
echnology requires the use of flexible preparation routes. One
traightforward way of preparing a bimetallic catalyst is to
mpregnate a second component on a preformed catalyst. Spe-
ific interactions can be induced by subsequent treatment of
he catalyst. Component alloying can be induced by high-
emperature heat treatment under either inert or reducing gas
treams. This method has the disadvantage of particle sintering,
hus lower catalyst active area [143–147]. Other methods involve
he co-deposition of soluble metal salts using changes in pH or
he addition of reducing agents. This has the advantage of form-
ng bimetallic structures at low temperature and hence, at high
ispersion [148]. However, this approach is generally restricted
o components with similar precipitation chemistry and/or ease
f reduction to metals. As noted above, colloid methods have
lso been applied to bimetallic catalysts. An alternative method
f depositing a second metal on a preformed catalyst is the
se of surface organometallic modification. In this approach, an
rganometallic precursor is reacted in a solvent with a preformed
atalyst that has a layer of adsorbed H2. This approach has the
dvantage that the precursor only reacts with adsorbed hydride
nd therefore is only deposited on active catalyst sites. The tech-
ique has been reported to prepare Sn-, Ge-, and Mo-modified
t catalysts [149–151].

. Interaction of Pt with carbon support and its
nfluence on the performance of the cathodic catalysts in
EMFC

.1. Electronic interaction of Pt–carbon support

In a carbon-supported metal–catalyst system, carbon sup-
ort is not mere inert materials. It alters the system’s Galvani
otential, raise the electronic density in the catalysts, and lower
he Fermi level. These factors accelerate the electron transfer
t the electrode–electrolyte interface, thus accelerating the elec-
rode processes. In most cases, electrons are transferred from

icrodeposits to carbon [152]. In the carbon-supported platinum
EMFC catalyst, the interaction is attributed to the presence of a
latinum–support electronic effect. The specific metal–support
nteraction is through electron transfer from platinum clusters
o oxygen atoms of the surface of the support [153]. In many

ases, chemical bonds are formed or charge transfer takes place
etween the contacting phases. The Pt–carbon support interac-
ion is considered to be beneficial to the enhancement of catalytic
roperties [154] and to improve stability of the electrocatalyst

w
r
o
s

urces 172 (2007) 133–144

155]. Bogotski and Snudkin [156] have attempted to account
or the change in electrocatalytic activity due to catalyst support
ynergism on the basis of changes in the electronic state of Pt
hen deposited on the carbon support. According to them, the

lectrical double layer formed between the microdeposit (plat-
num) and the support is indicated, to a certain extent, by the
ifference in the electronic work functions of platinum (5.4 eV)
nd the carbon support (4.7 eV), thereby resulting in an increase
f electron density on the platinum. However, the rise in electron
ensity can be significant only if particle size of the microde-
osit (platinum) is comparable to the thickness of the double
ayer. The dependence of particle size to thickness of the dou-
le layer had been illustrated by Kobelev et al. [157] who have
hown that if the change in electron density is assumed to occur
n a layer 0.3 nm thick and the platinum microdeposits are in the
hape of a tetrahedron with edge ‘a’, the ratio of the double layer
olume to the volume of the whole microdeposit amounts to 71,
2, 28, and 21% for ‘a’ equal to 0.6, 1.0, 1.5 and 2.0 nm, respec-
ively. Hence, the particle size of the catalyst metal crystallite
oes influence the catalyst support interaction or synergism.

In addition to the interaction between the carbon support and
t, the intra-alloy interaction also occurs in the carbon-supported
tM/C catalyst system. Alloying with other metals causes elec-

ronic effects on the Pt and changes the Pt electronic structure,
hus affecting the catalysts’ activity [158–162]. This interaction
s not the main topic of this paper and will not be discussed in
etail.

.2. Study methodologies of Pt–C interaction

Electronic interaction effects between Pt catalyst and the
arbon support have been studied by variety of conventional
hysical, spectroscopic and electrochemical methodologies.
lectron-spin resonance (ESR) studies, for example, have
emonstrated electron donation by platinum to the carbon sup-
ort [163]. This is further supported by X-ray photoelectron
pectroscopy (XPS) studies [164] showing the metal acting as
n electron donor to the support, their interaction depending on
he Fermi-level of electrons in both. In XPS studies, the Pt 4f
ignal has always provided the valuable information. For the
arbon-supported pure Pt catalyst, the peak maximum for the Pt
f7/2 shifted to higher values with respect to unsupported plat-
num due to the platinum–support electronic effects as shown in
ig. 1 [165,166]. There is also a small particle effect [167,168]:
articles in the 1–2 nm range have not yet attained the normal
ulk band structure, so the binding energy for the particles shifts
o higher values, the full width at half maximum of the peak
ncreases, and its intrinsic asymmetry decreases relative to the
ulk metal. In carbon-supported PtRu catalyst study, Denis et
l. [169] found the Pt 4f signal for unsupported PtRu in the
tomic ratio 1:1 slightly shifted towards lower binding ener-
ies with respect to unsupported platinum. A work of Shukla
t al. [170] on PtRu/C revealed no difference of Pt 4f7/2 peak

ith respect to pure Pt/C. A more recent work [171], instead,

evealed a further shift to higher energy values for the Pt 4f7/2
f PtRu/C by 0.2–0.3 eV with respect to pure Pt/C. This further
hift for PtRu/C was attributed to stronger platinum–support
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which ionize according to the following equilibria:
Fig. 1. Pt 4f X-ray photoelectron spectra of Pt metal and Pt/C catalyst [165].

nteractions or small particle effect. The presence of Ru pre-
ursors and their decomposition could influence the acid–base
roperties of the carbon support. This effect should produce a
trong metal–support interaction, which affects the electronic
ature of the platinum sites. Goodenough and Manoharan [172]
ombined XPS, EXAFS and ESR measurements on carbon-
upported PtRu, to conclude that synergistic catalytic effects
esult from an intra-alloy electron transfer from Ru to Pt. Pt
ANES at 0.0, 0.24 and 0.54 V at the respective Pt L3 and L2

dge, performed by McBreen and Mukerjee [173] on Pt, Pt/C
nd PtRu/C catalysts, indicated that alloying with Ru causes
lectronic effect on the Pt. The calculated Pt d band vacancies
n the double-layer region (0.54 V) were 0.397, compared with
value of 0.329 for a Pt/C catalyst. So, alloying with Ru causes
n increase in the number of Pt d band vacancies. EXAFS anal-
sis indicated a decrease in the Pt–Pt nearest-neighbor distance

2.72 Å) of PtRu/C with respect to Pt/C catalyst (2.77 Å). Also
he Pt–Pt distance can be used to evaluate the degree of alloying.

From the discussion above, in the electronic interaction stud-
es of the Pt/C catalysts, there are two different viewpoints on

H

B

urces 172 (2007) 133–144 137

he electron transfer between Pt and the carbon support. In most
ases [152,153,163–168], electrons are proved to transfer from
t microdeposits to carbon. However, according to the results
f Bogotski and Snudkin [156], the electron density on the plat-
num is increased due to catalyst support synergism. More efforts
eed to be accomplished to further understand the mechanism
f the electronic interaction between Pt and carbon support.

.3. Effect of Pt–C interaction on the catalyst performance

Electronic structure change of platinum catalytic layer by
he presence interaction between the platinum active phase and
he carbon support phase leads to the change of the catalyst
roperties. Generally, this electronic interaction has the pos-
tive effects towards the enhancement of catalytic properties,
nd the improvement of the catalysts’ stability. In fuel cell cata-
yst studies, it was found that metal–carbon support interactions
o influence the oxidation of both CO and methanol [65,85].
owever, the quantitative correlation between the metal–carbon

upport interaction and the oxygen reduction reaction (ORR)
ctivity at the cathode was not yet established.

. Interaction of Pt precursor with carbon support
uring Pt/C catalyst formation and the effects of carbon
urface functional groups

.1. Interaction models of Pt precursor with carbon support

H2PtCl6 (in acid media) and [Pt(NH3)4]Cl2 (in basic media)
re always the precursor for Pt/C catalyst formation. In the
mpregnation catalyst formation method, Pt reduction during the
mpregnation step was observed by several authors [113–115].
ccording to De Miguel et al. [116], the interaction of H2PtCl6
ith the carbon implies a redox process in which after impreg-
ation and drying the metal complex is stabilized as Pt2+ on the
arbon surface. As van dam and van Bekkum showed [114], a
imple electrostatic mechanism cannot explain the adsorption
rocess of H2PtCl6 on the different carbon supports. They pro-
osed a model to describe the chemistry of the impregnation
f hexachloroplatinic acid on carbon. First, carbon reduces the
t(IV) complex to a Pt(II) complex, which is then coordinatively
ound to the carrier, as:

H2Pt(IV)Cl6 + –C–H + H2O

→ Pt(II)Cl4
2− + 2Cl− + –CO− + 5H+ (1)

t(II)Cl4
2− + S → Pt(II)Cl3S− + Cl− (2)

he ligand site S is assumed to be either a �-complex structure
r an oxygen surface group. A model for an oxidized carbon
urface would be based on independent acid and basic groups,
A ↔ A− + H+ (3)

+ H+ ↔ BH+ (4)
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here A and B denote sites of the carbon solid matrix or sur-
ace oxygen groups [174]. Thus, the combination of the model
f van dam and van Bekkum with the model for the ionisation
ehaviour of the carbon surface based on independent acid and
asic groups leads to the conclusion that the acid oxygen sur-
ace groups should be considered as weak anchoring sites. On
his basis, carbon surface basic sites act as anchoring sites for
he hexachloroplatinic anion and are responsible for the strong
dsorption of platinum on carbon. The carbon surface basic sites
re frequently associated with pyrone-like structure. Such struc-
ures which have a pKb > 11 and which decompose thermally at
77–927 ◦C, generating CO [175,176], would present a strong
lectronic interaction with the surface carboxyl groups, which
eads to their destruction by surface oxidation [175]. According
o other authors [177–179], the surface basic sites are essentially
f Lewis type and are associated with �-electron rich regions
ithin the basal planes. According to Leon et al. [179], the pro-

onation of such oxygen-free basic carbon sites would lead to an
lectron–donor–acceptor complex, as the following:

� + H3O+ ↔ [C�–H3O]+ (5)

� + 2H2O ↔ [C�–H3O]+ + OH− (6)

here C� is probably a graphitized carbon surface platelet in
hich single � electron pairs may become partially localized as
result of the H3O+ addition. Lambert and Che [180] proposed
n alternative formulation of the model for the strong adsorption
f PtCl6−, using the mechanism of inner-sphere adsorption, as
escribed:

Pt(IV)Cl6
2− + [C�–OH3]+

→ [C–OH2–Pt(IV)Cl5]−

+ HCl (adsorption of PtCl6
2− without reduction) (7)

Pt(IV)Cl6
2− + [C�–OH3]+

→ [C–O–Pt(II)Cl3]−

+ 3HCl (adsorption with simultaneous reduction) (8)

According to this model, surface groups would replace some
f the original ligands (Cl−) of the transition metal in solution.
n the case of Eq. (7), an insertion of a water ligand takes place,
hile for that regarding Eq. (8) a C–O–Pt linkage would be

ormed. Being C�–OH3
+ one of the basic surface groups of

arbon, as shown in Eqs. (5) and (6), Eqs. (7) and (8) should not
e taken as stoichiometric ones.

.2. Investigation methods of carbon–Pt precursor
nteraction

X-ray photoelectron spectroscopy (XPS) was an effective
ay to probe the valent state change of Pt precursor under the

nteraction with carbon support. Early studies [113] indicated

hat after impregnation of carbon with H2PtCl6 and subsequent
rying in air, the platinum was present as Pt0 and Pt2+. Van
am and Van Bekkum [114] showed that upon impregnation
nto activated carbon, H2PtCl6 is partly converted into a Pt2+

t
s
t
H

ig. 2. EXAFS measurements of (a) H2PtCl6 and (b) Pt/C after impregnation
tep. The formation of Pt–O bonds (b) decreases the intensity of the Pt–Cl signal
116].

omplex. The presence of divalent platinum in the catalyst
fter impregnation was observed also by Coloma et al. [115].
he amount of surface oxygen groups on carbon support has
lways been analyzed by temperature-programmed reduction
TPR) and temperature-programmed desorption (TPD) through
he amount of CO or CO2 evolving. Fourier transform extended
-ray absorption fine structure (FT-EXAFS) has been used to

nalyze the interaction of carbon and the Pt precursor, and indi-
ated that for some Pt/C catalysts prepared by impregnation with
2PtCl6 the strong interaction between the Pt precursor and the

upport is associated with a change in the Pt coordination from
l to O atoms (Fig. 2) [116,181].

. Catalyst activity enhancement through proper
urface treatment of carbon support

.1. Effect of oxidative treatment of carbon

Surface oxygen functional groups on carbon materials are
esponsible both for the acid/base and the redox properties
f the carbon [182], and are of great interest in the prepa-
ation of carbon-supported catalysts. The precise nature of
arbon–oxygen structures is not entirely established. Some
ommon types of oxygen functionals (e.g. carboxylic groups,
henolic groups, lactonic groups, etheric groups) are shown in
ig. 3.

The oxidative treatment of the carbon surface gives rise to

he formation of surface acidic sites and to the destruction of
urface basic sites. This treatment of carbon can be performed
hrough chemical methods by different oxidants: HNO3, H2SO4,

3PO4, H2O2, O2 or O3, K2ClO3, KMnO4, etc. The effect
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Fig. 3. Various types of surface oxygen functional groups on carbon.

f surface oxygen functional groups on platinum dispersion
n carbon-supported catalyst has been extensively studied. One
xample for this study is provided here: Prado-Burguete et al.
183,184] examined and clarified the effect of oxygen surface
roups on the dispersion and sintering of Pt/C catalysts. They
sed a high surface area carbon black, which was heat treated
n hydrogen at 950 ◦C to reduce the oxygen surface groups to

minimum, and then oxidized it with solutions of H2O2. In
his way, several supports with the same porosity but different
roportion of oxygen surface groups were available. By main-
aining all preparation variables fixed for all catalysts it was
ossible to analyze the effect of the oxygen surface groups.
hese authors concluded that the acidic groups (evolving as
O2 upon temperature-programmed desorption (TPD) at rel-
tively low temperature) introduced by treatment with H2O2,
ecreased the hydrophobicity of the carbon thus making the
urface more accessible to the aqueous solution of the metal
recursor. Fig. 4 shows that platinum dispersion increases with
ncreasing amount of oxygen surface groups and this in turn
hows that the oxygen surface groups of the carbon support
lay a major role in the final metal dispersion since all supports
ave the same porosity and the catalyst were prepared using the
ame experimental procedure [183]. Furthermore, the less acidic
xygen groups introduced (evolving as CO at high temperature
pon TPD) increased the interaction of the metal precursor or
he metal particle with the support and thus minimized the sin-

ering propensity of the Pt/C catalysts. The more stable oxygen
urface groups are more effective for the anchorage of platinum
articles, thus enhancing the thermal stability of the platinum
articles supported.

ig. 4. Relationship between Pt dispersion and amount of oxygen surface groups
evolved as CO, and CO upon TPD) of the carbon support [183].

c
a
o
e
t
o
b
t
t
m
d
r
t
r
e
t
t
s
c

urces 172 (2007) 133–144 139

In most literatures [116,117,183,185], the dispersion
ncreases with increasing the number of oxygen surface groups
n the support. Torres et al. [117] showed that the effect of
he different oxidants could be related to the nature of the
unctional groups on the carbon surface. HNO3-treated carbon
isplays a high density of both strong and weak acid sites, while
2O2- and O3-treated carbons show an important concentra-

ion of weak acid sites but a low concentration of strong acid
ites. The H2PtCl6 isotherms in liquid phase at 25 ◦C showed
stronger interaction of the metallic precursor with the car-

on of low acidity (like those treated with H2O2 or O3) than
ith the most acidic carbon (treated with HNO3). Carbons func-

ionalised with weak oxidants, which develop acidic sites with
oderate strength and show strong interaction with H2PtCl6

uring impregnation, would favor the Pt dispersion on the car-
on surface. According to Sepulveda-Escribano et al. [186],
he presence of oxygen surface groups in the support favors
he anchoring of [Pt(NH3)4]2+, but does not affect the amount
f platinum retained by the support when H2PtCl6 is used as
etal precursor. They also showed that the oxidized support

inders the reduction of the Pt precursor. Rodriguez-Reinoso
ummarized the interactions taking place between the sites on
he carbon surface and the metal cation or anion, 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; this in turn results in electrostatic repul-
ion of the PtCl62− anions and will favor electrostatic attraction
f the [Pt(NH3)4]2+ cations, maximizing catalyst dispersion;
ii) increasing the basic C� sites on the basal plane surface
f oxygen-free carbon will maximize the electrostatic attrac-
ion with the metal anion (e.g. C�–H3O+–PtCl62−) and also
ill minimize the electrostatic repulsion (e.g. COO−PtCl62−),

hus increasing the dispersion; and (iii) C O groups acting as
nchoring centers hinder agglomeration and surface diffusion of
atalyst particles across the graphene layers [14].

An important point to be taken into account is that some
xygen surface groups may not be stable under the reduction
onditions to which the catalysts are subjected to obtain the
ctive phase, and their decomposition would favor the sintering
f the metal species. Also, oxygen surface groups may influ-
nce other kinds of centers on the carbon surface. In this way
he strength of the � sites may be diminished by the presence of
xygen groups, due to the electron-withdrawing effect exerted
y the oxygen atom. Coloma et al. studied this effect [115], and
he results indicate that the carbon–platinum precursor interac-
ion is favored by the presence of oxygen surface groups, which
ake the carbon surface more hydrophilic, and thus, a better

ispersion of the platinum precursor is achieved. However, after
eduction in hydrogen 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. As a result of

his a better platinum dispersion and an improved resistance
o sintering are obtained when the pregraphitized carbon black
upport is free of oxygen surface groups. There are also some
ontradictory results about the effect of oxidative pre-treatment
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f the carbon on platinum dispersion in literature data. Some
uthors [181,187,188], instead, reported that the presence of
xygen surface groups on carbon decreases the metal dispersion.
icrocalorimetric measurements of CO adsorption performed

y Guerriero-Ruiz et al. [188] evidenced that the presence of
xygen surface groups diminishes the metal–support interac-
ion. According to the authors, the decrease in the dispersion
ith the increase in the total surface oxygen is due to the reduc-

ion of the number of surface basic sites, which are centers for
he strong adsorption of PtCl62−.

.2. Effect of thermal treatment

Thermal treatment carbon blacks have been studied as cata-
yst support for platinum [189]. When a high surface area carbon
lack is subjected to heat treatment in an inert atmosphere at
emperatures ranging from 1600 to 2200 ◦C there is not only

decrease in surface area, but also an increase in crystalline
rdering and crystallite size. Furthermore, there is an increase
n the basicity of the carbon, which cannot be explained by basic
roups. The basicity of the carbon surface is explained in terms
f the � sites of the carbon basal plane, which upon interaction
ith water lead to Eqs. (5) and (6). During the Pt/C catalyst

ormation, it is proved that the greater the difference between
he pH of the impregnating solution and the isoelectric point of
he carbon, the better the interaction between the surface and
he anionic precursor will be. Furthermore, there is an increase
n the resistance to sintering of the platinum crystallites with
ncreasing degree of pregraphitization of the supports [189],
ecause the interaction of the platinum particles with the support
ncreases. This increasing metal–support interaction is related
o the increasing strength of the � sites on the support upon
regraphitization, which act as anchoring centers for platinum.
ecently, Cerro-Alarcon et al. indicate that thermal treatment
f carbon black in N2 atmosphere affects the distribution of the
etal precursor over the support, and subsequently, the final

ispersion of the metal particles [190].

.3. Other novel surface treatment methods

In addition to the commonly studied surface oxidation treat-
ent, recently, there have been some novel carbon surface
reatment studies towards the improvement of Pt/C catalyst prop-
rties in PEMFC. These methods are summarized in Table 2.

As to using graphite as the catalyst support, relatively low
urface area together with random and inert surface crystalline

t
c

able 2
ome novel surface treatment methods for carbon supports and their effects on the O

urface treatment Carbon materials

hemical treatment with a tin–palladium chloride solution Graphite

2F6 radio frequency plasma treatment Carbon black

hemical treatment with basic (NaOH), neutral (C6H6) agent Carbon black

ntercalation of CuCl2 and PdCl2 Graphite
urces 172 (2007) 133–144

rientations can limit Pt dispersion on the graphite surface as
ell as the adherence [195]. Therefore, surface treatment of
raphite to form the functional groups is more of importance
or the formation and properties of Pt/C catalyst. Novel sur-
ace treatment methods listed in Table 2 improved the electronic
nteraction between the Pt catalyst layer and carbon support, and
ubsequently, enhanced the electrocatalytic activity of the Pt/C
atalyst.

.4. Surface treatment of carbon nanotube (CNT) and
anofiber (CNF), and its effect on the property of Pt/CNT
atalyst

Under the driving force of PEM fuel cell cost reduction
nd performance optimization, carbon nanotubes (CNTs) and
anofibers (CNFs), as the novel catalyst supports for increas-
ng Pt utilization, have drawn a great deal of attention due to
heir unique surface structure, high electric conductivity and
arge surface areas. The main purposes for using CNT- and
NF-supported Pt catalysts are to reduce Pt loading through

ncreasing the catalyst utilization, and improving the catalyst
ctivity/performance. However, since CNT and CNF are rela-
ively inert, it is necessary to modify the nature and concentration
f surface functional groups in order to deposit Pt particles on
heir surface [196,197]. Therefore, their pretreatment process
nd Pt deposition methods could affect the Pt catalyst dispersion
nd catalytic activity for fuel cell reactions.

Surface treatment methodologies of CNT/CNF introduced in
ecent literatures are similar to that for the treatment of regu-
ar carbon materials, mainly on the chemical oxidation method
198–200]. Effect of oxidative pretreatment of CNT studied
y Rajalakshmi et al. (chemical oxidation treatment with 70%
NO3 at 110 ◦C) [198], Matsumoto et al. (chemical oxidation

reatment with 14N HNO3 at 423 K) [199] and Li and Hsing
chemical oxidation treatment with 70% HNO3 at 90 ◦C, or 1:1
NO3/H2SO4 at 90 ◦C) [200] revealed that the electrocatalytic

ctivity for ORR of Pt/CNT cathodic catalyst was enhanced by
he presence of oxidation groups on CNT surface form by such
hemical treatments (Fig. 5).

.5. Sulfonation and phosphonation of carbon-supported
atalysts
Instead of building a surface group on carbon materials prior
o the formation of Pt/C catalyst, the chemical link between
arbon support and Pt can also be developed for a ‘formed’

RR at the Pt/C cathodic catalyst in PEMFC

Effect on catalyst activity Reference

Pt dispersion and electrocatalytic activity is increased [191]

Catalytic activity of Pt/C for ORR is enhanced by the
presence of CF3 group

[192]

Electrocatalytic activity for ORR is enhanced [193]

Catalytic activity for ORR is enormously improved
when CuCl2 is used as intercalate

[194]
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Fig. 5. Comparison of H2O2 fuel cell performance with Pt/CNTs-m and Pt/C
cathode; operating condition: 70 ◦C and 3 atm; anode Pt loading: 0.4 mg cm−2
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20 wt.% Pt/C, E-TEK); cathode Pt loading: 0.4 mg cm−2. Pt/CNTs-m: CNT
as treated with a mixture of sulfuric and nitric acids (1:1, v/v, 98% and 70%)
rior to the Pt deposition [200].

t/C catalyst to improve the Pt–C interaction. This work has
een reported by Xu et al. recently [201–203]. In their ini-
ial studies, Xu et al. chemically linked short chain sulfonic or
hosphonic acid groups onto carbon-supported catalysts through
iazonium salts formed by reacting 2-aminoethanesulfonic or
-aminoethanephosphonic acid with isobutyl nitrite, and the
esulting sulfonated catalysts showed much better performance
han the untreated counterparts and less Nafion was required
ithin the catalyst layers [201,202]. An easier and more effec-

ive sulfonation method has also been developed by them. In
his new method, carbon-supported catalysts were sulfonated
y decomposing (NH4)2SO4 in the presence of the catalysts in
wo steps. First, (NH4)2SO4 solution was mixed with a proper
mount of catalyst based on a predetermined weight percentage

f (NH4)2SO4. Second, after the mixture was well agitated, it
as heated at 235 ◦C for 30 min. It is believed that at 235 ◦C,

NH4)2SO4 decomposes according to Eq. (9). Then the formed
O3 reacts with carbon via its surface hydrogen atoms to have

ig. 6. Activity enhancement of Pt/C catalyst by sulfonation method. V–I curves
or catalysts treated with 0, 5, 10, and 20% (NH4)2SO4. Cell temperature, 35 ◦C;
t loading, 0.3 mg cm−2 [203].
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SO3H groups linked onto it according to the following equa-
ion:

NH4)2SO4 → 2NH3 + H2O + SO3 (9)

arbon–H + SO3 → Carbon–SO3H (10)

lectrodes made using such sulfonated catalysts need less
afion in the catalyst layer and perform much better than those
ade using the unsulfonated counterpart (Fig. 6) [203].

. Summaries

Carbon-supported Pt catalyst is a two-solid jointing sys-
em. Interaction between the carbon support and the Pt plays
n important role in the properties of the Pt/C catalyst. It
as been demonstrated that this interaction is attributed to
he electron transferring from platinum to carbon support.
lectronic structure change of platinum catalytic layer by the
resence of interaction leads to the change of the catalyst
roperties. Generally, this electronic interaction has the pos-
tive effects towards the enhancement of catalytic properties,
nd the improvement of the catalysts’ stability in PEMFC
peration.

During Pt/C catalyst formation, interaction of the Pt precursor
ith the carbon support is crucial and affects the Pt particle size,
ispersion, adhesion properties. Surface functional groups on
arbon materials play the major role in the Pt precursor–carbon
nteraction. Surface oxygen functional groups (SOFGs) are the

ost widely studied ones and can be formed by variety of
xidation treatment of carbon materials. In the procedure of
t/C catalyst formation, the carbon–platinum precursor inter-
ction is favored by the presence of the oxygen surface groups,
hich make the carbon surface more hydrophilic, and thus, a
etter dispersion of the platinum precursor is achieved. Also
he interaction of the Pt precursor with the carbon of low
cidic SOFGs is stronger than that with the carbon of high
cidic SOFGs and would favor the Pt dispersion on the car-
on surface. However, some oxygen surface groups may not
e stable under the reduction conditions during catalyst forma-
ion, and their decomposition would cause a negative effect on
atalysts.

In addition to the formation of SOFGs by oxidation treatment,
ovel recently developed carbon surface treatment methods
owards the improvement of Pt/C catalyst properties in PEMFC
re summarized. These novel methods including (i) chemical
reatment with tin–palladium chloride solution, basic (NaOH),
eutral (C6H6) agent; (ii) C2F6 radio frequency plasma treat-
ent and (iii) intercalation of CuCl2 and PdCl2 in graphite,

mproved the electronic interaction between the Pt catalyst layer
nd carbon support, and subsequently, enhanced the electrocat-
lytic activity of the Pt/C catalyst.

Carbon nanotube (CNT) is novel support material for Pt cat-
lyst in PEMFC. Due to its inert character, surface modification

f CNT is necessary to develop the surface functional groups
n order to deposit Pt particles on their surface. Surface treat-

ent methodologies of CNT introduced in recent literatures are
ainly on the chemical oxidation method. The results revealed
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hat in a PEMFC system, the electrocatalytic activity of Pt/CNT
atalyst was enhanced by the presence of oxidation groups on
NT surface.

Interaction between carbon support and Pt can also be
mproved by developing a chemical link for a ‘formed’ Pt/C cata-
yst. Sulfonic acid groups and phosphonic acid groups have been
uccessfully linked onto carbon particles supporting a catalyst
y chemical methods. Electrodes made using such sulfonated
r phosphonated catalysts need less Nafion in the catalyst layer
nd perform much better than those made using the unsulfonated
ounterpart in PEMFC.
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