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a  b  s  t  r  a  c  t

Platinum-based  nanomaterials  are  the  most  commonly  adopted  electrocatalysts  for  both  anode  and  cath-
ode  reactions  in polymer  electrolyte  membrane  fuel cells  (PEMFCs)  fed  with  hydrogen  or  low  molecular
alcohols.  However,  the  scarce  world  reserves  of  Pt and  its  high  price  increases  the  total  cost  of the  system
and thus  limits  the  feasibility  of  PEMFCs.  Based  on  this  problem,  for  PEMFCs  to have  wide  practical  appli-
cations  and  become  commercially  viable,  the  challenging  issue  of  the  high  catalyst  cost  resulting  from
the exclusive  adoption  of  Pt or Pt-based  catalysts  should  be  addressed.  One  of  the  targets  of  the  scien-
tific community  is  to  reduce  the  Pt loading  in  membrane  electrode  assemblies  (MEAs)  to  ca. 150  �g  cm−2

MEA,
simultaneously  maintaining  high  PEMFCs  performances.  The  present  paper  aims  at  providing  the  state-of-
the-art  of  low  Pt  and  non-Pt  electrocatalysts  for:  (a)  H2-O2 PEMFCs,  (b)  Direct  Methanol  Fuel Cells  (DMFCs)
and  (c) Direct  Ethanol  Fuel  Cells  (DEFCs).  The  detailed  analysis  of  a big  number  of  recent  investigations
has  shown  that  the  highest  mass  specific  power  density  (MSPD)  value  obtained  for  H -O PEMFCs  has  far
2 2

exceeded  the  2015  target  (5 mW  �g−1
Pttotal

)  set  by the  USA  department  of  energy,  while  a several  number  of

investigations  reported  values  between  1 and  5 mW  �gPt
−1.  However,  the  highest  values  measured  under

DMFCs  and  DEFCs  working  conditions  are  still  relatively  low  and  close  to 0.15  and  0.05  mW �gPt
−1 respec-

tively.  Moreover,  the  last  years,  promising  results  have  been  reported  concerning  the  design,  fabrication,
characterization,  and  testing  of novel  non-Pt  (Pt-free)  anodes  and  cathodes  for  PEMFCs  applications.
© 2012 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that polymer electrolyte membrane fuel cell
PEMFC) systems are intended to be used for transportation and
ortable applications as well as for stationary ones, mainly due to
heir low temperature operation and quick start-up. In these sys-
ems, hydrogen is considered as the preferred fuel in virtue of its
igh activity and environmental benignity. Fuel cell is considered
s one of the most promising products of 21st Century, as it can
ompete, in terms of efficiency, with batteries, internal combus-
ion engines and power grids. The challenge is whether fuel cell
an be made with a reasonable price.

Along with the PEMFCs’ development, low molecular weight
lcohols, especially methanol and ethanol which have also been
xamined as alternative fuels to hydrogen mainly because they
re easily handled due to their liquid form and high mass energy
ensity and can be directly fed to the anode without reforming.

Whatever the case may  be, Pt or Pt-based binary or ternary cat-
lysts are still the well-known and commonly-adopted materials
roviding the highest activity for electrode reactions and lifetime
tability. Nevertheless, the total Pt reserves in the world will be
epleted if each vehicle, which is powered by a 75 kW fuel cell stack,
eeds approximately 75 g of Pt (∼1 mg  Pt/W) [1].  More precisely,
ne and a half billion cars will require more than 110,000 tons of
t, which is far more than the world-wide estimated Pt reserves
∼28,000 tons) [2],  in addition to the other applications of Pt in the
rea of catalysis, jewellery and so on. To the above reasons, it should
lso be added the high cost of Pt (Fig. 1) [3],  which is one of the main
bstacles to PEMFC’s commercialization.

Therefore, in order to increase Pt’s utilization coefficient and
onsequently decrease its content, the research and development

as shot either to Pt-based electrocatalysts with low-Pt loading,
hich are usually dispersed on carbon supports with high specific

urface area [4],  or to non-Pt (Pt-free) electrocatalysts. Moreover,
he cost target of ∼30 $/kW (current Internal Combustion Engine’s

Fig. 1. The average price in Euro per gram of noble metal last year [3].
 . . . .  . . .  . . . . .  .  .  . .  .  . . . . .  . .  . . . . . . .  .  . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 385

cost) that has been set for 2015 and can be met  only if the maxi-
mum  mass specific power density (max-MSPD) will be reduced to
less than 200 mg  of Pttotal per kW (higher than 5 mW �g−1

Pttotal
) at cell

voltages higher than 0.65 V (U.S. Department of Energy, DOE). This
cost reduction could be achieved: (a) by increasing the power den-
sity to 0.8 − 0.9 W cm−2

MEA at cell voltages >0.65 V, (b) by reducing
mass transfer loss at higher current densities, and (c) by reduc-
ing Pt-loading in MEAs to < 150 �g cm−2

MEA (Fig. 2) [5].  The present
work aims at providing the state-of-the-art of low-Pt and non-
Pt (Pt-free) electrocatalysts (anodes and cathodes) developed for:
(a) H2-O2 PEMFCs, (b) Direct Methanol Fuel Cells (DMFCs) and (c)
Direct Ethanol Fuel Cells (DEFCs).

2. Low platinum electrocatalysts

2.1. Anodes

Platinum has been considered as the best catalyst for the elec-
trochemical reactions that take place in the anode compartment
of PEMFCs, but accounts for about 50% of the fuel cells cost [5].
To accelerate breakthroughs in PEMFCs’ R&D and their sustainable
commercialization, great effort has been devoted by a number of
research groups world-wide in order to decrease the Pt loading at a
level of lower than 150 �g cm−2

MEA [5] (or <200 mgPt kW−1 or <15 gpt

for a 75 kW vehicle) (DOE). In this section, it is reported and dis-
cussed the research and development of the last decade devoted
to low-platinum PEMFCs’ anode electrocatalysts for: (a) Hydrogen
Electro-oxidation Reaction (HOR), (b) Methanol Electro-oxidation
Reaction (MOR), and (c) Ethanol Electro-oxidation Reaction (EOR).

2.1.1. H2-PEMFCs

The adsorption of H2 on metal electrodes such as Pt has been

extensively studied in H2-PEMFCs. As far as the HOR is concerned,
it is well known that due to its quite facile kinetics on Pt, its cor-
responding overpotential can be negligible even at high current

Fig. 2. Platinum loading target in terms of mg cm−2 and g kW−1 for H2-O2 PEMFCs:
2006–2015 [2].
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ig. 3. H2-PEMFC operation results: Maximum Power Density (mW  cm−2) depend-
ncy on total (anode + cathode) Pt loading (�g cm−2). In the brackets the reference
umber is reported.

ensity values. Thus, most H2-PEMFCs adopted Pt as HOR anode
aterial, but as it is aforementioned Pt reserves are not enough

nd its price is very high. Today, in order to reduce the cost of H2-
EMFCs, platinum alloys are considered as a plausible solution. The
ombination of Pt with another metal can improve the electrocat-
lytic activity. For example, the replacement of Pt/C by PtPd/C with

 1:1 Pt:Pd atomic ratio, leads to a 35 wt. % of Pt reduction [6].  Fol-
owing this direction, many alloys were studied using mainly Ru as
he second metal and a third component such as W [7],  Sn [7],  Os,
d [8],  Co, Ir, Mn,  Cr [9],  Au, Ag, Rh, or W2C [10] to form binary and
ernary alloys respectively. It was found that the binary alloys, due
o the efficient synergetic action between Pt and Ru, or to the elec-
ronic effect of Ru on Pt, exhibited enhanced catalytic activity even
n presence of CO [11,12]. Another effective way to decrease Pt load-
ng is the adoption of high specific surface area supports to enhance
oth Pt dispersion and utilization coefficient. To this purpose, novel
arbon materials with special nano-scale surface structures have
een developed, offering some advantages compared to the com-
only and widely adopted XC-72R carbon black (Cabot Corp.) such

s: higher surface area, higher conductivity, higher stability etc.
13,14]. As a result, through the above attempts the total Pt loading
anode + cathode) in H2-PEMFCs the last decade has been dramat-
cally reduced [15] and there is still room for further reduction.
s it has been expressed by the DOE of the USA, the target for
2-PEMCs until 2015 is 200 mgPttotal

kW−1 or 5 mW �g−1
Pttotal

. In this
ection, the low-Pt anode catalysts are discussed. More precisely,
ig. 3 summarizes the results of the main investigations, appeared
he last decade in the international literature, concerning both low-
t anode and low-Pt cathode catalysts for H2-PEMFCs. As it can be
learly seen, the results could be classified into three main regions
f maximum mass specific power density (max-MSPD) values: (a)
igher than 5 mW �g−1

Pttotal
, (b) between 1 − 5 mW �g−1

Pttotal
and (c)

ower than 1 mW �g−1
Pttotal

. In region (a), there are few catalysts

hich meet the MSPD target of > 5 mW �g−1
Pttotal

. More precisely,

he reported maximum MSPD, 23.5 mW �g−1
Pttotal

(750 mW cm−2;
2 �gPt cm−2), has been achieved by Sung et al. [16]. A carbon
upported Pd-based PdPt catalyst with an atomic ratio 19:1 has
een fabricated by the conventional sodium borohydride reduc-
ion method combined with freeze-drying. As cathode a Pt/C
vironmental 127 (2012) 371– 388 373

electrocatalyst has been used. The amount of the platinum was
only 5 at. % Pt (19:1 atomic ratio of Pd:Pt) showing that Pd-
based catalysts can successfully enhance the PEMFCs’ performance.
Antolini et al. [17] also examined Pd-based catalysts. According
to their results the MSPD was 6.57 mW �g−1

Pttotal
(710 mW cm−2).

The electrocatalysts were prepared by the reduction of metal pre-
cursors with formic acid, managing a total platinum loading of
108 �gPt cm−1 (96:4 atomic ratio of Pd:Pt).

Manthiram et al. [18], fabricated a high performance MEA
(1200 mW cm−2, 200 �gPt cm−2) by a modified thin-film method
using un-catalyzed gas diffusion electrodes to support the thin film
catalysts layer. The anode and the cathode catalysts were Pt sup-
ported on carbon black with a loading of 100 �g cm−2 for each
electrode. As it is observed, despite the very low Pt loading, this
electrocatalyst presented the highest power density values. Cavar-
roc et al. [19] manufactured ultra-low Pt content MEA  (10 �g cm−2

for the anode and 10 �g cm−2 for the cathode) by magnetron co-
sputtering of carbon and Pt on a uncatalyzed gas diffusion layer,
which gave a power density of 400 mW cm−2 or 20 mW �g−1

Pttotal
.

Additionally, Gruber et al. [20] also sputter-deposited Pt thin
film layers onto different porous electrodes, as the platinum thin
film layer presents the advantage to be active in the immedi-
ate neighbourhood of the electrode with the proton-conducting
membrane. The total Pt loading was  only 10 �g cm−2 and the max-
imum mass specific power density almost reached 13.2 mW �g−1

Pttotal

(132 mW cm−2) (Fig. 3, region a). The aforementioned works man-
aged to decrease the Pt amount and simultaneously increase its
utilization coefficient. To reduce Pt loading, except for the trend
to alloy the Pt or to modify its support, a proper MEAs fabrica-
tion method could also be a promising way. Erlebacher et al. [21]
suceeded to control very low values of Pt loading (56 �g cm−2 of
total platinum loading) by adopting a stamping technique and then
to fabricate Pt-plated nanoporous gold leaf, which is a carbon-free
electrocatalyst. Despite of the very low Pt amount, they obtained
4.28 mW �g−1

Pttotal
(240 mW cm−2).

As it can be distiguished in Fig. 3, a serious number of
investigations have also been appeared [11,12,22–29] the last
decade with fuel cell maximum mass specific power density values
below 1 mW �g−1

Pttotal
(region c, in Fig. 3), while for some oth-

ers [6,13,30–34] the values are embraced in the range between
1 − 5 mW �g−1

Pttotal
(region b, Fig. 3). From a quick glance at the cat-

alysts that belong to regions (b) and (c), it is deduced that in the
last years one of the common approaches to succeed the Pt load-
ing target was  to adopt also novel supports, except carbon black.
Among the most examined supports, are the multi-walled carbon
nanotubes (MWCNTs) and single-walled carbon nanotubes (SWC-
NTs), which possess desirable properties as the Pt supports, such
as high electrical and thermal conductivity, inertness, etc. [35].

2.1.2. Direct methanol fuel cells – DMFCs
DMFCs mainly have the following technical drawbacks: (i) low

electrocatalytic activity for methanol oxidation reaction (MOR), (ii)
very low electrocatalytic activity for oxygen reduction reaction (ORR)
especially in presence of methanol crossover, and (iii) CO poison-
ing of the anode electrocatalyst. From one hand, the sluggish MOR
kinetics even over PtRu, which is one of the best catalytic systems
developed for this reaction, is one of the determining steps for
DMFCs commercialization. On the other hand, the best catalytic
systems exhibiting a desirable DMFCs performance require a quite
high anode catalyst loading of 200 − 800 �g cm−2 [36]. Thereafter,

in the identification of novel anode catalysts for MOR, not only the
performance (activity, reliability, and durability) but also the cost
should be taken into account. Consequently, even in this case, one
effective strategy for low cost anode catalysts development is to
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Fig. 4. Cyclic voltammetric results for MOR: Current density (mA  cm−2 at 0.7 V)
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easonably decrease the Pt content, while maintaining the DMFCs
erformance at an accepted level.

According to the literature, a number of Pt alloys [37,38],
ith Pt-Ru [36] to be the best, exhibited an enhanced electrocat-

lytic activity for MOR  by removing CO-like intermediates through
ifunctional mechanism at lower potential values. The catalytic
ctivity of Pt-Ru-alloys [37] towards MOR, compared to the other
t alloys, has been extensively studied by different research groups.
mong them, Whitacre et al. [39] investigated a low Pt loaded cat-
lyst (Ni31Zr13Pt33Ru23) with comparable specific activity towards
OR  to the best Pt-Ru alloy. Currently, Ando et al. [40] adopted

 new synthesis method that involve the following steps: (a) oxi-
ation of carbon support, (b) adsorption of Pb2+, (c) its reduction
nd (d) galvanic displacement of Pb0 by Pt and Ru, to finally develop
ery thin Pt-Ru nanoplatelets on carbon nanoparticles. This catalyst
xhibited 10 times higher Pt mass activity towards MOR  than the
ommercial PtRu/C, while its Pt loading was only 0.32 �gPt cm−2,
uch less than the commercial one (10 �gPt cm−2). This signifi-

ant activity improvement has been attributed to the effect of the
nderlying layer, which strongly affected the activity of the top layer
atalyst. Novel mesoporous alloys Pt-Ru (116 �gPtRu cm−2) were
nvestigated by Corti et al. [41]. Compared to Pt itself, Pt/Ru alloy
ontaining ca. 3 at.% of Ru and ∼112 �gPt cm−2, exhibited lower
nset potential value and 5% higher than the E-TEK’s Pt/C. This
ehaviour is assigned to the larger pore size of the mesoporous
t and PtRu catalysts characterized with this template that seems
o improve the methanol accessibility to the active sites.

The state-of-the-art of the low Pt loading electrocatalysts activ-
ty at 0.7 V and maximum activity for MOR  obtained by the cyclic
oltammetry technique under half cell conditions is depicted in
ig. 4. The 0.7 V (instead of 0.4 V, which is considered as the work-
ng voltage of DMFC in a practical fuel cell) has been selected
or the comparison of the catalysts as most of the peak cur-
ent densities are close to this potential value. The results of the
haracterized catalysts are classified into three distinct regions of
ass specific activity (MSA) values: (a) between 1 mA  �g−1

Pt and
0 mA  �g−1

Pt , (b) between 0.25 mA  �g−1
Pt and 1 mA  �g−1

Pt , and (c)

ower than 0.25 mA  �g−1

Pt . From the above regions, it is evident that
ost of the examined electrocatalysts [37,42–53] present inter-
ediate electrocatalytic activity (region b, in Fig. 4), while the

umber of works [37,54–62] which present lower mass specific
vironmental 127 (2012) 371– 388

activity (< 0.25 mA �g−1
Pt , region c) is also not small. Only few works

[63–66] belong to region (a). The best value has been obtained by
Yang et al. [66]. This research group reported for the first time the
synthesis of core-shell CdSe at Pt nanocomposites. The Pt load-
ing was  20 �gPt cm−2, while the current density at 0.7 V reached
142.5 mA cm−2 vs. Ag/AgCl (165 mA cm−2, maximum current den-
sity), which is the highest among the values of the electrocatalysts,
appeared in the international literature.

In general, bimetallic nanomaterials with core-shell structure
usually exhibit superior activity in heterogeneous catalysis due to
the synergetic effect between the two  metals, while the metal is
distributed only on the surface of a core composed of a transition
metal other than Pt. Thus the Pt loading can be decreased. More-
over, most of them showed remarkable COads tolerance and more
effective mechanism for promoting COads removal [63]. Accord-
ing to the literature analysis (Fig. 4), except the special structure,
adopting different supports is also an effective way  to reduce Pt
loading, the same as the case of H2-PEMFCs. Among the investi-
gated novel carbon materials, the pre-treated CNTs are extremely
attractive. The use of nanotechnology for treating catalyst support
is very significant as it contributes to a high Pt utilization and an
increased specific surface area. More precisely, by improving Pt uti-
lization, its loading is minimized and the performance is improved.
In the catalyst layer, this can be accomplished by a better distri-
bution of the platinum particles, or a smaller particle size, or an
increase of the number of the particles in the three-phase bound-
ary region [67]. Consequently, the characteristics of the support
materials can also determine the electrochemical properties of the
catalysts by altering: (i) the active electrochemical surface area, (ii)
the metal catalysts stability during the fuel cell operation and (iii)
the mass transfer. Hence, the optimization of carbon supports is
very important in DMFC technology development [35]. Tang et al.
[68] reviewed new carbon materials such as ordered porous carbon,
carbon nanofibers, etc., which have been used in direct alcohol fuel
cells. According to them, these materials generally presented bet-
ter performance due to their special structure, better crystallinity,
good stability and faster mass transfer compared to the commercial
materials, with carbon nanotubes to demonstrate the best perfor-
mance up to the present [69].

In this point, it is noted that in the inset of Fig. 4 the compari-
son of the reported catalysts is done taking the maximum current
density as reference point instead of the current density at 0.7 V.
However, the results are almost the same, except that reported by
Rao et al. [42]. They studied the promoting role of the molybdenum
oxides in Pt to the methanol oxidation reaction and measured (CV)
a current density of 251 mA  cm−2 vs. Ag/AgCl.

Meanwhile, despite the fact that many low Pt loading anode
electrocatalysts have been examined for MOR  by using the cyclic
voltammetry technique (Fig. 4), a relatively small number of
catalysts have been investigated under real DMFC operational con-
ditions.

The up-to-date low Pt anode and cathode DMFCs’ electrocat-
alysts and for the sake of comparison some examples of the best
reported electrocatalysts with high total Pt loading are depicted in
Fig. 5. The results can be classified into three regions: region (a)
which embraces the catalysts with maximum mass specific power
density higher than 0.1 mW �g−1

Pttotal
, region (b) which includes

the catalysts with maximum mass specific power density between
0.01 mW �g−1

Pttotal
and 0.1 mW �g−1

Pttotal
, and region (c) with max-

imum mass specific power density lower than 0.01 mW �g−1
Pttotal

.

The lowest total Pt loading reported is 730 �gPttotal
cm−2 and it
has been studied under DMFC conditions (region a, in Fig. 5) by
Gonzales et al. [70]. They prepared carbon-supported anode Pt-Sn
electrocatalysts, by co-impregnation of Pt and Sn precursors with
formic acid as the reducing agent. The examined electrocatalyst
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Fig. 6. Cyclic voltammetric results: Current density (mA  cm−2 at 0.7 V) dependency
ig. 5. Direct Methanol Fuel Cell operation results: Maximum DMFCs power density
ependency on total (anode + cathode) platinum loading (�g cm−2). In the brackets
he  reference number is reported.

xhibited performance, 89 mW cm−2 (0.12 mW �g−1
Pttotal

). Accord-
ng to the authors [70], Pt-Sn with an appropriate atomic ratio of
t:Sn oxidizes CO at lower potentials than pure Pt. Therefore, in this
ork the good DMFC performance could be attributed to the Pt-Sn

lloy effect and its synergistic action on CO removal.
According to the state of the art, the highest fuel cell perfor-

ance (210 mW cm−2 or 0.09 mW �g−1
Pttotal

) was  achieved over a
tRu alloy supported on graphitic mesoporous carbon [71] and it
as been attributed to the crucial role of the mesoporous carbon
ore size.

The second best fuel cell performance of 150 mW cm−2 or
.07 mW �g−1

Pttotal
has been reported by Aricò et al. [72], over

t-decorated (2100 �gPttotal
cm−2) unsupported Ru electrocatalyst.

ost of the reported results in Fig. 5 have been obtained at anodes
ith total Pt loading higher than 1000 �gPttotal

cm−2 (region b)
71–81]. Region (c) contains the results of high Pt loading anode
ith very low performance [82].

It is a fact that year by year the anode Pt loading is significantly
educed along with the improvement of catalyst synthesis meth-
ds, MEA  fabrication techniques, and so on. Nevertheless, despite of
he attempts and the improvements to lower Pt loading in order to
chieve a desirable DMFC performance, the total Pt loading (anode

 cathode) still remains very high. More precisely, as it has been
entioned above, today the acceptable mass specific power den-

ity (MSPD) target for H2-PEMFCs is ∼5 mW �g−1
Pttotal

. If the same
r at least the half target will be adopted from the international
esearch community for DMFCs, it is obvious that much stronger
ffort is necessary for their commercialization. This is due to the
act that up to now the best DMFC mass specific power density
alue is close to 0.12 mW �g−1

Pttotal
[70] (Fig. 5).

.1.3. Direct ethanol fuel cells—DEFCs
Aricò et al. [83] was one of the first research groups that investi-

ated the electrochemical oxidation of ethanol in a liquid-feed solid
olymer electrolyte fuel cell operating at 145 ◦C. The products were

ater, carbon dioxide, acetaldehyde and unreacted ethanol. Based

n the state-of-the-art of anode electrocatalysts for Ethanol Oxi-
ation Reaction (EOR) in DEFCs, the main products of this reaction
re still acetaldehyde, acetic acid [84], and CO2 [85] in relatively
on  the platinum loading (�g cm−2) for ethanol electro-oxidation. Inset: Maximum
Current Density dependency on the platinum loading (�g cm−2) for ethanol electro-
oxidation. In the brackets the reference number is reported.

low quantities. Consequently, identifying electrocatalysts for oxi-
dizing ethanol to CO2 that can break C-C bonds of ethanol molecules
has become a practical challenge for DEFCs’ development. In addi-
tion, the imperative necessity for lowering Pt loading by doping
Pt with a second or a third metal has been seriously taken into
account. According to Antolini’s review up-to 2007 about EOR elec-
trocatalysts [86], the anode materials that have been extensively
investigated were the binary Pt-Ru and Pt-Sn and the correlated
ternary Pt-Ru and Pt-Sn based catalysts, with an average Pt loading
of 2000 �gPt cm−2. Based on the current status of EOR  anode elec-
trocatalysts, the above-mentioned metal combinations are still the
preferable ones. For example, it has been reported that the addition
of two metals such as RuSn and RhSn enhances the electrocatalytic
activity toward EOR with respect to Pt alone or binary PtSn or PtRu.
More precisely, at lower potentials Sn exhibits higher activity than
Pt to activate water molecules forming OH species that can fur-
ther react with the adsorbed acetaldehyde molecules to produce
acetic acid [87]. In Fig. 6, the current density from CV as a function
of platinum loading are plotted and two main regions can be dis-
tinguished: region (a) which embraces electrocatalysts with mass
specific activity higher than 1 mA  �g−1, and region (b) where the
mass specific activity is between 0.1 − 1 mA  �g−1

Pt .
Recently, Adzic’s group [88] reported a ternary PtRhSnO2

electrocatalyst consisted of ∼30 �gPt cm−2 (30 nmol of Pt) and
4.1 �gRu cm−2 (8 nmol of Rh). Despite the fact that Rh loading was
very low, its presence dramatically enhanced the C-C bond cleav-
age of ethanol molecules, in acidic environment even at room
temperature, mostly due to the joint synergetic effect among the
components. Although Rh additive can improve PtSn’s activity, the
composite catalyst is still a relatively Pt-rich high cost material
not to mention that the price of Rh is almost the same with that
of Pt (∼45D /gPt vs. ∼40D /gRh). The role of Ru-oxide in the Pt-Ru
alloy catalysts has been lately recognized by Datta et al. [89]. They
found that under the optimum composition (Pt88Ru12) the onset
potential was  very low and the current density for EOR reached
the value of 40 mA  cm−2 vs. MMS  under linear sweep voltammetry
(LSV) measurements.
As it can be seen in Fig. 6 only one result is contained in region
(a), recently reported by Wang et al. [90]. They prepared and
tested a carbon-supported PtRuCo nanoparticles with low noble
metal content (Pt loading of 20 �gPttotal

cm−2), which exhibited
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Fig. 7. Direct Ethanol Fuel Cell operation results: Maximum DEFCs power density
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following equation: im = ik/metal(Pt)loading.
ependency on total (anode + cathode) platinum loading (�g cm ). In the brackets
he  reference number is reported.

uperior performance of ∼307 mA  cm−2 towards EOR. According
o the authors, the good performance and stability of the above
lectrocatalyst could be attributed to the coexistence of Ru and Co.
u can transform CO-like poisoning species on Pt into CO2, leav-

ng free the Pt active sites for further adsorption and oxidation of
thanol molecules by the bifunctional mechanism and/or a ligand
ffect, while Co can improve the EOR performance in acidic solu-
ion. Moreover, as it can also be distinguished in Fig. 6 most of
he examined catalysts belong to region (b), presenting mass spe-
ific activity values between 0.1 − 1 mA  �g−1

Pt , and higher stability
han pure Pt/C [91–100]. A relatively good mass specific activity
f ca. 0.9 mA  �g−1

Pt has been measured over PtRu electrocatalysts.
hese electrocatalysts have been derived from polyoxyethylene
is(amine) functionalized multi-walled carbon nanotubes (POB-
WCNTs) that have been fabricated by electrostatic self-assembly

echnology, where Pt and Ru precursors were first uniformly dis-
ributed on the POB-MWCNTs surface [91]. Among them, special
nterest is devoted to the heat-treated PtSn at Rh/C [98] which was
ynthesized by a two-step sequence method. The above catalyst
xcept for the good ethanol electrooxidation showed an enhanced
ctivity also toward acetic acid electrooxidation, which is ethanol’s
lectrooxidation intermediate. Finally, in the inset of Fig. 6 the
esults in terms of the maximum current density are reported. It
an be easily deduced that among the examined electrocatalysts
he order of the current density values did not change.

The performance of low platinum anode or cathode catalysts for
EFCs (at ∼90◦), in terms of maximum power density dependency
n total platinum loading (MEA’s platinum loading) is reported in
ig. 7. For comparison reasons, the performance of some anode and
athode catalysts with higher platinum loadings is also included. As
t can be seen, the results can be distiguished in two  main regions:
a) with the catalysts’ presented activity between 0.05 mW �g−1

Pttotal

nd 0.016 mW �g−1
Pttotal

[83,101–114], and (b) with the catalysts’

resented activity below 0.016 mW �g−1
Pttotal

[115–122]. As it is
hown, until today the lowest total Pt loading used for DEFCs
s 573 �g cm−2, in the case of PtRuIrSn/C catalyst [114], which

−2
xhibited a good maximum power density of 29 mW cm ,
0.05 mW �g−1

Pttotal
) and long-term stability. The second best max-

mum mass specific power density value (0.047 mW �g−1
Pttotal

, or
vironmental 127 (2012) 371– 388

105 mW cm−2) was achieved by Sun et al. [103] using PtRu/C as
anode and Pt/C as cathode. However, the ever highest power den-
sity (110 mW cm−2 or 0.028 mW �g−1

Pttotal
) was  achieved in 1998 by

Aricò et al. [83], at an operating temperature of 145 ◦C. The anode
was Pt-Ru (2 mgPt cm−2) binary electrocatalyst and the cathode
was Pt (2 mg  cm−2), both supported on carbon. A high perfor-
mance, 96 mW cm−2 or 0.017 mW �g−1

Pttotal
, has been also obtained

by Sun et al. [101], over double-layer anode and cathode which both
consisted of one layer made by Pt3Sn and a second-layer by PtRu.
The best fuel cell performance was  observed in the case the Pt3Sn
was the first layer (close to the anode diffusion layer) and the PtRu
as the second one (adjacent to the Nafion membrane).

It is worth to be noticed that as in the case of DMFCs concerning
the last five years investigations, the nanomaterials [123,124] have
attracted great interest because of their unusual catalytic, mechan-
ical, electrical and optical properties. Recently, different kinds of
carbon nanomaterials such as hollow graphitic nanoparticles [68],
carbon nanotubes [48] and graphitic carbon nanofibers [68] were
investigated and different fabrication methods have been adopted.
These carbon materials can exhibit superior performance com-
pared to the conventional carbon supports for EOR anode catalysts.
In conclusion, compared to DMFCs, the best performance of DEFCs,
in terms of max-MSPD, is three times lower (see Figs. 5 and 7).

2.2. Cathodes

Compared to hydrogen oxidation reaction (HOR), oxygen reduc-
tion reaction (ORR) is characterized by much more sluggish
kinetics, with exchange current density values between 10−7 and
10−9 A cm−2, versus 10−3 A cm−2 of the HOR [125,126].  Obviously,
the electrocatalysts of ORR play a key role in determining the
PEMFCs performance. Until now, Pt is considered as the best
ORR electrocatalyst. ORR over Pt takes place mainly through a
4-electron process mechanism. Under typical conditions, the oxy-
gen reduction intermediate species share the electrode’s surface
with platinum oxide and/or hydroxide compounds as well as with
other adsorbed species. The formation of platinum oxide and/or
hydroxide compounds shows an irreversible behaviour and so the
performance of a Pt electrode may  also depend on this. The recent
state-of-the-art for low-Pt and Pt-free electrocatalysts for ORR,
reviewed by Palacin et al. [127] revealed that the research commu-
nity adopted many different methods to reduce Pt loading, such as
using nanoparticles on various supports, preparing Pt-monolayers
supported on suitable metal nanoparticles and 1-D, 2-D and 3-D
nanostructures, etc.

The mass activities of the most recent low-Pt ORR electro-
catalysts that have been tested according to the rotating disk
electrode (RDE) technique are shown in Fig. 8 (at 0.75 V, 1600 rpm)
[128–131]. From the RDE theory, the relationship between the
kinetic current density and the diffusion-limited current density
can be expressed (Paulus et al. [132]) by the following relation-
ship ik = (i × id)/(id − i), where id stands for the diffusion-limited
current density, ik for the kinetic current density and i for the
current density at each electrode potential, on which the calcu-
lated kinetic current densities are based. According to the electrode
kinetic theory [133], the kinetic current density can be expressed
as � =  ̨ − (2.3RT/anF)log(ik), where � is the overpotential,  ̨ is a
constant, ik the exchange current density, R the gas constant, T
the temperature, a the electron transfer coefficient, n the electron
transfer number in the determining step of ORR and F the Faraday’s
constant. Then the mass activity values can be calculated from the
Among the reported electrocatalysts, the dealloyed Pt-Cu (3:1)
nanoparticles supported on carbon and annealed at 800 ◦C for
7 h, prepared by Oezaslan et al. [131] presented the highest mass
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ig. 8. Mass activities (mA  �g−1
Pt ) (at 0.75 V, 1600 rpm) for Oxygen Reduction Reaction

in absence of H2, MeOH or EtOH), [*1200 rpm, **2000 rpm].

ctivity, almost 10 mA  �g−1
Pt vs RHE. The catalyst presented

nhanced mass activity, revealing a 4-electron reduction pathway,
ost probably due to the annealing effect. A new composite elec-

rode was prepared by Dsoke et al. [130]. More precisely, a Pt-Co/C
lloy was mixed with a Cs2.5H0.5PW12O40 salt, which has been
emonstrated to be very effective support for Pt nanoparticles.
he as-prepared catalyst exhibited a mass activity of 6 mA �gPt vs.
HE because of both the high surface activity and the high mobil-

ty of the protons. Moreover, the electrocatalysts Pt2Ni/C [128],
tCo3 [131] and AucorePtshell/C [129] exhibited similar mass activ-
ty values (4 mA  �gPt). The good catalytic activity presented by the
t2Ni/C was attributed: (i) to the appropriate interatomic Pt-Pt dis-
ance caused by alloying, (ii) to the high dispersion of the alloy
atalysts and (iii) to their disordered structure. Concerning the
ucorePtshell/C, when Au atoms are exposed to the surface to some
xtent, the surface Au could repel the adsorption of oxygenated
pecies and higher ORR activity can be achieved. Finally, the anneal-
ng at 800 ◦C for 7 h and the resulting uniformity of Pt–Co crystal
hase was the key factor for PtCo3’s good electrocatalytic activity.
he mass activity values for the rest of the examined electrocata-
ysts (Fig. 8) ranged between 0.02 and 0.18 mA �gPt [134–140].

As it will be also discussed below, despite the fact that many
ow Pt electrocatalysts, evaluated by the technique of RDE, showed

 sufficient activity, it is quite difficult to reduce the cathode’s Pt
oading without a serious fuel cell performance loss [141,142].

.2.1. H2-PEMFCs
A few low-Pt cathode catalysts have been investigated under

eal H2-PEMFCs working conditions. Among them, only a small
umber exceeds the target of 5 mW �g−1

Pttotal
which has been set

y the USA’s DOE (Fig. 3).
The catalytic activity of Pt towards ORR strongly depends on:

i) its O2 adsorption energy, (ii) the O-O bond dissociation energy,
nd (iii) the OH binding energy on Pt surface. Alloying causes a lat-
ice contraction, leading to a more favourable Pt-Pt distance for the
issociative adsorption of O2. The d-band vacancy can be increased
fter alloying, producing a strong metal-O2 interaction and then
eakening the O-O bond.

Binary alloys of Pt-Cu [143], Pt-Co [144–147], Pt-Ni [145,146],

t-Cr [145] exhibited 2–3 times higher mass specific activity than
t/C. The enhancement was much greater on the basis of the elec-
rochemical active surface area of Pt. Currently, novel ternary low
t electrocatalysts, such as PtFeNi and PtFeCo [147] with enhanced
vironmental 127 (2012) 371– 388 377

electrocatalytic activity towards ORR in PEMFCs have also been
reported. However, in some occasions, Pt phase segregation was
observed. Because of the lower cost of Pd than that of Pt, Pd-
Pt bimetallic catalysts have been extensively examined for ORR,
having almost the same electrocatalytic activity as Pt. More pre-
cisely, it has been reported that Pd-Pt bimetallic catalysts doped
into hollow core mesoporous shell carbon (PtPd/HCMSC) exhibited
considerable activity and stability [148,149].  Metal oxide electro-
catalysts have also been extensively studied for their ORR catalytic
activity and electrochemical behaviour. The investigations showed
that in most cases they gave higher ORR performance than Pt/C
catalyst. This could be due to their oxygen storage capacity and
their ability to exchange oxygen rapidly in the buffer as well as
because of their higher durability and good stability with respect
to the commercial Pt/C catalysts [150]. Furthermore, core-shell cat-
alysts have recently attracted much attention as part of the efforts
to reduce Pt-content. These catalysts have the unique character-
istics to force Pt atoms to the surface of the particles containing
less expensive metals. Based on the recent investigations, Pt-rich
shell and Pt-Co core with low Pt content showed a very good
activity. This has been attributed to both the higher surface area,
which was caused from the particle surface’s leaching Co atoms,
and the electronic interaction between Co and Pt atoms [151].
However, as it has been reported by Maillard et al. [152],  this dis-
solution of Co atoms under fuel cell working conditions does not
ensure stability of a H2-PEMFC. The anode was pure Pt supported
on carbon. The fuel cell had been operated at 70◦C for 1124 h.
A further investigation of the same research group [153] con-
firmed that Co atoms were continuously depleted from the mother
Pt3Co/C electrocatalyst because they could diffuse from the bulk
to the surface of the material. Other methods for reducing Pt load-
ing includes the adoption of novel nano-supports and preparation
methods.

Fig. 3 reports the results of the most recent investigations con-
cerning low Pt cathode electrocatalysts tested in a H2-PEMFC. An
optimized electrode structure has been obtained by Mougenot et al.
[154] with a Pt loading of 1 �gPttotal

cm−2. A H2-PEMFC, with a
cathode of PdPt and an anode made by pure Pd, both deposited
on different backing layers by the plasma sputtering technique,
exhibited a performance of 260 mW �g−1

Pttotal
, which is the highest

MSPD reported in the literature. This result indicates the impor-
tance of not only the alloying effect but also the MEAs’ fabrication
method.

Mukerjee et al. [155] also reported interesting H2-PEMFC’s
performance values that exceeded the DOE’s 2015 tar-
get (6.56 mW �g−1

Pttotal
or 788 mW cm−2) using a MEA  with

120 �gPt cm−2 of total platinum loading. Their MEA  consisted of
Pt alone and the electrodes were obtained by direct metallization
of non-catalyzed gas diffusion layers via dual ion beam assisted
deposition (IBAN) method. This performance was much higher
than that of the other electrocatalysts with higher Pt loading
(region c) [156–169]. Due to this significant improvement, Muker-
jee et al. [170] also adopted the same method for the preparation
of MEA  with Pt alone, as the electrocatalyst, with a total loading of
160 �gPt cm−2 and mass specific power density ca. 5.8 mW �g−1

Pttotal

(or 922 mW cm-2). As it can also be seen (Fig. 3), a great number
of cathode electrocatalysts [171–178] (region b) presented maxi-
mum  mass specific power density values below 5 mW �g−1

Pttotal
, while

the majority of them [156–169] exhibited performance below
1 mW �g−1

Pttotal
.

In a summary, a great deal of attention has been given not only
to Pt alloys but also to the electrocatalyst preparation methods and
support identification. Thus, so far, there is an improvement in H2-

PEMFCs electrocatalysts, with some of them to present maximum
mass specific power density values higher than 5 mW �g−1

Pttotal
.
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the number of the investigations devoted to novel ORR electro-
ig. 9. Mass activities (mA  �g−1
Pt ) (at 0.8 V, 1600 rpm) for Oxygen Reduction Reaction

n  presence and in absence of methanol [*1000 rpm, **1800 rpm, ***2000 rpm].

.2.2. Direct methanol fuel cells – DMFCs
In the case of DMFCs, the cell performance is normally lower

han that of H2-PEMFCs, while the Pt loading in the catalyst layers is
ignificantly higher, due to the sluggish MOR  and ORR at the anode
nd cathode compartments, respectively. Moreover, in a DMFC,
ethanol crossover from the anode, through the membrane, to the

athode represents a serious problem which can cause the total
uel cell performance loss. Therefore, methanol-tolerant Pt-based
lloys at the cathode are also required for DMFCs. Antolini et al.
179] reviewed methanol-resistant ORR Pt-based electrocatalysts
or DMFCs. According to their results, the best performance of the
xamined electrocatalysts was due to both geometric (decrease of
he Pt-Pt bond distance, particle size effect) and electronic (increase
f Pt d-electron vacancy) factors [180]. However, at the present
here are only few investigations about ORR electrocatalysts for
MFCs with low Pt loading. Fig. 9 depicts the mass activities of

ome of the most recent low-Pt cathode electrocatalysts in terms
f mA  �g−1

Pt which were examined with the RDE technique for the
RR in presence and in absence of methanol (at 0.8 V, 1600 rpm).
ccording to Fig. 9 the highest mass activity, 0.27 mA  �g−1

Pt vs.
HE, has been achieved over Pt-Cr alloy nano-sized (50 �gPt cm−2)
upported on carbon (Vulcan XC-72), prepared by Lamy et al.
181] via a Pt-carbonyl route. The relatively good methanol toler-
nce, exhibited by this catalyst, was attributed to the composition
ffect and the disordered surface structure. The next better ORR
lectrocatalyst for DMFCs, Pt3Co/C, for DMFCs was  prepared by
olmenares et al. [182]. Compared to Pt, this catalyst exhibited
igher mass activity, at the value of 0.187 mA  �g−1

Pt vs. RHE (but
ot very good compared to other catalysts that are depicted in
ig. 9) and a good methanol tolerance, despite its very small par-
icles. The same research group studied also the Pt3Ni, whose
ctivity reached 0.135 mA  �g−1

Pt and its tolerance was also good
ompared to Pt. Wang et al. [183] have studied a new nanocom-
osite cathode composed of iron phthalocyanine, Pt, carbon black
nd Nafion (FePc-Pt/C-Nafion), which exhibited enhanced catalytic
ctivity for ORR in absence (0.086 mA  �g−1

Pt vs. RHE) and in presence
f methanol (0.048 mA  �g−1

Pt ) compared with the usual Pt/C based
lectrodes. However, the rest of the electrocatalysts reported in
ig. 9, even though they present relatively low mass activity values,

ave excellent tolerance in presence of methanol [184–188].

Generally, there are two different methods reported in
he international literature for optimizing methanol tolerant
vironmental 127 (2012) 371– 388

electrocatalysts for ORR: (a) using Pt alloying and (b) using various
supports, putting in evidence for the complexity of the synthesis of
cheap and efficient electrocatalysts for ORR.

Despite the fact that many low Pt electrocatalysts have been
investigated for ORR and characterized by the RDE technique
there are only a few ones that have been examined under DMFCs
working conditions. In Fig. 5 are depicted the most recent works
concerning the investigation of low-Pt ORR electrocatalysts in a
DMFC. The published results could be embraced in two regions:
region (a) with maximum mass specific power density values higher
than 0.1 mA �g−1

Pt and region (b) with maximum mass specific
power density values between 0.1 mA �g−1

Pt and 0.01 mA  �g−1
Pt . Sim-

ilar to the low Pt anodes, the total Pt loading remains relatively
high for the low Pt cathodes investigated in a DMFC. According
to Fig. 5, the best maximum mass specific power density value
∼0.15 mW �g−1 (or 74 mW cm−2) was  achieved by Sakthivel et al.
[189]. They prepared Pt electrocatalysts deposited on MWCNTs via
the microwave-assisted polyol method (region a), using a zwit-
terionic surfactant as a stabilizing agent for the formation of Pt
nanoparticles. The total Pt loading remained at the relatively low
level of 500 �gPt cm−2. According to the authors, the use of sur-
factants is another important parameter for the achievement of
uniform and stable nanoparticles. Then, the optimized amount, size
and distribution of nanoparticles due to the surfactant gave the
good maximum mass specific power density.  Li et al. [190] using
Pt-Fe/C (1.2:1) alloy as cathode, with the double amount of Pt
1000 �gPt cm−2, obtained the second best value ∼0.12 mW �g−1

(or 120 mW cm−2) reported in the literature. This excellent perfor-
mance was  attributed to the smaller particle size and the better
Pt-Fe alloy structure.

However, the majority of the electrocatalysts [191–197] (region
b) exhibits maximum mass specific power density values between
0.01 and 0.1 mW �g−1

Pttotal
(Fig. 5).

2.2.3. Direct ethanol fuel cells – DEFCs
It is well known that in DEFCs, ethanol fed to the anode com-

partment can permeate through the electrolyte to the cathode, just
like methanol in the case of DMFCs. Consequently, ethanol and oxy-
gen adsorption are competing with each other for the same active
surface sites. As it was discussed above, DMFCs showed improved
performance when Pt-M/C alloys were used as cathode materials
instead of Pt/C. In the case of DEFCs, few works [198–200] also
showed that the addition of a second metal to Pt enhanced the ORR
activity, and that the dependence of the ORR activity on the sec-
ond metal content reached a maximum [86]. It was  found that O2
is more readily adsorbed and easily dissociated on the M-modified
Pt surface. Moreover, in presence of ethanol a larger increase of the
ORR overpotential on Pt than on Pt-M has been observed, indicating
the higher ethanol tolerance of the binary catalyst [86].

Fig. 10 reports some recent results of low Pt cathode elec-
trocatalysts for the ORR in presence and in absence of ethanol,
characterized with RDE technique. As it can be seen, in absence
of ethanol the best mass activity of 0.072 mA  mg−1

Pt is presented
by the three Pt-M oxides [201], Pt0.7-Co0.3/MWCNT [202] and
PtCeOx/MWCNT [203]. In presence of ethanol, despite the fact that
there were no current peaks associated to the ethanol oxidation,
a higher overpotential (in comparison to absence of ethanol) was
observed, with Pt0.7-Co0.3/MWCNT to be more tolerant compared
to the other catalysts.

In Fig. 7 are reported the results of the ORR electrocatalysts
that have been investigated in a single DEFC. As it can be seen,
catalysts under DEFC operational conditions is very limited, while
the hitherto lowest total Pt loading 2000 �gPt cm−2 [198,204,205].
From the small number of the works shown in Fig. 7 it is deduced
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Fig. 11. H2-Fuel Cell operation results over non-platinum anodes: Maximum power
density (mW  cm−2) over different Pt-free anodes. In the brackets is reported the
total platinum amount (�g cm−2) contained in the cathode. Inset: Enlarged bars of
ig. 10. Mass activities (mA  �g−1
Pt ) (at 0.8 V, 1600 rpm) for Oxygen Reduction Reaction

n  presence and in absence of ethanol [*1200 rpm].

hat stronger effort is required for further optimization of the DEFC
athodes.

. Non platinum electrocatalysts

.1. Anodes

Investigations concerning Pt-free anodes have also appeared
ecently for H2-PEMFCs, DMFCs and DEFCs. The corresponding
esults are presented and discussed below. The challenge of the
esearch community is to develop low cost non-noble metal elec-
rocatalysts, which should have both high electrocatalytic activity
nd very good stability in a strongly acidic humidified environment
f PEMFCs.

.1.1. H2-PEMFCs
The last years, a number of scientific works have been devoted

o the study of Pd as an alternative electrocatalyst for H2-PEMFCs
57,206]. Shao et al. [172] reviewed Pd-based electrocatalysts for
OR, but the mechanism of the activity improvement have still not
een fully understood. Lee et al. [207] prepared and investigated
d-Ni alloy supported on tungsten carbide for the HOR. The strong
nteraction between PdNi alloys and WC in the case of PdNi/WC
node used in a H2-PEMFC under working conditions caused a
erformance of 230 mW cm−2, following that of iridium-vanadium
lloy which exhibited 1000 mW cm−2 (Fig. 11)  [208]. The Pt load-
ng of the cathode electrocatalyst was 300 �g cm−2 for the former
nd 400 �g cm−2 for the latter case. Concerning the PdNi/WC elec-
rocatalyst it is worthy to be noticed that there was no obvious
erformance degradation after 100 h of continuous operation [208],

ndicating a long-term stability.
A very common approach to develop non-noble electrocatalysts

s to adopt carbides and nitrides [209]. Especially, molybdenum
nd tungsten carbides and nitrides – cheaper substitutes of Pt-
ased catalysts – are the most common non-Pt electrocatalysts. The
apability of using transition metal carbides and nitrides for HOR
as been investigated since the end of sixties by Böhm and Pohl
210]. It has been shown that tungsten carbide/carbon catalyst can
e used in fuel cells operated with hydrogen or CO-rich hydrogen

uel. Later, several groups investigated tungsten based materials
or HOR [211]. Moreover, it was reported that tungsten carbides
howed catalytic properties similar to Pt-group metals [212,213].
rom the single fuel cell performance point of view, it was found
the maximum power density of the less active Pt-free electrocatalysts.

that in the case of WC and WNi/C the respective maximum power
density value obtained was only 5.7 and 7.3% of that achieved over
the commercial 20 wt.% Pt/C [212]. Also the maximum power den-
sity value over cobalt-tungsten carbide and molybdenum-tungsten
carbide with Ketjen carbon support was  14 and 11% of the com-
mercial 20 wt.% Pt/C, respectively [213]. According to the literature,
WC containing a small amount of Pt (one-tenth of the amount of Pt
contained in the commercial Pt/C catalyst) exhibited superior mass
activity and excellent stability to the commercial Pt/C [214] due to
the strong synergetic effect between Pt and WC,  leading to the dras-
tic reduction of Pt loading. Yang and Wang [215] synthesized and
tested in a H2-PEMFC at 80 ◦C and 3 atm nano-tungsten carbides
electrocatalyst. The electrocatalytic activity at the WC  based anode
has been attributed to the inherent functionalization of tungsten
and carbon valence, as well as to the catalyst nanostructure, which
is capable of providing highly active sites.

In order to overcome the Pt loading problem, Kaninski et al. [216]
investigated Co (Co/Carbon paper), which costs much less than Pt.
Though, the performance of Co towards HOR  – not as good as that
of Pt – it is higher than that of some other electrocatalysts as it can
be seen from Fig. 11.

Usually, non-precious metal alloys are not preferable from
the research community, because the requirement of good resis-
tance to CO is difficult to be achieved [217]. As it is obvious
from Fig. 11,  tungsten carbides and especially nickel carbides are
merely suggested for HOR. However, their catalytic activity is not
as high as that it was expected compared to the iridium-vanadium
alloy investigated by Ma  et al. [208]. The fuel cell performance
(1000 mW cm−2) was 10 times higher than that obtained over other
electrocatalysts with only 400 �gPt cm−2 at the cathode. The novel
Ir-V/C nanoparticles presented not only high activity, but also good
stability for more than 100 h fuel cell operation. Moreover, Zhang
et al. [218] examined transition metal sulphides (RuS2/C) for HOR
under fuel cell operation and they measured the third better max-
imum power density value as shown in Fig. 11.  The cathode’s Pt
loading was also relatively low (340 �gPt cm−2) and the fuel cell
performance reached 100 mW cm−2. It is worthy to be noticed that
only few investigations concerning non-Pt anodes for HOR have

been appeared. However, even in these cases the cathode was
loaded with Pt (Fig. 11).
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3.2. Cathodes

Until now, the investigated non-Pt catalysts for ORR, can be
mainly classified as follows: (1) porphyrin-based macrocyclic

Fig. 14. Polarization curves of a direct ethanol fuel cell employing Ir/C, Ir Sn/C,
ig. 12. Cyclic voltammetric results: Current density (mA  cm at 0.7–0.8 V, and *at
.15 V) of nonplatinum electrocatalysts for the Methanol Oxidation Reaction. Inset:
nlarged bars of the lowest current density values.

.1.2. Direct methanol fuel cells – DMFCs
Few investigations have also been devoted to the development

f non-Pt anodes for DMFCs. An interesting review based on tran-
ition metal carbides and promoted transition metal oxides as
node catalysts for DMFCs, has been given by Serov et al. [219].
s the authors stated, WC as DMFCs anode in acidic environ-
ent presented a good stability. Moreover, they highlighted that

ransition metal carbides were investigated not only as anode
aterials, but also as possible supports for Pt electrocatalysts.

ecently, some investigations have dealt with tungsten and molyb-
enum materials as non-Pt anode electrocatalysts for DMFCs. The

nvestigations about the stability of WC and W2C [220] revealed
hat WC  is stable as anode in acidic environment at 0.6 V, demon-
trating the potential application of WC  in the electrochemical
ystems. Novel Co-W alloys supported on Cu-foils for MOR  in
cidic media has been investigated by Mayanna et al. [221]. As
t can be seen in Fig. 12,  the Co-W alloy exhibits relatively low
ctivity presenting however good corrosion resistance. Accord-
ng to the authors this behaviour is attributed to the fact that
obalt forms “hard” alloys with tungsten, which are free from sur-
ace contamination. Moreover, ruthenium oxide layer supported
n basal plane graphite anodes, also exhibited very low catalytic
ctivity [222].

The highest current density (20 mA  cm−2 vs SCE, Fig. 12)  and
he second best (7.2 mA  cm−2 vs. SCE, Fig. 12)  towards MOR  was
chieved over Pd/TiO2nanotubes [223] and MnOx/Ru [224], respec-
ively. In the first case, Pd/TiO2nanotubes catalyst displayed catalytic
ctivity superior to pure Pd, with the titania to promote the removal
f CO. In the second case, the combination of carbon-supported
anganese octahedral molecular sieves (OMS-2) with a commer-

ially available Ru-carbon sample showed an enhanced activity.
From the published results, one might conclude that effort has

een also devoted in developing non-Pt MOR  catalysts. However,
rom the already published results one might conclude that the
omplete replacement of Pt affects negatively the electrocatalytic
ctivity towards MOR.
.1.3. Direct ethanol fuel cells – DEFCs
Pd-based electrocatalysts are the most promising candidates

mong the non-Pt electrocatalysts. In Fig. 13,  two Pd-based elec-
rocatalysts [87,225] are reported, which exhibited lower activity
Fig. 13. Cyclic voltammetric results: Current density values (mA cm−2 at 0.7–0.8 V)
of  non-platinum electrocatalysts for the reaction of Ethanol Oxidation.

towards EOR compared to iridum-based electrocatalysts. As it can
be seen in Fig. 14,  the Ir-based EOR electrocatalysts [226] exhibit
higher activity than Pt-based electrocatalysts in the activation con-
trol region and comparable single DEFC performance with that
over Pt3Sn/C. Consequently, Ir3Sn/C could be an interesting DEFCs
non-Pt anode candidate. However, substantially the problem still
remains, because from one side the world reserves of Ir are much
lower than that of Pt and from the other the cathode compart-
ment still contains 1000 �gPt cm−2. As it can be deduced, only
few investigations devoted to non-Pt materials for EOR in acidic
media have been published, while currently a number of scientific
groups try to identify novel electrocatalysts for the EOR in alkaline
media.
3

Pt3Sn/C and Pt/C as anode catalyst respectively. Anode fuel feeding: 1.0 mol L−1

ethanol at 1.0 mL min−1, Cell temperature = 90 ◦C, Pcathode = 2.0 bar, anode catalysts
with 1.5 mg cm−2 of precious metal loading, 1.0 mg cm−2 Pt cathode catalyst (40%
Pt/C from Johnson Matthey Corp).
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ig. 15. H2-PEMFC operation results using non-platinum cathodes and platinum
ased anodes: Maximum fuel cell power density (mW  cm−2) dependency on anode’s
latinum loading (�g cm−2).

ompounds of transition metal (mainly Fe and Co as the central
etal) [227], (2) vacuum-deposited Co and Fe compounds [228],

3) metal carbides, nitrides and oxides (FeCx, MnOx), (4) Ru-based
Mo4R2Se8, RuxSey, RuNx)-chalcogenides [229,230].  Moreover, lin-
aeite CoxSy nanocrystals and CoxSey have also lately studied
231]. In Fig. 15 are reported the performances of H2-PEMFCs
hat use Pt-free cathode electrocatalysts. Three regions are distin-
uished: region (a) where the power density values are between
–5 mW �g−1

Pt , region (b) where the power densities values are
etween 0.2 − 1 mW �g−1

Pt and region (c) where the power density
alues are lower than 0.2 mW �g−1

Pt .

.2.1. H2-PEMFCs
The examined cathodes for ORR in H2-PEMFC can be classified

s follows:

.2.1.1. Transition metal macrocycles. One class of non-platinum
athode electrocatalysts that have also attracted attention over
he years are the pyrolyzed metal porphyrins, with cobalt and
ron porphyrins to be considered as very promising precursors.
mong them the most examined ones are CoTMPP/BP (tetram-
thoxyphenyl porphyrin/black pearls) [232] and CoPPY/MWCNT
233], cobalt-polypyrrole [234], and Fe/Co/TPP [235]. The first two
ere used as cathode catalysts in a H2-PEMFC, with performance

alues of 150 and 140 mW cm−2, respectively (Fig. 15).

.2.1.2. Nitrogen-based precursors. The transition metal macro-
ycles, such as porphyrins and phthalocyanines suffer from
ignificant limiting factors, including their cost. Alternative syn-
hesis routes have been explored in order to prepare catalysts
ith similar active surface species, which were formed during the
eat-treatment of transition metal chelates with cheap nitrogen-
ontaining and transition metal containing precursors.

Very recently, Proietti et al. [236] developed Fe-based cath-
de catalysts exploring the use of a metal-organic-framework
s the host for Fe and N precursors; iron(II) acetate and 1,10-
henanthroline, respectively. The as-prepared electrocatalyst has
een tested as non-platinum cathode in a H2-PEMFC performing
10 mW cm−2, which is the highest reported in the literature. The

econd high non-platinum H2-PEMFC performance, 430 mW cm−2,
as achieved by the same research group [237]. In both cases

ron-based catalysts were pyrolysed under the same temperature,
050 ◦C, for different time. Except for the high power density, the
vironmental 127 (2012) 371– 388 381

examined catalysts presented also a good stability when fuel cell’s
cathode was  fed with air. A new non-Pt electrocatalyst CoNx/C has
been prepared by Zhang et al. [238] via a chelation process using
cobaltous nitrate and imidazole as cobalt and nitrogen precursors
respectively. As it can be seen from Fig. 15,  this cathode elec-
trocatalyst exhibited relatively good performance (200 mW cm−2;
anode Pt loading: 300 �g cm−2). Recently, for the first time in the
literature, Ma  et al. [239] prepared an ORR Co-N4 electrocatalyst
through pyrolysis of carbon-supported cobalt triethylenetetramine
chelate under an argon atmosphere. They used a new, cheap
and simple ligand, triethylenetetramine (TETA), which has four
nitrogen atoms, as nitrogen-containing precursor to substitute
porphyrins and pthalocyanines. The performance of a H2-PEMFC
with CoTETA/C as cathode and Pt as anode with a Pt loading of
400 �g cm−2 reached 135 mW cm−2 at room temperature (Fig. 15),
showing its potential application as non-Pt ORR catalyst. Jaouen
et al. [240] used cyanamide as nitrogen precursor and black pearls
2000 as support, which exhibited very good performance with
239 mW cm−2 at a Pt loading of 500 �g cm−2 (compared to the
results shown in Fig. 15). On the other hand, it has been proved
to be not very stable.

A different highly ordered Fe-N-C catalyst has been pre-
pared by Lei et al. [241], with greatly improved performance of
252 mW cm−2 (Fig. 15), compared to 60 mW cm−2 achieved by the
amorphous Fe-N-C.

3.2.1.3. Nitrogen-modified carbon based electrocatalysts. According
to Maldonado and Stevenson [242], the strong basicity of N-doped
carbons facilitates the reductive O2 adsorption and the decom-
position of peroxide species, thereby increasing the ORR catalytic
activity. Among the examined catalysts shown in Fig. 15,  Co-Fe-N
chelate complex, investigated by Popov et al. [243], exhibited the
highest power density of 529 mW cm−2 under H2-PEMFC work-
ing conditions. In this cell, carbon supported Pt (500 �gPt cm−2)
was used as anode catalyst. The above Co-Fe-N/C electrocata-
lyst was  developed through the high-temperature pyrolysis of
Co-Fe-N chelate complex on the support followed by chemical
leaching. Moreover, as the authors reported [243], for 480 h fuel
cell continuous operation no significant performance decrease
has been observed. Several groups have developed such kind
of catalysts [244–247],  among them Yeager et al. [247] also
showed that Co/N/C catalyst was  capable of reducing oxygen
in an acidic medium. Dodelet et al. [248] investigated Fe/N/C
catalyst using ammonia to add N-bearing functionalities. From
Fig. 15,  it can also be distiguished that its electrocatalytic activ-
ity is not poor as the maximum power density of fuel cell
reaches 234 mW cm−2 with anode Pt loading of 300 �g cm−2. Addi-
tionally, very recently Kim et al. [246] prepared novel nitrogen
modified carbon nanofibers by pyrolysis of cobalt. This electro-
catalyst under fuel cell operation exhibited a good performance of
335 mW cm−2 (anode Pt loading: 400 �gPt cm−2, Fig. 15)  and signif-
icantly improved stability. Subramanian et al. [249] also prepared
nitrogen-modified carbon-based catalyst by oxidizing carbon black
with nitric acid followed by chemical modification with nitrogen-
rich precursors such as melamine, urea, thiourea and selenourea.
Its application as cathode electrocatalyst in a H2-PEMFC led to
a maximum power density of 188 mW cm−2 (anode Pt loading:
500 �g cm−2, Fig. 15).

Also N-doped ordered porous carbon catalysts with polyacry-
lonitrile as both carbon and nitrogen precursor [250] possessed
high catalytic activity toward ORR with a maximum power density

of 306 mW cm−2 (Fig. 15). In the case that polyaniline was used as
both carbon and nitrogen precursor, the cell maximum power den-
sity reached the value of 380 mW cm−2 (1.52 mW �g−1

Pttotal
) [251]. In

both cases, the anode’s Pt loading was relatively low; 500 �g cm−2
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nd 250 �g cm−2 respectively. Polyacrylonitrile was also used by
astragostino et al. [252] in combination with iron citrate to

repare mesoporous xerogel carbon as non-Pt catalyst for ORR.
owever, their catalytic activity compared to the other electrocat-
lysts, shown in Fig. 15,  was very poor with a power density of
0 mW cm−2 (anode Pt loading: 500 �g cm−2).

Among the most recent reported nitrogen-modified carbon
atalysts, the best performance under fuel cell operating condi-
ions has been obtained over a catalyst prepared from aromatic
olyamides, poly(meta-phenylene isopthalamide) (MPIA) mixed
ith FeCl2 by pyrolysis [253]. The fuel cell maximum power den-

ity reached 480 mW cm−2, while the Pt loading at the anode
ompartment was 500 �g cm−2. According to Zelenay et al. [254],
yanamide is a really good nitrogen precursor. Using cynamide as
athode and Pt (250 �g cm−2) as anode, the H2-PEMFC exhibited a
aximum power density of 370 mW cm−2. Nagai et al. [255] also

ried to combine the properties of nitrogen-doped carbon supports
ith tungsten and they obtained in a H2-PEMFC performance of

82 mW cm−2 (anode Pt loading: 400 �g cm−2).

.2.1.4. Transition metal carbides, nitrides and oxynitrides. In a gen-
ral overview, transition metals (binary and ternary alloys of them)
arbides, nitrides and oxynitrides [256] exhibited performances
emarkably equal to or better than that of commercial Pt cata-
ysts with the same loading. For example, as it can be seen from
ig. 15,  when the binary alloy of palladium-titanium was used
s cathode in a H2-PEMFC, the measured maximum power den-
ity value was ca. 190 mW cm−2 (∼1 mW �g−1

Pttotal
), with anode Pt

oading to be 200 �g cm−2 (Fig. 15). Transition metal carbides
nd nitrides are two major kinds of electrode materials recently
nvestigated, due to their good electrical conductivity, corrosion
esistance and electrocatalytic activity [141]. The advantage of
ombining WC  with a transition metal seems to derive mainly
rom WC,  which itself is able to enhance the catalytic activity,
part from its synergistic effect with the transition metal. Since
oudart and Levy [257] reported the Pt-like properties of tung-
ten carbide (WC) for H2-O2 titration, carbides and nitrides have
een intensively investigated for their suitability to substitute Pt in
EMFCs [258].

Comparable to tungsten carbides, tungsten nitrides have not
een intensively investigated as electrocatalysts for PEMFCs. How-
ver, their unique electrochemical properties and stability in
lectrolytes within a wide pH range make them promising elec-
rocatalysts for PEMFCs. Recently, in an effort to improve the
lectrocatalytic activity and stability, tungsten and molybdenum
itrides were also investigated in a single fuel cell under sulphuric
cidic environment [259,260].  However, compared to the rest ORR
atalysts, summarized in Fig. 15,  their electrocatalytic activity was
ot very high (39.2 mW cm−2 [259] and 65 mW cm−2 [260]).

Concerning the oxynitrides, they exhibited almost the same
ehaviour as carbides and nitrides [261,262].  It has been estab-

ished that factors such as the high heat-treatment temperature
ffect the crystalline structure and increase the chemical stability
nd activity.

Metal carbonitrides is another class of potential non-Pt elec-
rocatalysts for ORR. However, compared to carbides and nitrides,
arbonitrides seem to be less popular. Recently, these compounds
ave also attracted some attention due to their electrochemical
roperties and stability [263,264].

.2.1.5. Transition metal chalcogenides. Since 1986, when Alonso-

ante and Tributsch [265] reported Ru-Mo-Se chalcogenides as
RR catalysts, the last two  decades transition metal chalcogenides
ave been studied as one of the most promising materials among
he non-noble transition metal catalysts for ORR [266]. In Fig. 15 is
vironmental 127 (2012) 371– 388

reported RuFeNx/C [266] as cathode electrocatalyst in a H2-PEMFC,
which exhibited 180 mW cm−2 (400 �gPt cm−2 of anode Pt loading).
Based on the structure, these materials could be classified into two
types: (i) the Chevrel phase-type compounds such as Mo4Ru2Se8,
and (ii) the amorphous phase compounds such as RuxSey [267].
The promoting role of Se in the activity of RuxSey in acid envi-
ronment was  examined by Savinova et al. [268]. According to the
authors, Se hindered the dissociative adsorption of oxygen on Ru
due to the electronic interaction with the latter, suggesting that
the adsorption of electronegative atoms, such as S, O, Cl on the
surface of noble and transition metals lead to a notable increase
of the metal’s work function. Moreover, Bron et al. [269] exam-
ined the influence of Se on the catalytic properties of Ru-based
catalysts for ORR in acid electrolytes. The dependence of ORR activ-
ity on Se/Ru ratio exhibited a volcano-type behaviour with about
a 10 fold increase of the mass activity at 0.1 < Se/Ru < 0.3. Lately,
Solorza-Feria et al. [270] reported a comparative study and electro-
chemical evaluation of RuxMySez (M = Cr, Mo,  W)  electrocatalysts
towards ORR, according to RDE measurements. In all cases, a 4-
electron reduction mechanism has been proposed. The catalytic
activity towards ORR decreased according to the following order:
RuxMoySez > RuxWySez > RuxCrySez. However, this trend was  not
respected when the materials were tested as cathode electrodes
in a single PEMFC. The RuxWySez electrocatalyst exhibited poor
activity compared with RuxMoySez and RuxCrySez, which were con-
sidered as suitable candidates to be used as cathodes in PEMFCs. The
major drawback of these kinds of ORR catalysts is their instability
under fuel cell operation conditions. However, recently Zhang et al.
[271] employed titanium dioxide for modifying the carbon black
supporting material of the Ru85Se15 catalyst. The examined elec-
trocatalyst, not only presented good performance (171 mW cm−2,
Fig. 15), but also provided a favourable influence on the elec-
trochemical stability to a certain extent during the H2-PEMFC’s
operation (anode Pt loading: 400 �g cm−2) operation. A good can-
didate for ORR catalyst is also the tellurioum chalcogenide, which
in this case was  used to modify the carbon support [272]. The maxi-
mum power density obtained in this case was 270 mW cm−2, while
the Pt loading was  500 �gPt cm−2 (Fig. 15).

3.2.1.6. Iridium-based electrocatalysts. Among the Pt-group metals,
iridium is one of the most stable in acidic media and for this rea-
son lately has attracted much interest. Qiao et al. [273] investigated
nanostructured Ir-V/C electrocatalyst for the ORR in a H2-PEMFC.
The iridium modified with vanadium showed improved catalytic
activity and selectivity following the four electron reduction of O2
to H2O. A maximum power density of 517 mW cm−2 (Fig. 15)  was
obtained where the cell presented a stable performance for ∼100 h.
The Pt loading at the anode compartment was  400 �gPt cm−2. This is
the second best H2-PEMFC performance obtained according to the
results shown in Fig. 15.  On the other hand, Nagao et al. [150] exam-
ined iridium oxide, for the ORR in a H2-PEMFC, which exhibited only
20 mW cm−2 (anode Pt loading: 1000 �g cm−2).

3.2.1.7. Palladium-based electrocatalysts. Due to their high catalytic
activity and their excellent chemical stability, Pd-based electrocat-
alysts are widely used for the ORR in PEMFCs. The most common
examined binary and ternary alloys are Pd-M (M = Co [274,275],
Ti [256,276],  Cu [277,278],  Ni [279]) or Pd-Co-M (M = Au [256,276],
Mo  [264,276],  Ce [274], Ni [280]) and others [278,281].  From Fig. 15,
it can be recognized that the fourth best studied ORR catalyst
is Pd80Ni20/C [279] with 400 mW cm−2 of maximum power den-
sity, with an anode Pt loading of 400 �g cm−2. This electrocatalyst

was prepared according to a modified polyol method, followed
by heat treatment at 500 ◦C. Good performance was  obtained
on a ternary Pd-Co-Ni based supported on carbon nitride heat-
treated electrocatalyst (Pd-Co-Ni/CN) [280]. Using it as cathode
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Fig. 16. Kinetic currents (mA  cm−2) (at 0.8 V, 1600 rpm) for Oxygen Reduction Reac-
tion  over non-platinum electrocatalysts in presence and in absence of methanol
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nd Pt (1000 �g cm−2) as anode catalyst respectively, the maxi-
um power density of the fuel cell reached 256 mW cm−2 (Fig. 15).
owever taking into consideration the high Pt loading is required,

he cost problem still remains.

.2.2. Direct methanol fuel cells – DMFCs
It is clearly reported that, in the development of advanced

athode catalysts for DMFCs, the parasitic reaction that takes
lace on the cathode and is caused by both sluggish ORR and
ethanol crossover, should be diminished as much as possible.

herefore Pt-free cathode catalysts with high performance and
olerance to methanol are required. In the case of DMFCs the

ost examined non-Pt catalysts can be classified as follows: (i)
orphyrin-based macrocyclic compounds of transition metal, (ii)
ransition Metal Carbides and Nitrides, and (iii) Transition Metal
halcogenides.

.2.2.1. Porphyrin-based macrocyclic compounds of transition metal.
he porphyrins-based macrocyclic compounds of transition metals
an also be considered as a potential electrocatalysts for ORR
n a DMFC. However, according to the literature [282], the
erformance of these catalysts in acidic media is not stable
nd it is significantly improved by pyrolyzing them. In Fig. 16
oTMPP (tetra-methoxy-phenyl-porphyrin)/C-pyrolyzed electro-
atalyst [283] presented kinetic current density 0.53 mA cm-2

s. RHE (530 �gmetal loading cm−2) towards ORR and very high
ethanol tolerance according to RDE measurements. In pres-

nce of methanol, the kinetic current remained at the value
f 0.53 mA  cm−2

. Moreover, Atanassov and Zelenay et al. [284]
easured high ORR selectivity and high fuel cell performance

142 mW cm−2), using pyrolyzed CoTMPP as cathode and Pt-Ru/C
s anode (4 mgPt cm−2). It was proposed that in the temperature
ange of 500–700 ◦C these catalysts presented a N4 – metal struc-
ure, bounded with the carbon support. The catalytic activity of
yrolyzed non-precious ORR catalysts was greatly dependent on
he heat-treatment conditions. Based on the above discussion, it is

enerally accepted that heat treatment has a beneficial effect on
oth activity and stability of these electrocatalysts. However, the
ost of this class of non-Pt catalysts is high, because macrocycles
re expensive materials.
vironmental 127 (2012) 371– 388 383

3.2.2.2. Transition metal chalcogenides. Although there have not
been intensive efforts to study transition metal chalcogenides for
DMFCs, new challenges in this area have been recently reported.
Ruthenium based compounds containing selenium (RuxSey) have
been investigated [285–287] as alternative low cost non-Pt cat-
alysts. In particular, non-precious transition metal chalcogenides
have attracted considerable attention because of their: (i) high
fuel tolerance, (ii) promising catalytic activity, (iii) high stability,
although they still have relatively lower catalytic activities for ORR
than Pt-based catalysts [288].

The good methanol tolerance of chalcogenide-based electrocat-
alysts is shown in Fig. 16.  Cobalt-selenium carbon supported ORR
catalyst [289] exhibited a relatively low activity, 0.091 mA  cm−2

vs SHE (91 �gmetal loading cm−2), which remained the same even in
presence of methanol. Palladium-selenium catalyst [290] has also
shown a good activity and an excellent tolerance towards ORR.

Chalcogenide-based catalysts were also examined under DMFCs
operation conditions [285,291,292].  Very recently, Jeng et al. [292]
synthesized and studied a ruthenium selenide (RuSe) supported
on carbon nanotubes (CNTs) electrocatalyst. They reported [292]
that the performance of DMFC (45 mW cm−2) using RuSe/CNT as
cathode was higher than that having Pt/C cathode and strongly
dependent on the carbon support. Thus, some promising results
of ruthenium (Ru)-based chalcogenides and a series of RuxXy

chalcogenide, (X = S, Se and Te) showed in acidic media high
ORR activity and high methanol tolerance. However, among the
transition metals – including Pt – that have been used for the
M-chalcogenides, Ir is one of the most stable metals in acidic
media. Recently, a novel methanol-tolerant ORR catalyst, iridium-
selenium (Ir-Se) chalcogenide has been studied by Zhang et al.
[293] and exhibited relatively high catalytic activity. In this case, it
was found that most of oxygen could be directly reduced to water
through the 4-electron pathway, with less than 10% of hydrogen
peroxide (H2O2) production. This enhancement compared to that
of pure Ir might be attributed to the bimetallic interaction effect.
Zhang et al. [294] also investigated IrxCo1−x alloy for ORR. Com-
pared to Pt/C catalysts, IrCo alloys have much stronger methanol
tolerance in terms of ORR onset potential and performance. As it
can be distiguished from Fig. 16,  IrCo/C has presented relatively low
kinetic current, 0.082 mA cm−2 vs RHE, (25 �gmetal loading cm−2), but
strong methanol tolerance. It was  also confirmed that this catalyst
can catalyze the complete four-electron transfer reaction, convert-
ing oxygen to water. Recently, a novel methanol-tolerant reduction
catalyst, IrS/C is proposed by Ma  et al. [133]. However, its catalytic
activity is not very high compared with the rest of the catalysts
reported in Fig. 16.

Further improvements of the transition metal chalcogenides,
e.g., via elemental modification and compositional modulation are
required to substantially increase the catalytic activity of ORR, con-
serving at the same time high methanol tolerance.

3.2.2.3. Palladium-based and other non platinum-transition metals.
In the previous years, three research groups [295–297] identified
a family of very promising ORR cobalt–palladium alloy electrocat-
alysts. A significant amount of works was necessary to completely
characterize these materials, clarifying the role of composition in
the catalytic activity, testing performance stability and mechanism
elucidation. The results of this effort are also depicted in Fig. 16.
As it can be seen according to the CV’s results the highest activ-
ity, 1.92 mA  cm−2 vs NHE (711 �gPd cm−2), has been achieved by
the bimetallic palladium-nickel electrocatalyst supported on meso-
porous carbon [298], remaining stable in the presence of methanol.

Moreover, the bi-metallic catalyst palladium-iron [299] presented
the second best activity, 1.28 mA cm−2 vs. RHE (∼11 �gPd cm−2).
In presence of methanol the PdFe/C cathode catalyst’s activity
remained constant. Prakash et al. [275] examined the catalytic



3 s B: Environmental 127 (2012) 371– 388

a
a
i
t
b
l
c

p
L
a

3
b
b
o
a
c
t
a
(
T
a
a
t
1
[
u
c
e
a

3

i
o
m
o
e

3
d
(
A
t
2
l
A
P
u
v
a
t
i
1
f
v
w

c
c
t
b
t
r
k

Fig. 17. Kinetic currents (mA  cm−2) (at 0.8 V, 1600 rpm) for Oxygen Reduction Reac-
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ctivity of carbon supported CoPdx (x = 1, 2, 3, 4, 5 and 9) for ORR in
 single PEMFC. The ORR mechanism was evaluated on CoPd3 and
t was found that the rate-determining step was a chemical step
hat followed a fast first electron transfer and this may  involve the
reaking of the oxygen bond on the CoPd3 surface. The CoPd3 cata-

yst showed good chemical stability during PEMFC operation and –
ompared to Pt – enhanced tolerance to the crossovered methanol.

Non Pt-catalysts such as palladium-based catalysts have shown
romising catalytic activities and methanol tolerance properties.
ately, the above-mentioned class of Ir-based catalysts appeared
s one of the most stable catalysts in acidic media.

.2.2.4. Nitrogen-based precursors and nitrogen-modified carbon
ased electrocatalysts. Currently, very few research works have
een devoted to nitrogen-based precursors for preparing cath-
de electrocatalysts for DMFCs. Recently Liu et al. [295] reported

 carbon-containing iron nitride electro-catalyst by chelating N-
ontaining species and Fe2+ with a carbon support, under heat
reatment in an NH3 atmosphere, which presented very good ORR
ctivity. Moreover, Fe-Nx/C with 2,3,5,6-tetra(2-pyridyl)pyrazine
TPPZ) to be employed as ligand to prepare an iron complex (Fe-
PPZ) that served as a precursor [296], was tested as cathode in

 DMFC. The TPPZ is a nitrogen containing precursor which plays
 critical role in achieving ORR activity as well as stability during
he M-Nx synthesis. The fuel cell performance reached the value of
60 mW cm−2. The anode’s Pt loading was 300 �g cm−2. Wei  et al.
297] considered melamine as a rich source of nitrogen and they
sed it for the preparation of iron or cobalt based nitrogen-doped
arbon aerogels. These aerogels were used as cathode in a DMFC,
xhibiting relatively low power density, despite the fact that the
node Pt loading was very high (4 mg  cm−2).

.2.3. Direct ethanol fuel cells – DEFCs
As far as DEFCs are concerned, one of the major challenges -as

n the case of DMFCs- is the poor performance of their Pt-free cath-
de catalysts. However, Pt-free catalysts such as porphyrin-based
acrocyclic compounds of transition metal, carbides, nitrides,

xynitrides and transition metal chalcogenides have not been still
xamined in DEFCs.

.2.3.1. Other transition metals. According to the literature results
epicted in Fig. 17 the highest activity 1.8 mA  cm−2 vs. RHE
51 �gmetal loading cm−2) is observed over Ru/C electrocatalyst [300].

s it can be seen, in presence of ethanol the kinetic current remains
he same. On the other hand, the performance of a DEFC based on a
0% Ru/C cathode (5 mW cm−2; anode Pt loading: 1 mg  cm−2) was

ower than that observed over 20% Pt/C cathode (17 mW cm−2).
ccording to Viswanathan et al. [301] among the various bimetallic
d-based alloy Pd-Co with a third metal exhibited good activity val-
es and close to that of Pt/C. The second best activity, 1.6 mA cm−2

s. NHE was obtained over Pd-Co-Mo/Carbon black-heat treated
t 973 K [301]. Its catalytic activity was reduced only by ca. 7% in
he presence of ethanol. The Pd-Co-Mo was also successfully exam-
ned as cathode in a DEFC. The power density was 8 mW cm−2 with

 mW cm−2 of Pt loading as anode catalyst and remained stable
or 50 h. The Pd-Co [302] exhibited the same activity, 1.5 mA cm−2

s RHE, with Pd-Co-Mo/Carbon black-heat treated electrocatalyst,
hich reduced by 0.7 mA  cm−2 in presence of ethanol.

Concerning the Co-Se [289] and Pd3Fe [303] cathode electro-
atalysts, their catalytic activity is not as high as that of the rest
atalysts shown in Fig. 17,  but it is higher than that of Pt/C and
heir ethanol tolerance is excellent. The Co-Se bimetallic catalyst

elongs to the class of transition chalcogenides as part of the effort
o develop novel Pt-free electrocatalysts. The oxygen reduction
eaction on PdFe has been studied by Adzic et al. [304] and its
inetics and mechanism have been reported by Zhutaeva et al.
tion  over non-platinum electro-catalysts in presence and in absence of ethanol.
Inset: mass activities in terms of (mA  �g−1

metal loading
).

[305]. Then Song et al. [303] assured that the optimum ratio palla-
dium: iron was  3:1.

Finally, by comparing Figs. 17 and 10 it is obvious that, concern-
ing their electrocatalytic activity and ethanol tolerance, non-Pt ORR
cathodes are superior to low Pt ones.

Non-Pt electrocatalysts have also been examined under DEFCs
operation conditions. More precisely, a DEFC, which was less prone
to ethanol crossover, with Ni-Co-Fe (NCF) as cathode catalyst has
been reported by Park et al. [306]. The decrease of the open cir-
cuit voltage of DEFC with NCF electrocatalysts was  less than that
with Pt/C as cathode catalysts at high ethanol concentrations. The
NCF electrocatalyst was  less prone to ethanol oxidation at the cath-
ode even when ethanol crossover occurred through Nafion-117®

membrane, which avoided the voltage drop at the cathode. How-
ever, Pt loading (PtRu/C) at anode compartment was very high and
consequently it is not attractive for applications. Moreover, a Co-
PPY(polypyrrole)-MWCNTs composite for ORR has been developed
by Ramaprabhu et al. [233]. The peak performance of the DEFC using
commercially Co/MWCNT as cathode and PtRu/MWCNT as anode
was 23 mW cm−2, while using Co-PPY-MWCNTs (home-made) as
cathode and Pt-Sn/MWCNT as anode (Pt loading: 2.5 mg  cm−2)
reached 33 mW cm−2. Here, the increase of the fuel cell perfor-
mance has been attributed to the higher electronic conductivity
of the MWCNTs than that of the carbon black, as well as to the
uniform dispersion of catalytic particles over the large surface
of MWCNTs.

4. Conclusions

The target of 5 mW �g−1
Pttotal

that has been set by the United
States Department of Energy has been exceeded as far as the H2-
PEMFCs are concerned. The best maximum mass specific power
density (MSPD) under H2-PEMFC operating conditions reached
260 mW �g−1

Pttotal
, over a binary Pt-Pd/C (1 �gPt cm−2) anode and low

Pd/C cathode, while the highest power density, 1200 mW cm-2, has
been obtained in a H2-PEMFC with an ultra-low Pt anode electro-
catalyst (100 �g cm−2) prepared by a modified thin film method

and a low Pt/C (100 �g cm−2) as cathode.

The highest maximum mass specific power density under
DMFC operating conditions reached ∼0.15 mW �g−1

Pttotal
over
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tRu/Vulcan-XC-72 (Pt loading: 250 �g cm−2) anode and
t/MWCMTs (Pt loading: 250 �g cm−2) cathode, while the highest
ower density, 210 mW cm−2 (MSPD: 0.09 mW �g−1

Pttotal
), has been

btained in a DMFC with a PtRu supported on mesoporous carbon
s anode (Pt loading: 1300 �g cm−2) and Pt/C (1000 �g cm−2) as
athode.

The highest maximum mass specific power density under DEFC
perating conditions reached ∼0.05 mW �g−1

Pttotal
over a ternary

tRuIrSn (Pt loading: 287 �g cm−2) anode and the same cath-
de (Pt loading: 287 �g cm−2), while the highest power density,
05 mW cm−2 (MSPD: ∼0.047 mW �g−1

Pttotal
), has been obtained in

 DEFC with a PtRu/C (Pt loading: 1246 �g cm−2) as anode and Pt/C
1000 �g cm−2) as cathode.

Concerning the non-Pt electrocatalysts the highest maximum
ass specific power density under H2-PEMFC operating conditions

eached ∼1.5 mW �g−1
Pttotal

over PANI (polyaniline)-FeCo/C cath-

de and Pt-catalyzed cloth GDL (E-Tek), (Pt loading: 250 �g cm−2)
node, while the highest maximum power density, 1000 mW cm−2,
n a H2-PEMFC was obtained by a carbon supported 40%Ir–10%V/C
node and Pt/C (300 �gPt cm−2) cathode.

Moreover, among the non-Pt electrocatalysts the highest elec-
rocatalytic activity towards MOR, ∼20 mA  cm−2, under CV’s

easurements, has been displayed by Pd/TiO2nanotubes, while for
OR, ∼13 mA  cm−2, by the binary IrSn/C alloy. The IrSn/C also per-
ormed semi-equal performance in a DEFC with Pt/C electrocatalyst
s concerns both activity and stability. The maximum power den-
ity in this case was 38 mW cm-2. Finally, PdNi/MC (mesoporous
arbon) and Ru/C showed the highest kinetic current density,
1.9 mA  cm−2 and ∼1.8 mA  cm−2, respectively, towards ORR in
bsence and in presence of methanol and ethanol, in RDE’s mea-
urements.
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