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Abstract

This paper reviews over 120 papers regarding the effect of heat treatment on the catalytic activity and stability of proton exchange membrane
(PEM) fuel cell catalysts. These catalysts include primarily unsupported and carbon-supported platinum (Pt), Pt alloys, non-Pt alloys, and transition
metal macrocycles. The heat treatment can induce changes in catalyst properties such as particle size, morphology, dispersion of the metal on
the support, alloying degree, active site formation, catalytic activity, and catalytic stability. The optimum heat-treatment temperature and time
period are strongly dependent on the individual catalyst. With respect to Pt-based catalysts, heat treatment can induce particle-size growth, better
alloying degree, and changes in the catalyst surface morphology from amorphous to more ordered states, all of which have a remarkable effect on
oxygen reduction reaction (ORR) activity and stability. However, heat treatment of the catalyst carbon supports can also significantly affect the
ORR catalytic activity of the supported catalyst. Regarding non-noble catalysts, in particular transition metal macrocycles, heat treatment is also
important in ORR activity and stability improvement. In fact, heat treatment is a necessary step for introducing more active catalytic sites. For
metal chalcogenide catalysts, it seems that heat treatment may not be necessary for catalytic activity and stability improvement. More research is
necessary to improve our fundamental understanding and to develop a new strategy that includes innovative heat-treatment processes for enhancing
fuel cell catalyst activity and stability.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane (PEM) fuel cells have been rec-
ognized as the most promising energy converting devices in
terms of low or zero emissions and high efficiency [1-5]. It
has been demonstrated that PEM fuel cells are able to meet
transportation and stationary power requirements, which has
driven further development of this technology towards commer-
cialization. However, in this effort, two major technical gaps
have been identified: high cost and low reliability and dura-
bility. The fuel cell catalyst is the major contributor to these
difficulties. In recent years, although a great deal of effort
has been put into the synthesis of cost-effective, active, and
stable fuel cell catalysts, no real breakthroughs can be seen
yet. Therefore, exploring breakthrough catalysts; improving
catalyst activity, stability, and durability; and reducing cata-
lyst cost are the major tasks in fuel cell commercialization
[1-9].

At the current technical stage, the most practical catalysts in
fuel cells are highly dispersed platinum (Pt)-based nanoparti-
cles. These Pt nanoparticles are normally supported on carbon
particles in order to increase the active Pt surface and improve the
catalyst utilization. However, there are several drawbacks to Pt-
based catalysts, such as high cost, sensitivity to contaminants,
no tolerance to methanol oxidation (direct methanol fuel cell
(DMEFC) application), fewer completed four-electron reduction
reactions, and Pt dissolution.

With respect to the exploration of alternative low-cost non-Pt
catalysts, several other types of catalysts, including supported
platinum group metal (PGM) such as Pd-, Ru- and Ir-based
catalysts, bimetallic alloy catalysts, transition metal macrocy-
cles, and transition metal chalcogenides, have been employed
for PEM fuel cell catalysis [1,4,9]. The major force driving the
development of non-Pt catalysts is a reduction in cost. However,
these approaches are still in the research stage, as catalyst activ-
ity and stability are still too low to be practical when compared
to Pt-based catalysts.

One of the major approaches to improving the activity and
stability of Pt-based and non-Pt catalysts is to optimize the
catalyst synthesis procedure. It is well known that the electro-
catalyst performance is strongly dependent on the preparation
procedures, including the addition of metal and its precursor,
the support type and supporting strategy, and the heat-treatment
strategy [10-16]. For example, even if the same catalyst with the
same catalyst loading is used, the catalytic activity will differ
depending on how the catalysts were attached to the electrode
surfaces. Methods for catalyst attachment include irreversible
adsorption, vacuum deposition, conducting polymer incorpo-
ration, porous carbon impregnation, and solvent evaporation
[15].

Regarding ORR catalyst synthesis, heat-treatment has been
recognized as an important and sometimes necessary step for
catalytic activity improvement [16-21]. Many heat-treatment
techniques, such as traditional oven/furnace heating [14,21],
microwave heat-treatment [22-24], plasma thermal treatment
[25-28], and ultrasonic spray pyrolysis [29], have been
applied to prepare PEM fuel cell electrocatalysts. Among
these, the traditional oven/furnace heating technique is the
most widely used. In general, it involves heating the cat-
alyst under an inert (Np, Ar, or He) or reducing (Hy)
atmosphere in the temperature range of 80-900°C for 1-4h
[18,21].

For example, heat treatment or thermal activation for Pt-
based catalyst synthesis has been considered a necessary step,
which has a significant impact on the metal particle size and
size distribution, particle surface morphology, and metal dis-
persion on the support [10]. The benefits of heat treatment
are to remove any undesirable impurities resulting from early
preparation stages, to allow a uniform dispersion and stable
distribution of the metal on the support, and, therefore, to
improve the electrocatalytic activity of the synthesized catalyst
[18].

Another typical example is the heat treatment of macrocyclic
metal complexes. Although the heat-treatment effect on these
metal macrocycle properties has been well documented, a full
understanding of the mechanism of catalytic activity improve-
ment has not yet been achieved. When the catalysts are pyrolyzed
at a desired high temperature in a flowing argon atmosphere, the
molecular structure of the macrocycle is partially or completely
destroyed, resulting in an catalyst with much better catalyst
activity and stability than an untreated catalyst. Heat treatment
can also affect the fundamental properties of the catalyst and its
carbon support, including the loading level of the catalyst on the
support, the number of catalytic sites, the acid—base properties
of the support, and the distribution of the catalyst particles on
the support.

The effect of heat treatment on catalyst properties is signifi-
cant in terms of catalyst activity improvement. The mechanisms
of the catalyst reaction during the heat-treatment process and
the resulting improvement in activity are complicated and not
fully understood. In addition, the relationship between heat
treatment and the characteristics of the formed catalyst is
also not completely clear. In order to accelerate the process
of fuel cell catalyst development, a literature review would
be of great benefit to the fuel cell catalyst community. In
this paper, different catalyst heat-treatment strategies and their
effects on the activities of several typical kinds of catalysts are
reviewed, in order to summarize the current level of understand-
ing of the catalyst improvement mechanisms caused by heat
treatment.
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2. Effects of heat treatment on carbon-supported Pt
(Pt/C) catalysts

In PEM fuel cells including DMFCs, reactions include the
oxygen reduction reaction (ORR) at the cathode and the H»
(hydrogen fuel cells) or methanol (DMFCs) oxidation reaction
(HOR or MOR) at the anode. In a hydrogen fuel cell, cathodic
ORR is much slower than anodic HOR; therefore, the ORR is
recognized as the determining reaction. In a DMFC, the rates
of both ORR and MOR are slow and comparable. However,
the slow ORR is still a problem in a DMFC. Therefore, the
ORR catalysis will be our focus in this paper. It has been deter-
mined that the electrocatalytic reduction of molecular oxygen
on a catalyst can be largely affected by catalyst particle size and
surface structure [6,13,10,17,30-38]. Therefore, heat treatment
can effectively change ORR activity and stability by altering the
catalyst morphology.

2.1. Platinum particle size and morphology

With respect to the effect of Pt/C particle size on ORR activ-
ity, there seems to be no agreement in the literature. Several
work reported that particle size had a significant effect on ORR
activity, and that the optimum particle size was around 4 nm
[32,36,39]. When Pt catalyst particle size was smaller than
3.5nm, the catalyzed ORR rate was reduced. However, Yano
et al. [37] recently investigated a series of carbon-supported Pt
catalysts and found that the apparent ORR rate constant and the
activation energies were independent of Pt particle size in the
range of 1-5nm. Bett et al. [40] also showed no dependency
of Pt/C specific activity on the crystallite size in the range of
3-40 nm.

The literature suggests that catalytic ORR activity might be
dependent on the relative concentrations of the Pt surface atoms,
the coordination numbers of the localized atoms, and the ratio
of preferable crystal planes on the crystallite surface [36,41].
However, Bett et al. [40] found that Pt atoms at the corners,
edges, and kink sites or dislocation showed less ORR activity
than those on the crystallite faces. Watanabe et al. [34] examined
the influence of Pt crystallite size on ORR activity and found that
the effect of crystallite dimensions was less important than that
of the intercrystallite distances. They observed that when the
crystallite distance was greater than approximately 18-20nm,
high-catalytic activity could be achieved, but if the Pt crystallites
were too close, the specific activity of the catalyst was decreased.

For the heat-treatment effect on catalyst morphology, Han et
al. [10] carried out conventional heat treatment of 20% Pt/C
catalysts using several temperatures from 300 to 700 °C for
various periods of time (3-9 h) in a nitrogen and hydrogen mix-
ture atmosphere. The effect of heat treatment on CO oxidation
was investigated using the cyclic voltammetry (CV) technique.
They observed that the average particle sizes grew exponentially
with the heating temperature and linearly with the heating time
period. This observation was reported previously by Antolini
[30] and Alexopoulos et al. [42], seperately.

Moreover, it also observed that the heat treatment could
induce a uniform distribution of Pt over the support particles,

resulting in well-defined cubo-octahedron crystallites, which
were distinguishable from the initially irregular Pt surface [10].
As a result, the CO oxidation activity on this heat-treated Pt
catalyst was improved significantly.

In addition, it was found that the CO oxidation activity was
also dependent on the Pt particle size in the range of approxi-
mately 3—12 nm. The best catalytic performance was achieved
for the catalyst with an average Pt particle size of about 5 nm.

The effect of heat treatment on the structural characteristics
of the Pt/C catalyst was also observed by Antolini et al. [41].
Several Pt/C electrocatalysts were activated by dynamic heat
treatment in an Ar atmosphere with two different heating rates
of 15 and 45°Cmin~!. They observed that the heat treatment
could lead to a growth in Pt particle size from 1 to 20 nm, inde-
pendent of the nature of the carbon support. The catalysts treated
at different heating rates showed the same variation of Pt particle
size, but had different Pt crystallinities. The Pt crystallinity was
decreased with an increasing heating rate. The heat treatment in
the temperature range of 400-550 °C improved the Pt particle-
size distribution on the support surface and showed the largest
increase in Pt crystallinity.

In spite of some contradictory results on the effect of heat
treatment on catalyst particle size, the effect on the ORR activity
is clear; that is, heat treatment can effectively improve the ORR
activity of a Pt/C electrocatalyst.

2.2. Carbon support

The catalyst support (i.e., carbon support) used in a fuel cell
operation environment should be corrosion resistant and highly
electrically conductive, and have a desirable water handling
capability (hydrophilic character) [43,44]. Among all kinds of
carbon supports (activated carbon, carbon black, graphite, and
graphitized materials), carbon black is the most commonly used
for electrocatalysis due to its high conductivity, excellent cor-
rosion resistance, appropriate pore structure, and high-surface
area [44-46]. Normally, graphitization is required in order to
achieve a better level of corrosion resistance [45].

In practice, carbon supports are produced by burning car-
bonaceous materials. The properties of the carbon supports are
strongly dependent on the nature of the starting materials and the
preparation conditions, such as activation method, temperature,
and heating time [43]. The surface of the formed carbon supports
contains some oxygen functional groups, such as the carbony],
carboxylic, phenolic, anhydride, lactonic and etheric groups.
These functional groups can significantly affect the manufacture
(loading and dispersion) and performance of the electrocata-
lysts, and are also responsible for both the acid—base and the
redox properties of the carbon supports [5,16,45]. Generally,
the surface oxygen-based groups can act as active or anchoring
centers for the generation of highly dispersed catalyst metallic
crystallites. The surface functional groups can also affect the cat-
alyst deposition processes, including adsorption, ion-exchange
or coordination, and deposition of metallic species by a redox
reaction with specific groups on the carbon surface. For the
adsorption process, the carbon support surface potential of zero
charge seems to be of importance. It has been recognized that the
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catalyst deposition process on the support is complicated. Mixed
processes mentioned above could be involved in the catalyst
deposition [44,45]. Several works [16,17,47-49] demonstrated
that the number of oxygenated surface groups on the support
could alter both the dispersion and the resistance of the sintered
Pt/C catalysts.

For carbon-support heat treatment, Prado-Burguete et al. [47]
prepared a series of Pt/C catalysts using different pre-heat-
treated carbon supports. The effects of the pre-heat-treatment
and chemical treatment on the carbon porous texture and amount
of oxygen surface groups were investigated. In their experi-
ments, carbon black samples were first heat treated at 950 °C in a
H; flowing environment for 12 h. Two of the samples were then
putinto solutions containing 8 and 12N H, O, for oxidation treat-
ment. According to the N> adsorption isotherms for the supports,
neither heat treatment in H, nor heat treatment followed by oxi-
dizing treatment with peroxide changed the porous texture of the
carbon support appreciably. However, further work [48] showed
that heat treatment in a helium environment could produce a
drastic change in the porous structure of the carbon support,
resulting in a significant decrease in micro- and meso-porosity.
Pt catalysts were prepared using those pre-treated supports at dif-
ferent temperatures and time periods. The results showed that
H,O; treatment could introduce new oxygen-containing surface
species such as carboxylic and phenolic groups. With respect to
the catalyst dispersion, the H,O; oxidation-treated carbon sup-
port resulted in much better Pt dispersion than did the support
that was only heat treated. This phenomenon was attributed to
the large amount of oxygen-containing surface groups on the
support. These groups can increase the wettability of the car-
bon particle surface, facilitating the metal precursor distribution
throughout the particle surface at the impregnation and reduction
steps of the catalyst synthesis. In addition, the catalyst formed
on the H, O, oxidation-treated support gave much better thermal
stability.

Pre-graphitized carbon has also been used for the catalyst sup-
ports. Colomaetal. [16] studied three samples of pre-graphitized
carbon blacks with the same porous texture. For comparison,
different amounts of oxygen-containing surface groups were
created by oxidation treatment with HyO;. They observed that
the presence of these oxygen-containing groups affected the final
dispersion of metallic Pt and the resistance to particle sintering,
resulting in less favourable dispersion and lower sintering resis-
tance. It was observed that at the impregnation step of the catalyst
synthesis, the oxygenated groups on the support particles led to
the best metal distribution. However, at the reduction step of Pt
ions, the oxygen-containing groups were decomposed, causing
a surface redistribution of the adsorbed Pt towards the  sites
in the basal planes of the graphitic crystallites. Consequently,
a less favourable Pt dispersion and a lower sintering resistance
were produced.

Tian et al. [17] reported that heat treatment of the carbon
support plays an important role in the improvement of Pt/C
electrocatalytic activity towards ORR. Pt/C catalysts were pre-
pared using heat-treated and untreated carbon black supports.
Electrochemical performance of the Pt/C catalysts were evalu-
ated based on the current—voltage curves of membrane electrode

assembly (MEA) in a PEM fuel cell. The heat-treated supports
were heated at 600 °C for 30 min in a Ny environment. The
results showed that the carbon surface composition, Pt particle
size, and Pt dispersion were significantly affected by the heat
treatment of the carbon support. The oxygen content in the heat-
treated support sample was about 2.8 at.%, whereas that of the
untreated one was 4.68 at.%. Transmission electron microscopy
(TEM) and X-ray diffraction (XRD) for both the heat-treated
and the untreated catalysts showed that the catalyst with the
heat-treated support gave a smaller particle size and higher rela-
tive content of the Pt (1 1 1) crystal face. The average Pt particle
sizes for the heat-treated and the untreated supports were 3.2
and 4.2 nm, respectively. Electrochemical measurement, using
a Johnson Matthey Pt/C catalyst as the baseline, clearly indi-
cated that the catalyst with a heat-treated support showed higher
ORR activity than did the untreated one. In fact, its activity
was similar to the baseline catalyst. Since the catalyst with the
untreated support has a particle size close to that of the baseline
catalyst, this result suggests that the particle size may not be a
determining factor in electrocatalytic activity.

Antonucci et al. [13] prepared some carbon black-supported
Pt electrocatalysts for the purpose of studying the interaction
between Pt crystallites and the surface functional groups of the
support. All catalysts studied were heat treated under reduc-
ing conditions in the temperature range of 400-900 °C. They
showed that with an increase in the amount of oxygenated
species on the carbon support, the Pt surface area was decreased.
This may suggest that the Pt dispersion is sensitive to the heat
treatment, which can produce different amounts of functional
groups on the carbon surface depending on the heat-treatment
temperature. It was also observed that with an increasing in the
number of mildly acidic functionalities (pK, was in the range
5.2-6.4), the metal dispersion improved; this result agreed with
other observations [47,50]. Interestingly, a relationship between
the metal surface area (MSA) and the number of basic functional
groups of the support surface was also observed. Two distinct
trends can be clearly seen in this relationship, depending on the
roles of the different basic functionalities on the MSA. These two
trends were believed to be associated with the different natures
of the two basic groups: Crr sites and pyrone-type complexes. In
the former case, increasing the Cr sites causes an increase in the
Pt surface area, giving rise to higher metal dispersions and more
electrochemically active sites. For pyrone-type groups, which
have a strong basic property (produced at high-heat-treatment
temperatures), can lead to the formation of Pt clusters, causing
an increase in the particle size and a reduction in the number of
electrochemically active Pt sites.

Torre et al. [50] carried out heat treatment on Pt/C catalysts
prepared by three different methods in a flowing N, atmosphere
at 200-900 °C for 45 min to approximately 4 h. Their main pur-
pose was to study the effect of the acid—base properties of the
carbon support on Pt dispersion. According to their results,
heat-treatment increased the basic properties of the catalysts by
removing acidic oxygen-containing groups from the particle sur-
face to result in a greater number of C sites and a pyrone-like
structure [51]. Although the electrochemical activities of these
catalysts were not evaluated, the active MSAs were determined
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Fig. 1. Effect of heat-treatment on specific corrosion rate of Vulcan XC 72R.
Corrosion currents recorded at 1.0V in 180 °C H3POy. [53].

in a H3POy4 solution using cyclic voltammetry. In addition, the
Pt dispersion was also verified by TEM. Their results indicated
that the metal surface areas decreased with the increasing tem-
perature as well as with increasing pHzpc, i.e., a pH value where
the surface exhibits a net zero charge. Their results suggested
that 700 °C could be the optimum heat-treatment temperature in
the weakly basic catalyst range.

Arico et al. [51] evaluated the effect of Pt loading, heat
treatment and air exposure on the acid—base properties of Pt/C
catalysts. Heat treatment was performed in a dry N» flux, at the
following temperatures and heating times: 110 °C, 4 h; 600 °C,
4h; and 900°C, 1h. These authors also concluded that heat
treatment causes changes in the catalyst surface by increasing
the number of the basic sites.

It seems that the more oxygen-containing surface groups exist
on the catalyst support surface, the worse the Pt distribution is.
Heat treatment can change these surface groups from an acidic
status to a basic one (an increase in Cr functionalities), leading
to a better distribution of Pt particles on the carbon support and
consequently resulting in better catalyst ORR activity and stabil-
ity, even in a fuel cell operation environment [13,14,17,39,41].

In addition, it was also observed that head treatment stabilized
the carbon support against electrochemical corrosion [52,53].
Durability experiments conducted in a phosphoric acid fuel cell
environment (1000 h at 191 °C) showed that the disordered por-
tion of the carbon support was oxidized, whereas the outer
crystalline shell remained intact [52]. Stonehart [53] showed
that heat treatment could stabilize the carbon against corrosive
degradation and increase the lifetime of fuel cell cathodes con-
taining carbon support-based Pt catalysts, as shown in Fig. 1.
The Pt catalysts with heat-treated carbon support were more
stable than those with untreated supports due to the strong inter-
action between the Pt particles and the basic anchoring sites on
the carbon surface. It was observed that heat treatment at 370 °C
in air led to an improvement in the stability of this catalyst in a
60 °C sulphuric acid solution [30,52,54].

2.3. Mechanism study

With respect to the mechanism study, two effects induced by
heat treatment should be considered: (1) changes in the surface

functional groups of the support and (2) changes in Pt dispersion,
morphology, and crystallite growth on the carbon support.

The carbon support surface is very heterogeneous and con-
tains a wide variety of functional groups, which can significantly
affect the chemical properties of such a surface. It has been
widely recognized that the mostly common surface functional
groups are those species containing oxygen, as mentioned above
[5,16,40,55,56]. Thermal desorption of surface oxides, such as
CO,, CO, and H,O, is the most common indicator of the surface
oxygen-containing groups of carbon, which can be detected by
a mass spectrometer and/or a gas chromatograph. The detected
species evoluted at different temperatures can then be used to
infer the carbon surface functional groups [55]. Fig. 2 shows
that heat treatment can change carbon surface functional groups
primarily by reducing the amount of oxygen-containing acidic
species. As a result, the surface becomes more basic due to
the increased number of 7 bonding formation (C=C) and the
pyrone-like structure. However, heat treatment can also induce
a graphitic structure through polymerization and aromatization
of the nanocrystalline graphene [56]. In this graphitization pro-
cess, high temperatures are necessary [6,16,45,56]. During the
polymerization process, the polycyclic aromatic molecules are
formed with the elimination of heteroatoms. At a temperature
of approximately 1630 °C, the large aromatic molecules start
to condense into graphene, and when the temperature is higher
than about 1730 °C, aromatization occurs to form a graphitic
structure. Polymerization and aromatization can be indicated by
average lattice parameters extracted from XRS [56]. The tem-
perature range in which graphitization occurs is between 827
and 2230 °C. Temperature can significantly affect the number
and the quality of structural defects in the material [56]. Kijima
etal. [57,58] investigated the reaction course of carbonization of
poly(phenylenebutadiynylenes) (PPBs) in the temperature range
of 200-600 °C. A mechanism was proposed for the formation
of nano-carbonaceous layers.

Regarding Pt deposition on a carbon support, the decompo-
sition and redistribution of surface oxygen-containing groups
during heat treatment can affect the dispersion and growth of Pt
crystallites [49]. Another recognized phenomenon is the ther-
mal sintering of supported Pt even at relatively low temperatures
[41]. This leads to the growth and then the crystallization of Pt
particle size in the face-centered cubic structure. Several models
have been proposed to explain the mechanisms of particle-size
sintering and growth; the Smoluchowski and Ostwald ripening
models are the most accepted ones [41,47]. In the first mecha-
nism the metal transport on the support surface occurs through
the migration of Pt crystallites and is followed by a coalescence
of the particles. The second mechanism involves the evaporation
of atoms from small crystallites and then condensation on larger
ones in a process similar to the Ostwald ripening of dispersed
precipitates in solution.

3. Effects of heat treatment on carbon-supported Pt
alloy (Pt-M/C) and non-Pt-M/C catalysts

Pt alloys with various transition metals have been exten-
sively studied in the effort to reduce catalyst cost and to improve
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Fig. 2. Thermal decomposition products and corresponding evolution temperatures of carbon surface functional groups. Re-plotted from [55] by permission of The

Electrochemical Society.

both the resistance to sintering and the electrocatalytic activity
towards ORR [6,59,60]. There are many reports focusing on
the synthesis and properties of Pt alloy catalysts mainly with V
[61,62], Co[60,63-69], Fe [67,68], Ni[63,67,68] Cu [67,68,70],
Ti [8,71], Pd [72] or Cr [73] as the second metal.

Generally, this kind of catalyst is prepared by deposition of
the transition metal precursor on the Pt/C material, followed by
chemical reduction and then alloying at high temperatures. The
role of heat treatment is mainly to aid the formation of the alloy
by increasing the mobility of the supported Pt. However, the
high-temperature heat treatment can have a negative effect on the
catalytic activity due to sintering and the growth of Pt particles.
To avoid this, other procedures, such as simultaneous deposi-
tion and reduction of Pt and the second metal (M), the sol—gel
process, and the polyol method, may be needed [59,64,69].

3.1. Particle size and structural parameters
Table 1 summarizes the literature data about the effect of

heat treatment on particle size, lattice parameters, and alloy-
ing degree for carbon-supported Pt—M catalysts. A trend can

be observed between the heat-treatment temperature and the
particle size: with an increase in temperature, the particle size
increases considerably due to the sintering of Pt particles.

The alloying of a second metal into the Pt can cause a change
in the Pt lattice parameters, which can be directly observed by
XRD. For example, a contraction in the lattice spacing or a shift
in the position of the reflection peaks is indicative of the second
metal being dissolved and of the formation of an ordered Pt—-M
phase. As seen in Table 1, when temperature is increased, the
lattice constant decreases. According to Vegard’s law, the lattice
parameters are a linear function of the alloy composition if the
temperature is fixed [73,74]. Thus, the degree of alloying can be
determined by the value of these lattice parameters. It can also be
seen in Table 1 that the degree of alloying formation is a function
of the temperature. Therefore, heat-treatment temperature may
be used to adjust the degree of the alloying.

Itis not necessary for heat treatment to change the alloy prop-
erties of a catalyst. For example, when Cambanis and Chadwick
[62] investigated a Pt—V alloy, not any evidence of intermetallic
Pt3V formation could be found even after heat treatment at tem-
peratures ranging from 830 to 930 °C. However, Antolini et al.
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Table 1
Effect of heat-treatment on structural parameters of reported Pt—-M/C electrocatalysts
Second metal (M) Heat-treatment Treatment temperature/time Particle Lattice Crystal Alloying References
in Pt-M/C (Pt:M) conditions period (T (°C)/t (h)) size® (nm) constant (A) structure degree (%)
V (1:1) As-prepared - 3.4 3.8834 - 22 [61]
Furnace (Ar/H) 500/2 3.9 3.8800 - 25
850/2 54 3.8686 fce, PtV 33
Co (3:1) Furnace (N,/10% Hj) 600/2.5 3.83 3.855 fee, PtsM [63]
700/2.5 2.95 3.876 61°
900/2.5 6.60 3.866 79b
1100/2.5 8.63 3.868 75b
Cr(3:1) 700/2.5 4.23 3.903 390
900/2.5 6.23 3.884 78b
1100/2.5 104 3.883 81>
Ni (3:1) 700/2.5 4.62 3.858 53b
900/2.5 6.35 3.841 70b
1100/2.5 10.2 3.836 75°
Co° (3:1) As-prepared - 3.4 3.925 - - [64]
Furnace 700/2 8.4 3.870 fce, PtsCo -
900/2 8.0 3.867 - -
1200/2 12.0 3.864 fee, Ptz Co -
Co? (3:1) As-prepared - <25 3.927 - -
Furnace 700/2 2.5 3.894 - -
900/2 4.1 3.907 - -
1200/2 10.4 3.910 - -
Co (3:1) Furnace (H,) 550/3 3.9 3911 7 [66]
900/3 6.8 3.897 35
Co (3:1) As-prepared - 1.8 3.501 79 [69]
Furnace (Hp) 400/2 9.6 3.90
Furnace (air/Hy) 200/1 (air) +300/1 (Hy) 8.3 3.90
Co (5:1) As-prepared - 3.6 - - - [67]
Furnace (Ar/10% H,) 200/1 4.9 - - -
900/1 6.6 - - -
Cu (3:1) As-prepared - 4.7 3.86 fce, Pt3Cu - [70]
Furnace (Ar/10% H,) 300/1 6.9 3.86 -
600/1 17.1 3.88 -
900/1 29.6 3.85 -
Fe (1:1) As-prepared - 6.2 3.848(1) Tetragonal - [68]
Furnace (A1/10% Hj) 500/1 6.3 3.847(1) -
600/1 6.5 3.845(2) -
800/1 6.8 3.848(1) -
Co (1:1) As-prepared - 5.5 3.782(1) -
Furnace (Ar/10% Hj) 650/1 5.8 3.780(2) -
Ti¢ As-prepared - 4.8 3.926 - [71]
Furnace (He) 700/2 11.0 3.916 -
900/2 12.5 3.907 Pt3Ti
1200/2 14.4 3.906 Pt3Ti
Tif As-prepared - <4.0 3.927 -
Furnace (He) 700/2 5.0 3.922 -
900/2 7.0 3.922 -
1200/2 28.0 3.908 P Ti

Surface area measured by CO chemisorption.
% Measured by XRD.
b According to Ref. [59].
¢ Acidic route: Co(OH); + HCI (pH 2).
4" Alkaline route: Co(NO3), + NH4;OH (pH 11).
¢ Methanol:water solution (1:1).
f Methanol:water solution (1:1), pH 10.
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[61] observed that the heat treatment of Pt—V/C at 850 °C led to
the formation of an ordered phase (fcc Pty V).

The particle size and lattice constant of the alloy are also
dependent on the preparation method. Heat-treated Pt—Co/C
alloys prepared in acidic media (pH 2) showed larger particle
sizes, more significant ordering, and greater alloying degree than
those prepared in the basic media (pH 11) [64].

In the following section, the effect of the lattice structural
parameters on the catalytic activity and stability of Pt-M/C
catalysts will be discussed.

3.2. Activity and stability

The effects of electronic and geometric parameters such as
Pt—Pt distance, metal particle size, and surface structure changes
on the ORR catalytic activity and stability on the Pt/C catalysts
discussed above are also applicable to the Pt—M/C catalysts.
However, some differences between Pt/C and Pt—M/C should
be emphasized [8,60,63,67-69,75-78].

For a Pt-M/C catalyst, the catalytic activity as well as the
stability depends not only on the nature of Pt, but also on the
second metal. In terms of ORR catalytic activity and tolerance to
chemical corrosion, He et al. [8] classified the binary Pt-M alloy
catalysts into four categories: (1) highly corrosive and highly
active M =Fe, Co, V, and Mn); (2) corrosive and highly active
(M =Zn, Cu, Mo, and Ni); (3) stable, but less active (M =Zr, Cr,
and Ta); and (4) stable and active (M =W and Ti).

A linear correlation between the ORR specific activity of Pt
and Pt-M catalysts and Pt—Pt nearest neighbouring distance has
been described in many works [61,65,76,79]. The smaller the
Pt—Pt distance, the more active is the ORR catalytic activity. Heat
treatment of an alloying catalyst at temperatures greater than
700 °C has two counteracting effects: (1) formation of a better
Pt—M alloy, which decreases the Pt—Pt distance and affects the
d-band vacancy of Pt, and thus improves the Pt electroactivity
and (2) an increase in catalyst particle size, which decreases
the active area of Pt, resulting in a depression of catalyst mass
activity [62,80].

Some studies showed that the d-band vacancy strongly
depends on the Pt particle size induced by heat-treatment
[60,61,63]. According to current understanding, the hybridiza-
tion of 5d state with empty states above the Fermi level can
reduce the d-electron number. However, this hybridization will
become less favourable once the particle size is increased.

With respect to a fundamental understanding of the ORR
catalytic activity of alloys, Pd-based bimetallic catalysts, for
example, were explored. A variety of hypotheses have been put
forward to address the enhancement observed in comparison
with a pure metal:

(1) Induced change in the density of states (DOS) at the Fermi
level of Pd sites by alloy formation. Ota and co-worker’s [81]
considered that the decrease in DOS induced by electron
transfer from the second element such as Co, Ni, or Cr to
Pd may weaken the chemisorption bonds between Pd and
reactants such as O, O/OH, O, ™, and HO», reducing their
respective blocking effect in the O, reduction process. As

a result, ORR kinetics may be enhanced. For example, an
alloyed Pd showed areduced ORR overpotential by ~50 mV
at 0.2mA cm™2, compared to that catalyzed by pure Pd.

(2) Induced change in the Gibbs free energy for the ORR. Wang
and Balbuena [82] explained that if a catalyst consists of
two metals, one with a low occupancy of d-orbitals (such
as Co, Ni, Cr, or V) and the other with fully occupied d-
orbitals (such as Pd, Au, and Ag), the d-orbital coupling
effect between them can significantly decrease the Gibbs
free energy for the electron transfer steps in the ORR, result-
ing in enhanced ORR kinetics.

(3) Pdlattice compression induced by alloy formation. A metal
d-band center can be altered by orbital overlap. The for-
mation of the alloy can induce Pd lattice compression (or
reduction of bond lengths between metals), for example,
via modification of electronic structures and orbital over-
lap. This will cause a shift of the d-band center, resulting
in a change in the surface activity of the Pd sites. Den-
sity functional theory calculations made by Hammer and
Norskov [83] confirmed that compression of the Pd lattice
in Pd alloys could downshift the energy of the d-band cen-
ter. Pd lattice compression can thus enhance the catalyzed
ORR.

(4) Facilitated O, dissociation by alloy formation. Fernandez et
al. [84] interpreted the enhancement in activity upon alloy-
ing using a simple thermodynamic model. They thought
incorporation of more active metals into Pd, such as Co,
could facilitate the dissociative adsorption of O, to form
dissociated oxygen atoms (Og,qs), and that these Oyqs could
migrate from the Co site to the Pd site whereupon electrore-
duction could occur with less polarization. For example,
rotating disk electrode (RDE) experiments [84] showed a
clear onset potential shift of ~200 mV in the positive direc-
tion for the ORR when Pd was alloyed with Co; and a Pd—Co
alloy with an atomic ratio of 80:20 could give a optimum
activity, which was very close to the activity exhibited by
pure Pt catalysts.

(5) Formation of the desirable “Pd shell and alloy core” struc-
ture. Lu and co-worker’s [85], in their recent paper on
first-principles consideration in the design of Pd alloy cata-
lysts for ORR, proposed that the key to improving the ORR
activity of Pd-based catalysts is to alloy Pd with elements of
smaller atomic size to form a “Pd shell and alloy core” struc-
ture, so as to take advantage of the lattice strain effect (lattice
contraction induced by the incorporation of smaller atoms,
such as Co, into the Pd lattice). This lattice strain effect can
cause a downshift in the metal d-band center, weakening
the interaction between the catalyst and the adsorbate (such
as O). Three catalysts such as Pd, Pd—Co, and Pt showed
experimentally an ORR activity order of Pt>Pd—-Co>Pd,
which is consistent with the theoretical interpretation [85].

The main stability-related problem of a Pt alloy catalyst is
its dissolution in acid environments. However, the low stability
of alloy catalysts is caused not only by the dissolution of the
metal in the electrolyte, but also by the loss of active surface
area partly due to the sintering [78,86].
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Cambanis and Chadwick [62] prepared heat-treated Pt—V/C
catalysts with different Pt/vanadium ratios. The heat treatment
was performed at 830 and 930 °C. They observed that heat treat-
ments at these two temperatures resulted in crystallite sizes in
the ranges of 3.3-3.5 and 4.0-4.5 nm, respectively, independent
of the vanadium content. These catalysts were tested for ORR at
180 °C in a phosphoric acid solution. It was found that the cata-
lyst heat treated at 930 °C had less activity, which was attributed
to the sintering effect. The results also showed that at both heat-
treatment temperatures, the catalyst activities were dependent
on the vanadium content, and the optimum vanadium content
was in the range of 15-22 at.%.

Antolini et al. [61] heat-treated dispersed Pt—V alloy catalysts
under a Ar + 10% H; atmosphere for 2 h at 500 and 850 °C in an
effort to evaluate the effect of particle size and lattice parameters
on the catalytic ORR performance in a PEM fuel cell. The cat-
alyst treated at 850 °C showed a better ORR performance than
did Pt/C due to the formation of an ordered phase (fcc Pt; V)
on the Pt—V alloy catalyst surface (fcc Pt;V). XRD measure-
ments indicated a decreased lattice parameter and an increased
particle size (from 3.4 to 5.4nm) with an increase in heat-
treatment temperature (see Table 1). Heat treatment can increase
the Pt—V alloy degree, resulting in enhanced catalytic activity
towards ORR.

Min et al. [63] prepared three carbon-supported alloy cata-
lysts (Pt—-M/C, M =Co, Ni, Cr), and heat treated each of them
separately at 600, 700, 900, and 1100 °C in a reducing atmo-
sphere (N2/10% H») for 2.5h (Table 1). Their ORR catalytic
activities were measured using a half-cell at an electrode poten-
tial of 900 mV (vs. dynamic hydrogen electrode). Measurements
were carried out with pure oxygen in a 190 °C H3POy4 solution.
The results showed that catalytic activity increased with increas-
ing heat-treatment temperature, and the amount of increased
activity was dependent on the nature of the second metal used in
the alloying process, particle size and alloying degree with Pt.
The altered Pt—Pt distance might be favourable for ORR.

Santiago et al. [69] prepared a carbon-supported Pt790Co3zg
nanoparticle catalyst using a polyol process. The catalyst had
a very small particle size of 1.9 0.2 nm. A carbon power was
used for the support, which was heat treated at 850 °C for Sh
in an Ar atmosphere before the catalyst anchoring. The cata-
lyst formed was heat treated again in different ways. The first
sample was treated at 400 °C for 2 h in an Hy atmosphere. The
other sample was first treated at 200 °C for 1 h in air, followed
by a 300 °C treatment for 1 h in an H, atmosphere. The ORR
performance catalyzed by both as-prepared and heat-treated
Pt—Co catalysts was better than that of commercially available
Pt/C and Pt—Co (3:1)/C catalysts. In addition, both heat-treated
samples showed an increase in the crystallite size compared to
the as-prepared Pt;90Co30/C (see Table 1). The electrocatalytic
activities, measured by MEA testing, of the heat-treated and
as-prepared samples were almost the same even though the
as-prepared sample had a significantly smaller particles size
than the heat-treated sample. Furthermore, the first sample heat-
treated at 400 °C showed a significant performance loss in PEM
fuel cell measurements. It is clear that the mutual functioning of
the particle size, alloying, and surface oxides plays a role in cat-
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Fig. 3. Variation of the real activity of Pt/C and Pt—Co/C PAFC cathode catalysts
as a function of heat-treatment temperature. Plotted according to the data in [64]
by permission of The Electrochemical Society.

alyst activity improvement. More work is needed to distinguish
which factor is dominant.

Beard and Ross [64] prepared Pt—Co/C alloys (3:1 atom ratio)
using two methods: one in an acidic (pH 2) and the other in
an alkaline (pH 11) aqueous medium. The synthesized cata-
lysts were then heat treated at 700, 900, and 1200 °C, under an
inert atmosphere for 2 h (for structural parameters, see Table 1).
Fig. 3 shows the specific activity under phosphoric acid fuel cell
conditions, of heat-treated Pt/C and Pt—Co/C catalysts (synthe-
sized in acidic media) as a function of treatment temperature.
It can be seen that heat treatment improves the catalyst activ-
ity in the whole temperature range, and that Pt—Co/C treated at
1200 °C shows a slightly higher specific activity than Pt/C. An
important observation was the effect of the heat-treatment on Co
loss. Untreated samples synthesized by both methods showed a
Co loss of more than 80%, whereas the samples heat treated
at 1200 °C showed losses of only 15% and 28.4% for acidic
and alkaline routes, respectively. Therefore, heat treatment can
effectively reduce Co loss.

Watanabe et al. [65] prepared Pt—Co/C catalysts and investi-
gated the effect of heat treatment on their ORR catalytic activities
and stability under the operating conditions of a phosphorous
acid fuel cell. The heat treatment was performed in a reduc-
ing atmosphere (N, + 10% Hy) at several temperatures ranging
from 400 to 900 °C for different time intervals under 20 h. They
obtained well-defined alloys with ordered and disordered struc-
tures. The highest ordered structure was achieved with catalysts
heat treated at temperatures between 600 and 650 °C for more
than 5h. A sample with disordered structure could be obtained
by heating the ordered sample to 800 °C for 15 min, and then
quenching it at a temperature lower than 400 °C. With the same
heating time, the mean diameters of the Pt—Co alloy crystallites
increased linearly with increasing heat-treatment temperature.
Corrosion tests were performed by exposing these catalysts to a
210°C H3POy4 solution for 0-50 h under a controlled potential
of 0.8 V. It was found that Co atoms on the particle surfaces of
both alloy catalysts dissolved easily in the acid media, but the
disordered alloy was more corrosion resistant. The ORR perfor-
mance of cathodes catalyzed by ordered and disordered catalyst
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Table 2
Electrochemical characterization for Pt—Cu/C catalysts [70]

Pt—M/C (heat-treatment temperature, °C)

Electrochemical surface area (cm? mg~"

At 700mV (vs. Ag/AgCl)

Mass activity (mA mg~!) Specific activity (mA cm~2)

Pt/C 679
Pt—Cu/C 423
Pt—Cu/C (300) 414
Pt—Cu/C (600) 333
Pt—Cu/C (900) 241

332 0.49
323 0.76
651 1.33
217 0.65
150 0.62

alloys in 50-h corrosion tests are shown in Fig. 4. It can be seen
that before the corrosion test, the ordered catalyst exhibits a
better specific activity (1.35 times higher than that of the disor-
dered one). However, after the corrosion test, the ordered catalyst
shows a decay in activity. It was concluded that the disordered
alloy is preferable from the viewpoint of structure stability and
electrocatalytic activity.

The effect of heat treatment on the structural and activity
properties of Pt—Co/C alloy catalysts can also be seen from the
work of Salgado et al. [66]. The catalysts were heat treated at
550 and 900 °C under a hydrogen atmosphere for 3 h (Table 1).
Increases in particle size and contraction of the lattice were
observed, suggesting a formation of better alloying with increas-
ing temperature. Through ORR kinetic analysis in a single
PEMEFC fed with H>/O;, it was found that the sample treated
at 550 °C was more active than that treated at 900 °C, although
its alloying degree was poorer.

Tseng et al. [70] synthesized Pt—Cu/C alloy catalysts and
studied the effects of precursor, preparation methods, and heat
treatment on the catalyst particle size, dispersion, lattice struc-
ture, and ORR activity (Table 1). Due to the absence of two
characteristic diffraction peaks in the XRD spectra, the authors
speculated that all prepared catalysts were disordered phases
with a face-centered cubic structure in which the Pt and Cu atoms
were randomly distributed at the corner and face-centered posi-
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Fig. 4. The relative specific activities at 900 mV vs. RHE on the ordered and
disordered alloy catalysts before and after the corrosion tests for 50h at 0.8 V
and at 210°C in 105% H3POj4. Reproduced from [65] by permission of The
Electrochemical Society.

tions. All Pt—Cu/C catalysts showed a smaller lattice constant
and hence a shorter average Pt—Pt distance than did the pure
Pt catalyst, and heat treatment had negligible effect on these
parameters. Table 2 shows the catalyst surface areas and the
ORR activities obtained by cyclic voltammetry for the catalysts
before and after heat treatment. It can be clearly seen that the
addition of copper caused a decrease in catalyst surface area. The
catalyst heat treated at 300 °C gave the highest ORR activity. The
authors concluded that the sample treated at 300 °C might favour
O; adsorption and electron transfer on the Pt surface.

Beard and Ross [71] prepared Pt—Ti/C catalysts in two solu-
tions with different pHs. The as-prepared catalysts then were
heat treated under a flowing He atmosphere for 2h at 700,
900, and 1200 °C. Stability tests were carried out for 6 h in O;-
saturated 98% H3 POy electrolyte (170 °C) and at a polarization
potential range of 0.6—-0.9 V (vs. reversible hydrogen electrode,
RHE). It can be seen from Table 1 that with an increase in heat-
treatment temperature, the particle size increases, resulting in
an abrupt jump from 4.8 nm at room temperature to 11.0 nm at
700 °C for catalysts synthesized in the acidic route, and from
7.0nm at 900 °C to 28.0nm at 1200 °C for those prepared in
the alkaline route. In addition, heat could created superlattice
structures, suggesting the formation of the ordered alloy phase
(Pt3Ti). The stability test data for the catalysts prepared in the
acidic route are summarized in Table 3. The results indicate
significant losses of titanium, even in the heat-treated samples.
Therefore, the titanium in the catalyst could not be stabilized by
either alloying or heat treatment.

In an attempt to avoid alloy particle growth, Xiong et al. [67]
prepared carbon-supported Pt-M alloys (M =Fe, Co, Ni and
Cu) using a low-temperature (70 °C) method and investigated
their ORR catalytic activity in a half-cell containing a sulphuric
acid solution and in a PEM fuel cell cathode. Two alloy cata-
lysts, Pt—Co/C and Pt-Fe/C, were separately heat-treated at 200
and 900 °C in an atmosphere of a flowing mixture of Ar+ 10%
Hy. They observed that the particle size increased with increas-

Table 3

Stability tests for Pt—Ti/C catalysts in phosphoric acid [71]

Pt-Ti/C (HT °C) Pt/Ti ratio Lattice constant (A) Superlattice
Before After

As-prepared 42:1 57:1 3.927 No

700 - - 3.928 No

900 - - 3.910 Very weak

1200 29:1 48:1 3.907 Yes
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ing heat-treatment temperature and time. The ORR activities
of these two catalysts were improved by heat treatment at the
lower temperature (200 °C). However, both catalysts treated at
the higher temperature of 900 °C catalysts showed a dramatic
degradation in ORR activity, which was attributed to the increase
in particle size.

In a recent work, Xiong and Manthiram [68] synthesized
several carbon-supported Pt—M alloys by first precipitating the
M™ hydroxide (M =Fe, Co, Ni or Cu) on commercially avail-
able Pt/C particles, and then heat treating them at 900 °C in a
flowing mixture of Ar+10% H;. The ORR catalytic activities
were validated in a PEM fuel cell. Pt—Fe/C and Pt—Co/C, con-
trary to other catalysts, showed ordered structures and enhanced
ORR catalytic activity compared to Pt and disordered Pt alloys.
The effect of heat-treatment temperature on the properties of
Pt-Fe/C [68] and Pt—Co/C [87] was studied by heating these
two catalysts at various temperatures from 500 to 900 °C for
1h. The results are shown in Fig. 5. It can be seen that
heat-treatment temperature of 600 and 650°C produce the
best ordering structure and consequently the highest catalytic
activity.

Table 4
Effect of heat-treatment on stability and particle size of powder catalysts [88]

Wei et al. [88] demonstrated that heat treatment plays a key
role in obtaining a catalyst with proper corrosion resistance and
a high-surface area. In their work, as-prepared Pt/C and Pt-Fe/C
were heat treated separately at various temperatures from 95 to
900 °C in a flowing gas stream (N3 + 7% Hj) for 40 min. Their
results are shown in Table 4. It can be seen that the alloying
degree and particle size are strongly dependent on the heat-
treatment temperature. As usual, particle size increases with
increasing the temperature. More interestingly, the Pt alloy cat-
alysts exhibited a better resistance to sintering than did the pure
Pt catalyst if the treatment temperature was higher. In addition,
heat treatment could improve the stability of the catalysts in
terms of dissolution reduction.

Roh et al. [86] prepared a carbon black-supported ternary
Pt—Cu—Fe catalyst with a metal atomic ratio of 2:1:1. This as-
prepared catalyst was then heat treated at 900 °C in a reducing
atmosphere (N2 + 10% Hj) for various periods from O to Sh.
The results indicated that when the heating time was increased,
the ordered alloy extent increased accordingly, and the lattice
structure of Pt changed from a face-centered cubic to a con-
tracted face-centered tetragonal structure. After 2.5h of heat
treatment, the extent of the ordered alloy became larger. With
respect to stability, these electrocatalysts were tested in a 200 °C
H3PO4 (100%) medium under constant stirring in air for 5Sh. It
observed that more than 80% of both Cu and Fe in the non-heat-
treated catalysts was dissolved during this test. In comparison,
ordered alloys showed more stability than did the disordered
ones. Regarding ORR performance in a fuel cell operation,
ordered alloys produced by heat treatment showed improved
catalytic activity compared to the pure Pt catalyst. The ORR
activity of as-prepared catalyst alloys was lower than that of the
baseline Pt/C catalyst, while heat-treated alloys showed slightly
higher activity at the heat-treatment period of 2.5 h.

In summary, heat-treatment of as-prepared Pt—-M/C catalysts
increases the catalyst particle size, and at the same time, changes
the catalyst lattice structure from a disordered one to a partially
ordered one. It seems that the lattice structure change effectively
improves the ORR catalytic activity and the catalyst stability,
although the catalyst active area is reduced by the growth of
particle size. Therefore, the negative effect of the catalyst particle
size increase on the ORR activity may be overwhelmed by the
positive effect of the lattice structure change.

Catalyst Heat-treatment temperature (°C) Crystal detected by XRD Dissolution of Pt after ageing® (%) Metal particle size (nm)
Before ageing After ageing

Pt/C 95 Pt 28.7 7.5 12.2

750 2.1 35.8 36.3

900 0.2 46.7 46.7
Pte7Fes3/C 500 - 11.4 234 30.1

650 Pt, Pt3Fe 104 20.6 21.4

750 Pt3Fe 9.2 13.5 12.7

900 4.6 223 21.9

2 0.3 g immersed in 20 g 105% H3POy, saturated with air at 204 °C, for 5 h and under open-circuit conditions.
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3.3. Non-Pt-M/C catalysts

Non-Pt alloy catalysts have been investigated for many years
in an attempt to overcome the high cost and limited resources
of Pt [89]. Typical examples are palladium (Pd)-M/C catalysts,
which have the advantage of being methanol-tolerant ORR elec-
trocatalysts [90-93].

The effect of heat treatment of Pd-M/C catalysts on the
morphology and ORR activity were reported by several groups
(M =Co [90,93]; Cu [94]; Fe [95]). Recently Zhang et al. [90]
verified that heat-treatment is necessary to enhance the cat-
alytic activity towards ORR of a carbon-supported Pd—Co alloy
(Fig. 6). The maximum ORR activity was found when the
sample was treated at 300 °C. However, different synthesis pro-
cedures can affect the catalyst properties. Zhang et al. [90] used
an impregnation method and carried out heat-treatment with a
temperature ramping rate of 5°Cmin~! under flowing N, at
temperatures ranging from 300 to 700 °C for 2 h, while Wang et
al. [93] prepared the same catalysts via a modified polyol reduc-
tion followed by a heat treatment for 2h at 400-700 °C in an
atmosphere of flowing N2/10% Hj. Both works observed that
with an increase in temperature, the catalyst lattice contraction,
degree of alloying, and particles size were increased.

A similar effect on morphology and ORR electrocatalytic
activity was observed when Cu [94] or Fe [95] was used as the
second metal and the catalyst was heat treated in the temperature
range of 300-800 °C. When the Pd:Cu ratio in Pd—Cu/C was
1:3, the best treatment temperature in terms of ORR activity
improvement was 600 °C. For Pd-Fe/C, the best temperature
was 500 °C.

4. Effects of heat treatment on non-noble catalysts
4.1. Transition metal macrocycles

Another kind of the fuel cell catalyst which has been exten-
sively explored as a potential replacement for Pt for ORR

catalysis is transition metal N4-chelates (macrocycles). These
promising cathodic catalysts have shown reasonable activity and
remarkable selectivity towards ORR. They can catalyze a direct
four-electron reduction of O, to produce water, and are inert
to methanol oxidation [9,11,29]. However, practical catalysts in
PEM fuel cells require strong activity and high stability, major
barriers for this kind of catalyst.

It is generally recognized that the activity and stability of
transition metal macrocycles for ORR catalysis could be signif-
icantly improved by heat treatment. In the past several decades,
heat treatment has been employed to treat carbon-supported
macrocyclic catalysts, and the attained catalysts showed con-
siderable improvement in ORR stability and activity. However,
long-term stability remains a problem. A possible cause might
be the hydrogen peroxide produced in the ORR process, which
could attack the catalyst and degrade its performance.

Jahnke et al. [96] showed that heat treatment had a signif-
icant effect on the ORR catalytic activity of carbon-supported
CoTAA (dihydrodibenzotetraazaannulene). The results, shown
in Fig. 7, indicate that all of the heat-treated CoTAA samples
showed better ORR performance than did the untreated one. It
seems that the best ORR activity was obtained at 600 °C, and the
best stability was obtained at 800-900 °C. When heat-treatment
temperature goes up over 1000 °C, both stability and activity are
dropped sharply.

Among several other works dealing with CoTAA as
an ORR electrocatalyst [97-101], Biloul et al. [98] tested
the performance of cobalt (Co) porphyrins (cobalt tetram-
ethoxyphenylporphyrin (TpOCH3PPCo) and its derivative
(CF3PPCo)) and CoTAA as ORR electrocatalysts under fuel cell
conditions. All of these macrocycles were vacuum-deposited on
carbon black (Printex XE2) or on active charcoal (Norit SX ultra)
to form supported catalysts. Then the resulting carbon-supported
catalysts were heat treated at 500, 600 and 800 °C under an
N> or Ar atmosphere for 2 h. The effects of supports, catalyst
loadings, and heat-treatment temperatures on the ORR activity
were investigated. According to polarization curves, if the treat-
ment temperature was the same, the active charcoal-supported
TpOCH3PPCo showed a better performance than did the carbon
black-supported TpOCH3PPCo. The optimal CoTAA loading
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Fig. 7. Dependence of thermal activation on temperature (half-cell, electrolyte:
4.5N H,S04). Reproduced from [96] by permission of Springer.



C.W.B. Bezerra et al. / Journal of Power Sources 173 (2007) 891-908 903

on the active charcoal support was found to be about 13 wt% at
800 °C. If other conditions such as catalyst type, loading, and
support type were kept constant, the treated catalyst with the
best ORR performance was the one treated at 800 °C. To dis-
criminate the durability of different types of catalysts, a fuel cell
with different cathode catalysts was tested at a current density of
100 mA cm™2 for less than 300 h. The observed durability order
was CF3PPCo < TpOCH;3PPCo « CoTAA/SX.

In an earlier work, Gouerec et al. [102] observed that the
optimal heat-treatment temperature of these carbon-supported
tetraphenylporphyrins for ORR was 600°C. Fig. 8 shows
the electron spin resonance spectra of TpOCH3;PPCo/SX
and TpCF;PPCo/SX catalysts before and after the heat-
treatment at 500, 600, and 800°C. It can be seen that
the untreated samples show the presence of Co porphyrins:
TpOCH;3;PPCo(II)/TpOCH3PPCo(II1)O, and TPCF3;PPCo(II)
(Fig. 8a and d, respectively). With an increase in heat-treatment
temperature, the concentration of Co species in these samples
decreases (Fig. 8b and e). Interestingly, even there is no visible
Co present in the catalyst (800 °C-treated sample), ORR activity
can also be observed.

Franke et al. [101] investigated the effect of heat treatment
on the ORR catalytic activity of three transition metal macrocy-
cles, CoTAA/C, FeTAA/C, and the metal-free H; TAA/C. Heat

P)Co(ll)

%

treatment was performed in an inert atmosphere at different tem-
peratures ranging from 150 to 1100 °C for different durations
ranging from O to 8 h. When the heat-treatment time was short,
the catalyst activities initially increased with the increase in heat-
treatment temperature, and a peak activity was observed. Among
all samples, the best active catalyst was CoTAA/C heat treated
at a temperature of 600-700 °C. The metal-free catalyst showed
visible activity only when the heat-treatment temperature was
greater than 1000 °C.

The positive effect of heat treatment on the ORR stability and
activity of CoTAA/C was also observed by Gouérec et al. [103].
The samples were heat treated under an Ny or Ar atmosphere
for 2 h at a temperature range of 500-900 °C. For the durability
tests, the electrode modified by this heat-treated CoTAA/C was
polarized at 500 mV (vs. RHE) for 100 h. It was found that the
600 °C samples showed the best performance in terms of activity
and durability. The authors also showed that Co-involved bond-
ing was different in these heat-treated catalysts. According to the
results of X-ray photoelectron spectroscopy (XPS), the catalyst
heat treated at 800 °C showed a complete demetallation. In order
to discriminate the Co bonding in these materials, experiments
with time-of-flight secondary ion mass spectrometry (ToF-
SIMS) were carried out on unsupported catalysts (CoTAA and
H,>TAA), carbon-supported catalysts (active charcoal-supported
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Fig. 8. ESR spectra of TpOCH3PPCo/SX Ultra on thermal treatment: (a) non-thermally treated; (b) 500 °C treated; (c) 800 °C treated, and TpCF3;PPCo/SX (d)
non-thermally treated; (e) 500 °C treated; (f) 800 °C treated. Reproduced from [102] by permission of Elsevier.
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CoTAA (CoTAA/C) and H,TAA (H,TAA/C)), which were heat
treated at different temperatures. On the positive side of the
spectrum, pure CoTAA exhibited the parent ion (C;gH;4N4Co*)
and its fragments such as Co*, CgH9N*, CoHyN*, C;H4NCo™,
C11HygN,*, C7H5N,Co*, and CgH4N,Co™. On the negative side
of the spectrum, several ions containing N and/or Co were
detected, including CN™, CoN—, C3N—, CoN,Co ™, C7HsN, ™,
and CN4Co™. However, after the CoOTAA was deposited on the
carbon, neither the parent ion nor the characteristic fragments
could be seen on the positive side of the spectrum. On the
negative side of the spectrum, only some fragments could be
detected, including CN—, CoN—, C3N~,CNO™, and C;N,>Co ™.
The spectra of heat-treated and non-heat-treated CoTAA/C were
similar, except the intensities of ions containing N and Co were
decreased, and the intensities of Co and oxygen associated
ions such as CoOH*, CoO~, CoOH~, CoO,~, CoO,H™, and
Co0O3~ were increased for heat-treated CoTAA/C. At 700°C,
for example, neither CoN4 nor CoN, were detected, suggest-
ing a complete decomposition of the macrocycle. However,
the intensity of the oxygenated Co fragments was significantly
enhanced. Due to fact that the optimum ORR activity was found
at 600 °C for the CoTAA/C catalyst, the detected fragments con-
taining Co with N and/or O suggested that a stronger interaction
between the metal in the CoN, with oxygen surface groups on
the support might play a role in catalyst activity enhancement.
When the temperature went up to 800 °C, the macrocycle started
to destruct, a favourable bonding of the nitrogen atoms, and
the oxygen-containing group on the support surface appeared,
resulting in a catalyst surface with a high content of Co oxide
species.

Weng et al. [104] studied the carbon-supported Co phthalo-
cyanine (CoPc) heat treated at different temperatures using
ToF-SIMS coupled with XPS and TEM. The most active ORR
CoPc/C catalyst was that heat treated at 600 °C under an inert
atmosphere for 2h [105], as illustrated in Fig. 9. Further stud-
ies [106,107] showed that the SIMS intensities of Co* and all
other Co-containing organic fragments decreased with increas-

500 T e S —

400 -
300 l

200! T

Current at 0.46 V vs. SCE (uA)

100+ -

[ o *
V- . . L . | I RSO S N, )
0 200 400 600 800 1000 1200

Heat-treatment Temperature (°C)

Fig. 9. Evolution of the catalyst electroactivity for the reduction of oxygen as
a function of the heat-treatment temperature. Half-cell measurements, HySO4
solution, pH 0.5. Reproduced from [104] by permission of Elsevier.

ing heat-treatment temperature. The authors believed that the
Co metal and/or the Co-containing fragments were responsible
for catalytic activity enhancement in the temperature range of
600-700°C.

Since the structure of these N4-chelate compounds could be
partially or completely destroyed during pyrolysis at different
heat-treatment temperatures, it can be expected that this type of
electrocatalyst could be synthesized using common and inex-
pensive starting materials [1,9,108—111].

Leféevre et al. prepared a series of Co-based [112] and
Fe-based [108-110] ORR electrocatalysts by mixing the corre-
sponding metal precursors. During the synthesis in a gas mixture
of NH3 + Hj + Ar, the other experimental conditions, including
ligands (acetate and porphyrin), metal loading (0.2% Co or Fe),
and support (obtained by pyrolysis of perylene tetracarboxylic
dianhydride (PTCDA)), were kept constant. The synthesized cat-
alysts were then heat treated at the temperatures ranging from
400 to 1000 °C. It was observed that regardless of the precursor
used, two catalytic sites for Fe-based catalysts were detected:
FeNy4/C and FeN,/C, which were represented by FeN4Cy4* and
FeN,Cy4™* ions, respectively. Their relative weights in the catalyst
were dependent on the heat-treatment temperature. At tempera-
tures above 700 °C, only FeN,/C was more abundant, no matter
which kind of Fe precursor was used. The correlation between
the catalytic activity and the relative abundance of FeN,/C at dif-
ferent heat-treatment temperatures suggested that the FeN,/C
site might be more active than the FeN4/C site. In contrast to
Fe-based catalysts, Co-based electrocatalysts had no dominant
catalytic site such as CoN,C,*. The best ORR catalytic activities
for both types of catalysts were found to be at the heat-treatment
temperature range of 500-800 °C.

A positive effect of heat-treatment on the ORR electrocat-
alytic activity of nanosized RuN, catalysts was observed by
Liu et al. [113]. This catalyst was supported on carbon par-
ticles using RuCls and propylene diammine as the Ru and
N precursors. The catalysts were then heat treated in an Ar
atmosphere at a temperature range of 600-900 °C. As-prepared
Ru-based chelate did not exhibit an ORR activity, suggesting
that the active catalyst site was not formed. According to the
authors’ observation, a temperature of 700 °C gave the best ORR
activity. As the temperature was increased beyond this point,
the Ru crystallite size was gradually increased, forming cata-
lyst agglomeration, which then negatively affected the catalyst
activity.

In addition, some new heat-treatment techniques for synthe-
sizing highly active macrocycle catalysts by creating favourable
morphology and increasing surface area have been validated. Liu
etal. [29] recently developed an ultrasonic spray pyrolysis (USP)
technique to synthesize CoTMPP/C catalysts. This heat-method
led to spherical, porous, and uniform CoTMPP/C particles with
a high-surface area of 834 m? g~!. The ORR activity of the pre-
pared catalyst was double that of the conventional heat-treated
catalyst in an rotating ring-disk electrode (RRDE) measurement.
As shown in Fig. 10, the results of Hy—air PEM single fuel cell
testing showed that the cell performance of the USP-derived cat-
alyst was much higher than that of the conventional heat-treated
one.
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Fig. 10. Polarization and power density curves for Hy—air PEM fuel cells with
conventional and ultrasonic spray pyrolysis (USP) derived CoTMPP/C catalysts.
Reproduced from [29] by permission of Elsevier.

Bogdanoff et al. [25] developed another new heat-treatment
technique, the plasma thermal treatment method, to suppress
particle aggregation and increase surface area of macrocycle
catalysts during the synthesis process. In this way, the electro-
chemical activity of the prepared catalysts was also effectively
improved.

With respect to the applications of such transition metal
macrocycle catalysts in cathode catalysis, although the ORR
catalytic activity can be improved by with the assistance of
techniques such as heat treatment, their stability in a fuel cell
operation remains a challenge [11,96,98,103,110,113-117].

4.2. Transition metal chalcogenides

Transition metal chalcogenides, which have high-catalytic
activity towards ORR and high-methanol tolerance [118-120],
represent one type of non-Pt catalyst for fuel cell applications.
Two typical chalcogenides are pseudo-binary selenides contain-
ing an Ru-substitute (Mog—,Ru,Seg, where x=1.8 and 2.3) and
ternary Ni-based tellurides (Nip gsMogTeg) [119]. The Ru-based
compounds were prepared by sintering the mixtures of pure ele-
ments in a sealed quartz tube at high temperature (~1200 °C)
for several hours. The Ni samples were prepared by reaction
between binary MogTeg and elemental Ni powder at 1000 °C
[119-121]. It seems that there are few articles focusing on the
effect of heat treatment on the ORR electrocatalytic properties
of these materials. This is probably because the synthesis pro-
cess is a high-temperature process and further heat-treatment
may not be necessary [122].

However, some novel chalcogenide materials have been syn-
thesized at low temperatures (<200 °C) by refluxing a metal
carbonyl compound (such as Mo(CO)g, Ruz(CO)12, Os3(CO)12)
and the corresponding chalcogen. The temperatures used in the
synthesis were limited by the boiling point of the organic solvent
used. This faster, simple, and economic low-temperature proce-
dure can produce cluster-like materials, which have improved
electroactivity and chemical stability [122,123]. In most cases

no further heat treatment is needed [1,124-126]. However,
several works reported a subsequent stage of heat treatment
[123,127,128]. For example, Reeve et al. [123] prepared carbon-
supported Mo,Ru,S;, Rh,RuyS;, and Re,Ru, S, by refluxing the
respective carbonyls with sulphur and carbon black in xylene for
20h under nitrogen. The products were filtered, washed with
acetone, dried, and finally heat treated at 350 °C for 2 h under
nitrogen.

Regarding the effect of the heat-treatment on these cata-
lysts, Rodriguez et al. [127] compared the ORR electrocatalytic
activity of the as-prepared catalyst with the 500 °C heat-treated
carbon-supported Mo,Ru, Se; (predominant phase MosRu;Seg)
catalysts. The as-prepared and heat-treated catalysts were all
stable in acidic media, but the untreated sample exhibited much
higher activity compared to the heat-treated one, which might
be attributed to the loss of Se during the heat-treatment. Heat-
treatment at over 250 °C for unsupported Ru-based catalysts
could cause the release of carbon monoxide or carbon dioxide,
resulting in a lower ORR catalytic activity [126].

Cheng et al. [128] observed that heat treatment under H; at
400 °C for 1h improved the ORR catalytic activity and stabil-
ity of an RuSe electrocatalyst. They observed that increasing
the temperature beyond 400 °C would not lead to better per-
formance. According to this study, the positive effect of heat
treatment on the properties of such catalysts may be attributed
to the following: (1) removal of the residual substances from
the synthesis and emptying the pores, which may be utilized by
new active sites formed from interactions between Ru, S, and C
during heat treatment; (2) crystallisation that occurs during heat
treatment, which causes a structural transition from an amor-
phous to a metallic state and reduces the electrical resistance; (3)
reduction of the number of oxygen groups on the support sur-
face, which enhances metal sintering. Such a reduction could
decrease material sintering and, thus, increase the stability of
these catalysts. As Ru can easily form Ru oxides in air, Se plays
an important role in stabilizing the RuSe active site against fur-
ther oxidation; and (4) formation of a catalytic site. As heat
treatment has a significant effect on the catalyst composition, it
has been assumed that the presence of new catalytic sites such
as RuSe after heat-treatment can act as an electron reservoir and
provide the adsorption sites for oxygen. The formation of such
an active site is responsible for the higher activity and stability
of the catalyst, although its real structure has to be identified.

5. Conclusions

Heat treatment of fuel cell catalysts plays an important
role in the improvement of ORR electrocatalytic activity and
stability. These catalysts primarily include unsupported and
carbon-supported Pt, Pt alloys, non-Pt alloys, and transition
metal macrocycles. The major effects of heat treatment on cata-
lyst properties, including particle size, morphology, dispersion
of the metal on the support, alloying degree, active site forma-
tion, catalytic activity, and catalytic stability, were reviewed in
this paper. The optimum heat-treatment temperature and time
period with respect to ORR activity and stability improvement
are strongly dependent on the individual catalyst.
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With respect to Pt-based catalysts, heat treatment can induce
particle-size growth, better alloying degree, and changes in the
catalyst surface morphology from amorphous to more ordered
states, which have remarkable effects on ORR activity and sta-
bility. In addition, heat treatment of catalyst carbon supports can
also affect the ORR catalytic activity of the supported catalyst
significantly. However, if the heat-treatment temperature is too
high (>1000°C), even though the stability of the catalysts is
improved, the catalytic activity could be degraded.

Heat treatment is also important for ORR activity and
stability improvement of non-noble catalysts, in particular tran-
sition metal macrocycles. In fact, heat treatment is necessary
for introducing more active catalytic sites. However, if the
temperature is greater than about 800 °C, it could have a neg-
ative impact on the catalytic properties of these materials.
For metal chalcogenide catalysts, it seems that heat treat-
ment may not be necessary for catalytic activity and stability
improvement.

The mechanisms of heat treatment, including induced cata-
lyst surface structure change and surface active site formation,
seem complicated. More fundamental research is necessary in
order understand these mechanisms and to develop new strate-
gies that include heat-treatment processes for enhancement in
fuel cell catalyst activity and stability.
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