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1. Introduction

Low temperature fuel cells operating below 100 °C, such as
hydrogen/oxygen fuel cells (also known as proton exchange
membrane fuel cells, or PEMFCs) and direct methanol fuel cells
(DMFCs), show potential as alternative power sources for vehi-
cles. This is because of the advantages that they offer, including
high energy conversion efficiency, high power density, low or
zero pollution, quick start-up, no loss of electrolyte, and long
lifetime [1]. DMFCs are considered especially promising alter-
native power supplies for mobile and other portable devices
because the fuel is readily obtainable, they possess high specific
energy densities and are capable of functioning at low temper-
atures [2,3]. Many research works have been carried out to
improve catalyst activities, develop methanol-resistant mem-
branes, synthesize methanol-tolerant cathode catalysts, and

optimize the electrode structures [4]. Pt and its alloys are cata-
lysts for the most commonly used DMFCs because Pt exhibits
remarkable activity for both oxygen reduction reaction (ORR)
and methanol oxidation reaction (MOR). Pt catalysts do, how-
ever, have the disadvantage of inactivation induced by inter-
mediates formed during the MOR. In addition, the strong 0=0
bond (498 kJ/mol) slows the reaction rate at the cathode and
necessitates the use of significant quantities of Pt. From the
point of view of economics, therefore, there is a requirement to
develop fuel cells that operate either with low Pt loadings or
non-Pt eletrocatalysts. This paper presents several different
non-platinum anode and cathode catalysts with applications in
low temperature fuel cells and discusses their prospects for
future development.

2. Non-platinum anode catalysts
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This section reviews progress in non-platinum anode cata-
lysts, including those with applications in hydrogen/oxygen
fuel cells, direct ethanol fuel cells (DEFCs) and DMFCs. In a
DMFC, the MOR mechanism involves a six electron process
(CH30H + H20 = COz+ 6H*+ 6e-) that occurs spontaneously as
long as the anodic potential is equal to or slightly greater than
0.046 V. Unfortunately, this process produces intermediates
such as HCHO, CO-like compounds, which are adsorbed on the
electrode surface and result in poisoning of Pt-based catalysts
[5]. In addition to this drawback, fuel cells employing Pt-based
catalysts will also be difficult to commercialize because of the
high cost of the material. As a result of continued research into
the commercialization of fuel cells, several candidates that may
function as non-Pt catalysts have been identified, including
metal carbides, Pd alloys, and perovskite oxides.

2.1. Metal carbides

Metal carbides, including tungsten carbide (WC) and mo-
lybdenum carbide (MozC), possess a similar electronic struc-
ture to that of Pt and thus exhibit Pt-like catalytic activity for a
wide range of reactions. Since the use of these compounds was
first proposed by Levy et al. [6] in the 1960s, their catalytic
performances have been studied through a series of experi-
ments [7]. Metal carbides have subsequently shown remarka-
ble performance when employed as anode catalysts of fuel
cells, although WC still exhibits unstable catalytic behavior. The
stabilization of the metal carbides has been attempted through
the synthesis of bimetallic or multiple W-containing metal car-
bides [8]. A tungsten-molybdenum carbide prepared via the
introduction of molybdenum into WC exhibited enhanced cat-
alytic activity and higher stability during methanol oxidization.
This tungsten-molybdenum carbide demonstrated best per-
formance with the ratio Mo/(W+Mo) of 0.2. This improved
activity results from the modified catalyst introducing a new
reaction path that does not generate intermediates that may
poison the catalyst.

Recently, WC films have shown potential for use as anode
electrocatalysts in DMFCs owing to their stability at anode po-
tentials below 0.6 V [9]. W2C films, however, do not exhibit a
stable voltage region. They are, for example, easily and imme-
diately oxidized to WxOy species during cyclic voltammetry (CV)
in a H2S04 solution (0.5 mol/L) saturated by N2. Methanol ad-
sorption on a WC film results in cleavage of the O-H bond with
the formation of an intermediate methoxy species (CH30). Ad-
ditional results based on testing of WC films have suggested a
synergistic effect based on adding small amounts of Pt to the
film, which may accelerate the subsequent dissociation of the
methoxy intermediate.

The catalytic properties of nanocomposite metal carbides
are dramatically influenced by both morphology and structure.
Variations in the catalytic performances of these materials typ-
ically are caused by differences in their adsorption properties,
which in turn are derived from their surface characteristics,
such that exceptional catalytic activity is exhibited by
nanostructured catalysts with unique surface crystal structures
and large specific surface areas [10]. Several CosMosC2/graph-

ite carbon (8C) nanocomposites, which may be prepared using
much less energy than traditional high temperature synthetic
processes, have been used to prepare Pt-CosMosCz/¢C catalysts
that require less Pt in comparison with commercial Pt/C cata-
lysts [11]. These Pt-CosMosC2/8C catalysts have demonstrated
superior activity and stability in acidic solution due to a syner-
gistic effect between the CosMosC2 support and the active Pt
metal. A similar synergistic effect between WC and Pt has also
been identified in previous work [12]. Pt-CosMosCz2/8C shows
promise as a stable material because its half-wave potential
decreases only 6 mV after 1000 cycles, compared with a de-
crease of 27 mV for Pt/C. In addition, the Pt-CosMosC2/2C cata-
lyst shows no obvious loss of active surface area, whereas a loss
of approximately 20% is observed for Pt/C. These results indi-
cate that CosMosC2/8C is much more stable than carbon sup-
ported under the same testing conditions.

Modified WC is another potential anode material for DMFC
applications, and Rh/WC, Ni/WC, and Au/WC were all pre-
pared by Kelly et al. [13] using a physical vapor deposition
method. These materials exhibited high catalytic activity for
C-H bond scission and for the formation of CO and Hz. Temper-
ature-programmed desorption tests showed that the overall
catalytic activity of these materials during methanol decompo-
sition was in the order WC > Rh/WC > Ni/WC > Pt/WC >>
Au/WC. These data suggest that Rh/WC and Ni/WC could po-
tentially be used as alternatives to Pt/WC and Au/WC for the
purpose of accelerating methanol decomposition.

As can be seen from the above discussion, metal carbides
have been investigated not only as non-platinum catalysts but
also as potential support on which to load Pt. Owing to their
significant catalytic activity for methanol oxidation and high CO
tolerance, these catalysts show promise but require further
research so as to allow their eventual commercialization as
high surface area/high dispersion catalysts. The following as-
pects would be beneficial: exploring new methods of preparing
the catalysts with low cost, low energy consumption, and envi-
ronment-friendly; applying novel preparation technologies to
optimize the catalytic structure, increasing the specific surface
area and active center amounts of metal carbides by means of
nanotechnology, doping and surface modification; taking ad-
vantage of the synergistic effect between metal carbides and
doping materials to develop methods of preparing metal car-
bides with dramatically improved catalytic activity; improving
our understanding of the chemical state of the surface and in-
terface of these materials, and employing structural modifica-
tions on the nanoscale to enhance their catalytic activity.

2.2. Pdalloys

Palladium and Pd-based catalysts have shown great poten-
tial as anode catalysts because Pd is similar to Pt in terms of
catalytic properties and CO tolerance, but is lower cost and has
higher raw material reserves [14-16]. The electrocatalytic ac-
tivity of Pd-metal (Pd-M) during the MOR originates from bi-
functional mechanisms and the ligand effect (electronic effect)
[17]. The bifunctional mechanism in the MOR requires the
presence of two types of active sites: one for methanol adsorp-
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tion and dissociation, another for water adsorption and activa-
tion. The ligand effect on the metal alters the electronic proper-
ties of the Pd, lowering its CO adsorption energy, and facilitat-
ing the oxidation of adsorbed CO (COads) at low potentials.

In early work, binary and ternary Pd-based alloys were
widely used as anode catalysts for low temperature fuel cells
[18,19]. In these studies, the improved catalytic activity and
durability of Pd alloys were achieved by the addition of
non-platinum metals such as Fe, Mo, Co, or Ni [20]. CV meas-
urements of PdMo alloy revealed that both the catalytic activity
and the stability of the electrocatalyst are enhanced when
PdMo/C nanoparticles was prepared via a simultaneous ther-
mal decomposition method [21]. The catalytic activity of
Pd9oMo1o in a DMFC at 80 °C was close to that of as-synthesized
Pt, and the former also exhibited a high tolerance for methanol
poisoning. Research concerning the direct formic acid fuel cell
(DFAFC) also showed that the modification of Pd with Sb, Sn,
Pb, and other metals increased the rate of the oxidation reac-
tion and eliminated CO poisoning, such that the rate of the oxi-
dation reaction using a PdPb catalyst was 4 times that obtained
when using a Pd catalyst after 3 h [22-25]. Furthermore, the
rate of the oxidation reaction was increased by approximately
2.5 and 1.25 times when using PdSb and PdSn, respectively.
Unfortunately, the problem of CO poisoning of the catalyst
during formic acid oxidation has not yet been completely
solved and thus it remains necessary to improve the stability
and CO tolerance of catalysts to prevent significant perfor-
mance loss.

Different catalyst morphologies can result in changes in cat-
alytic activity by modification of Pd content. As an example,
PdNi films with different Pd contents showed different MOR
activities in CH30H (1 mol/L) with H2S04 (0.5 mol/L) [26]. Po-
larization curves revealed that the Pd-Ni alloy with the highest
Pd concentration possessed the highest activity, which can be
explained by the decreasing crystallites sizes with increasing
Pd loads. The application of Pd-based electrocatalysts to the
hydrogen oxidation reaction (HOR) in Hz/02 PEMFCs has also
been studied. Pd-Ni alloys supported on tungsten carbide (re-
ferred to as PANi/WC) were used as anode catalysts and exhib-
ited power density of 230 mW/cm? owing to the strong inter-
action between the alloys and the WC [27]. The long-term sta-
bility of these materials, demonstrated by the lack of any obvi-
ous performance degradation after 100 h of continuous opera-
tion, means that they are attractive as anode catalysts.

The type of electrolyte medium (acidic or alkaline) has been
found to have a significant impact on the performance of the
catalyst. A series of Pd-Sn binary alloys were synthetized as
anode electrocatalysts with different Pd/Sn ratios using SnClz
and K2PdCls as precursors, for use in DMFCs [28]. The order of
peak current density during the EOR in a mixture of 0.5 mol/L
KOH and 0.5 mol/L ethanol was PdseSn14 > Pd7sSnzs > Pd47Sns3
> Pd (JM), and so the PdssSni4/C catalysts showed the best cat-
alytic activity. Although Pd47Sns3/C had the lowest current
density among the Pd-Sn/C catalysts, it exhibited a peak poten-
tial approximately 60 mV more negative than that of Pd/C (JM),
attributed to the high degree of alloying in Pd-Sn, which results
in the observed increase in catalytic activity based on variation

in the electronic structure of Pd. A prior study has proposed
that the optimum Sn content for the EOR in an acidic medium is
in the range of 25% to 38% [29], while the optimum Sn content
in Pd-Sn catalysts in alkaline media has been shown to be 14%.
This difference can be explained by the fact that Pd interacts
with adsorbed OH more readily in alkaline media than in acidic
solutions.

Future work regarding these new catalytic systems will be
required to increase the Pd current density and improve elec-
trochemical stability, owing to the requirement for reactions in
direct alcohol fuel cells (DAFCs) to break strong C-C bonds in
highly alkaline medium. However, Pd nanoparticles supported
on non-noble metal oxides or tungsten carbides represent
promising catalysts that have the advantages of low metal con-
tent and improved activity and stability. Another desirable
future improvement would be the development of easier syn-
thetic means of reducing the particle size of the Pd-M alloy.

2.3.  Perovskite oxides

Perovskite oxides are widely used as catalysts and electrode
materials because of their unique structural characteristics and
excellent conductivity. These materials are divided into two
types, ABOs and A2BOs, where A is a rare earth metal (such as
Sr, Ba, La, or Ce) or alkaline earth metal ion, and B is a transi-
tion-metal ion (such as Co, Fe, Ni, Cu, or Ru) [30]. The perfor-
mance of A2BOs materials as catalysts can be altered signifi-
cantly by replacing either A or B with other metals either par-
tially or completely. For example, the MOR activity of
LazxSrxNiO4 (0 < x < 1) is enhanced by increasing the value of x,
and LaSrNiO4 (in which x = 1) exhibits a maximum oxidation
current density 50.9 mA/cm?2 without CO poisoning [31].

Partial or complete replacement of A and B induces various
valence electron transfers in the perovskite crystal and leads to
increased conductivity and improved performance, thus mak-
ing these compounds potential candidates for anode materials.
In particular, perovskite oxides have extensive applications in
alkaline solution for the MOR because of their superior corro-
sion resistance compared with precious metals in acidic media.
The alkaline surface of perovskite oxides also contributes to the
adsorption of methanol and desorption of H*. Recent research
on the MOR in alkaline solution revealed that perovskite oxides
with high conductivity and which allow the effective diffusion
of oxygen ions exhibit significant catalytic activity at a high
polarization potential at room temperature [32]. During the
MOR, methanol is adsorbed on transition metal ions, followed
by O-H and C-H bond scission, which generates electrons and
H*required for the complete oxidation of methanol assisted by
OH". Because of the high oxygen content of perovskite oxides,
active oxygen species readily react with C to form CO, thus
avoiding the CO poisoning, which occurs with Pt/C.

In order to realize future commercialization of perovskite
oxides in fuel cells, various combinations of perovskites loaded
with different amounts of Pt have been investigated and have
demonstrated excellent efficiency, improved catalytic activity
and stability. A variety of ABO3/Pt materials (La and Sr at the A
site, and Ru at the B site), offering decreased cost as a result of
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lower Pt loadings (1%, 5%, 10%, and 15% Pt ), exhibited elec-
trocatalytic activity comparable to that of Pt-Ru alloy for
methanol and ethanol oxidation [33]. The polarization curves
for methanol electrooxidation by various catalysts showed that
the onset potential for ARuOs/Pt was very close to that of the
Pt-Ru alloys (~ 0.25 V), especially in the case of LaRuO3swith 15
wt% Pt, which offers several advantages owing to its onset
potential negative shift compared with SrRuO3 with 15 wt% Pt.
Similar behaviour of these catalysts was also observed during
ethanol oxidation. It was additionally found that ABO3/Pt cata-
lysts with 3 to 5 times lower Pt loadings produced current den-
sities comparable to those of standard Pt-based catalysts in
methanol and ethanol. The results may be explained by the
formation of hydroxide on the catalyst surface, which in turn
promotes the oxidation process [34].

Based on our knowledge of the effects of the specific surface
area of catalysts, it would be beneficial to develop methods for
the preparation of nanoscale perovskite oxides to further im-
prove their catalytic activity and thus obtain enhanced electro-
chemical oxidation rates.

3. Non-platinum cathode catalysts

The development of non-platinum cathode catalysts is re-
quired to address the issue of cost associated with Pt catalysts.
Debe [35], with the 3M Fuel Cell Components Program, has
expounded the goals of the U.S. Department of Energy (DOE)
with regard to automotive fuel cells. Currently, the automobile
industry employs cathodes containing 0.4 mg Pt/cm?2 or more,
and future work is focused on reducing cathode loadings with-
out performance loss or durability degradation. Several differ-
ent materials have been studied as non-platinum cathode cata-
lysts, including transition metal macrocyclic compounds, metal
nitrides, and metal oxides. In order to prepare active non-Pt
catalysts, many synthetic methods have also been developed,
such as heat treating carbon-supported organometallic com-
plexes [36,37], pyrolyzing metal and carbon precursors in an
ammonia or acetonitrile atmosphere [38-40], heat treating
carbon and transition metal salts in a nitrogen environment
[41] and mixing N-containing ligands with a cobalt oxide sol,
followed by entrapment in a carbon-supported polypyrrole
matrix [42]. One goal is to achieve a current density in the ORR
of 300 A/cm? using non-noble metal catalyst by 2015, but
many difficulties remain in reaching this target, owing to the
complexity of the ORR process, which involves both adsorption
and charge transfer. During the design and preparation of these
catalysts, the processes by which Oz is adsorbed on the catalyst
surface should be taken into account so as to allow oxygen
molecules to efficiently adsorb during the four-electron process
[43]. The following is a summary concentrating on progress in
the field of non-platinum cathode catalysts in recent years,
along with a discussion of potential future work.

3.1. Transition metal macrocyclic compounds

Transition metal macrocyclic compounds contain phthalo-
cyanine (Pc), triallylamine (TAA), tetramethoxyphenylporphy-

rin (TMPP), tetraphenylporphyrin (TPP) or other macrocyclic
structures with multidentate ligands that are chelated with a
transition metal ion M (such as Fe, Co, Mn, or Ni). They can be
widely used as cathode catalysts for the ORR in neutral, acidic
or alkaline media. Significant efforts have been made to explore
transition metal macrocyclic compounds because it has been
demonstrated that CoPc shows catalytic activity for the ORR,
although its poor stability makes it difficult to employ in low
temperature fuel cells because of the decomposition of macro-
cyclic compounds in acidic environments [44]. Subsequently,
researchers have found that transition metal macrocyclic
compounds such as Co-porphyrin and CoTAA also have cata-
lytic activity for the ORR, and that their catalytic activity and
chemical stability can be enhanced by heat treating transi-
tion-metal Na-macrocycles at 600 to 1000 °C under an inert gas
[45,46]. Some aspects of transition metal macrocyclic com-
pounds have dramatic impacts on their performance during the
ORR. These factors include active sites, metal-support interac-
tions and treatment conditions and are discussed in detail in
the following sections.

3.1.1. Active sites

In 1989, Wiesener et al. [47] reported a series of metal
phthalocyanine macrocycles that showed decreasing catalytic
activities towards the ORR in the order Fe > Co > Ni > Cu= Mn.
Further research work subsequently proved that metal macro-
cyclic compounds using Fe or Co as the center atom showed the
highest catalytic activity for the ORR compared to other
non-precious metals. Their catalytic activity mainly depends on
the interaction between metal and ligands, especially with re-
gard to variations in electron density caused by the electronic
effect resulting from macrocyclic ligands [48]. Transition metal
(M)-N macrocyclic structures such as MN4 and MN: are pres-
ently considered to be the active sites in these materials, but
there is still intense debate concerning the nature of the active
sites in non-platinum cathode catalysts.

Some researchers believe that metal center ions promote
the formation of catalytic active sites although it is unclear
whether the metal itself acts as the active site. The link between
metal ions and catalysis is explained by the linear relationship
between catalytic activity and redox properties noted by
Randin [49] and developed based on investigations of FePc and
CoTAA by Beck [50]. The metal center is oxidized when Oz ad-
sorbs on the metal ion in the phthalocyanine, following which
Oz is partially reduced to the superoxide. The metal redox po-
tential is also an important parameter in the ORR, and more
highly positive MIlI/MII potentials are associated with higher
metallophthalocyanine activity. Based on the above theory,
research concerning active compounds containing metals and
different ligands can be used to explore the catalytic mecha-
nism. FeTMPP supported on carbon black contains two types of
active sites [51]: the FeTMPP molecules adsorbed on
O-containing functional groups of the carbon support and the
“free” FeTMPP molecules. The former accelerates the reduction
of Oz to H202, while the latter promotes the subsequent four-
electron reduction of Oz to H20 with the formation of H202 fol-
lowing the redox conversion of the central Felll to Fell.
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The quantity of transition metal atoms also has an effect on
the active sites. A series of Co-ED/PPy-CNF catalysts were syn-
thesized in order to explore their ORR activity [52]. The results
showed that catalytic activity could be improved by increasing
the amount of Co in the catalyst. In H2S04 solution (0.5 mol/L),
at a scan rate of 5 mV/s, the ORR current measured with
Co-ED/PPy-CNF-0 (without Co) was 0.004 mA (0.6 V vs NHE)
but increased significantly to a value of 0.43 mA when the
Co-ED/PPy-CNF-10 (10% Co) catalyst was tested under the
same conditions. A Fe-ED/PPy-CNF catalyst displayed the same
trend as Co-ED/PPy-CNF, but its catalytic activity was slightly
lower than that of the Co catalysts. In a H2/0z2 fuel cell, the cur-
rent density using Co-ED/PPy-CNF-10 was as much as 0.7
A/cm2at 0.4 V, compared with only 0.53 A/cm? for the Fe-ED/
PPy-CNF-10 at the same potential. This obvious contrast can be
ascribed to the difference in the active nitrogen content result-
ing from the different transition metals.

Both N content and the type of N-containing active function-
al groups (such as pyridine-N or graphite-N) have an effect on
the formation of ORR active sites. The amount of N in the
Fe-pyridinic catalyst synthesized by Kothandaraman et al. [53]
varied from 0.12% to 0.24% and was correlated to catalytic
activity (current density), which varied from 0.07 to 1.9
mA/cm? at a catalyst loading of 0.5 mg/cmz2. These results show
that iron associated with pyridinic N forms an active site that
exhibits catalytic activity in the ORR. Similarly, Wei et al. [54]
reported a significant increase in catalytic activity of Co-N/C
with increasing surface N content. Lefevre et al. [55,56] consid-
ered FeNs/C or CoNs/C as the catalytic active sites, at which
pyridinic N was associated with a metal center, while Ruggeri
et al. [57] proposed that surface pyridinic N connected with
iron to form the catalytically active site. Recently, Wood et al.
[58] prepared highly active catalysts that showed a current
density of 19 A/cm2. This work was performed using a met-
al-doped nitrogen source with an Fe content of 6 pg/cm?2 (the
same amount of iron as was used in Ruggeri’s work), although
the surface nitrogen concentration was twice that of the cata-
lyst used by the Ruggeri group.

The combination of metal and macrocycles has been shown
to induce increased activity at the active sites. Cobalt-polypyr-
role-carbon (Co-PPy-C) synthesized by the Los Alamos National
Laboratory (LANL) [59] showed remarkable stability (no ob-
vious degradation after 100 h continuous operation) in both
Hz2/02 and Hz/air FCs. Cobalt was entrapped in the polypyrrole
matrix, generating a cobalt porphyrin configuration in which Co
atoms are linked to the pyrrole unit with the formation of Co-N
sites without destruction of the polymeric structure. In the
potential range between 0.50 and 0.20 V, the current density
generated by the Co-PPy-C cell was more than one order of
magnitude greater than that delivered by Co/C, while the
maximum power density was 16 times higher. This increased
activity can be explained by charge transfer processes and the
formation of macrocycle-metal bonding between Co and

polypyrrole.

3.1.2. Metal-support interactions
Supports play an important role in catalytic activity, stabil-

ity, and utilization. The applications of new carbon supports in
DAFCs have been investigated to enhance the performance of
the active components, focusing on accelerating the removal of
water produced by the ORR from the active sites and generat-
ing vacancies to allow reaction with Oz [60]. Extensive research
has shown that modifying the electron transfer between the
support and the active metal component can change the reac-
tion rate and activation energy. Two effects have been pro-
posed [61,62]: structural promotion, which stabilizes the active
metal component via the support material, and synergetic
promotion, which generates a new catalytic entity based on the
energetic interaction between support and active metal.

Carbon materials exert an influence on catalytic activity and
stability, which will vary with the type of carbon and its surface
properties. CNTs (carbon nanotubes) modified with phthalo-
cyanines (Pc) were reported to improve the electrocatalytic
properties of transition metal macrocyclic compounds owing to
the adsorption of Pc on the CNTs and the subsequent formation
of “molecular phthalocyanine electrodes” [63]. It also has been
reported that FePc and CoPc have the ability to promote the
four-electron oxygen reduction to H20 without the formation of
H20: [64,65]. With the addition of MWNT, the performance of
CoPc/MWCNT at 45 °C exhibited a maximum power density of
100 mW/cmz?, which is close to the 120 mW/cm? delivered by a
commercial Pt/C catalyst (Tanaka Co.), although FePc/MWCNT
exhibited only 60 mW/cm2 under the same condition [66].

Owing to its unique properties, carbon can be used not only
as a modified support but also to increase the quantity of active
sites. A non-platinum N-doped carbon catalyst, prepared by
pyrolyzing a mixture of phenolic resin, a Ketjen black carbon
support (KB), and a cobalt phenanthroline complex, showed
varying catalytic activity for the ORR when prepared with dif-
ferent KB contents [67]. When the ratio of KB:phenol resin =
1.0:1.0 (noted as KB1.0), the ORR current density at 0.7 V was
increased 30-fold compared with the current density seen with
catalysts without KB and was 2.5 times greater than the density
resulting from catalysts noted as NC (N-doped carbon catalyst)
+ KBO.2. A cell containing a NC + KB1.0 showed a voltage of
0.41 V, which was approximately twice that of a cell incorpo-
rating NC + KBO0.4. These results imply that carbon materials
are effective at increasing the catalytic activity. Based on simi-
lar conclusions reached by Ikeda et al. [68], jagged carbon edg-
es at which carbon atoms bond to graphite-like nitrogen are
considered to act as active sites, producing higher ORR activity
than carbon bonded to pyridine-like nitrogen. The improved
catalytic activity also depends on the quantity of surface carbon
atoms, especially the number of active catalytic sites exposed at
the surface.

The introduction of other materials to supports has been
researched as a means of further improving performance. Car-
bon-supported TiOz-transition metal macrocycle catalysts,
which exhibit the high ORR activity of transition metal macro-
cyclic compounds as well as their semiconductor properties
and which promote the decomposition of H202 resulting from
TiO2, showed improved stability and methanol tolerance com-
pared with the corresponding metal macrocycles [69].
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3.1.3. Treatment conditions

The treatments applied to catalysts can be divided into
thermal and chemical methods. It has been demonstrated that
both catalytic activity and stability can be improved via heat
treatment and that differences of heat treatment temperatures
lead to the formation of a variety of active sites. The main spe-
cies generated at the surface of CoPcTc on carbon black fol-
lowed by treatment at 600-700 °C included Co-N and Co-C,
accompanied by the formation of a CoN4/C structure. These
modifications improved the catalysis of 02 to H202 because of
the CoNs incorporated into the carbon [70]. Similarly, the
MNz/C structure generated on heat treatment temperatures
above 700 °C showed high catalytic activity and selectivity
during the direct reduction of Oz to H20. Heat treatment is often
employed in the case of Fe- and Co-based macrocycles, and
PANI-C, PANI-Co-C, PANI-FeCo-C, and PANI-Fe-C were synthe-
sized as cathode catalysts for Hz-O2 fuel cells at elevated tem-
peratures in the range of 400 to 1000 °C in a N2 atmosphere
(Pt/C was used as the anode catalyst) [71]. Single cell tests
showed that PANI-Fe-C exhibited higher activity for oxygen
reduction compared with that of PANI-Co-C, although
PANI-FeCo-C showed the most promising ORR activity, stabil-
ity, and durability (remaining stable after 700 h dischaging at a
constant potential of 0.4 V) among the catalysts. Its declination
in average current density was 18 mA/h for PANI-FeCo-C after
the second 24 h test, while the losses of PANI-Fe-C and
PANI-Co-C were as high as 90 and 130 mA/h, respectively.

Efforts have also been made to explore the selectivity of cat-
alysts through chemical treatment. In an investigation of
Co-based macrocyclic compounds, COTMPP exhibited different
selectivity for methanol and formic acid following by different
chemical treatments [72]. The rotating disk electrode (RDE)
results obtained in that study are provided in Table 1 based on
quantitative analysis of the catalytic selectivity for oxygen re-
duction in oxygen-saturated electrolytes. The values of AEmetha-
nol in this table represent the difference of E1/2 and E1/2methanol,
and it was found that those materials with small value of
AEmethanol were more selective for the ORR in the presence of
methanol. The results indicated that a CoTMPP electrode pre-
treated with KOH can act as an alternative catalyst material in a
direct formic methanol fuel cell.

In addition to the common pretreatments for catalysts, the
ORR activity of metal macrocyclic compounds is also greatly
improved by chemical pretreatment on supports. With the de-
velopment of surface analysis techniques, the mechanism by
which catalytic activity is improved by interactions between
support and metal should be elucidated and further improved.

Table 1
Electrochemical performance of a non-Pt catalyst prepared using vari-
ous chemical treatments [72].

Catalyst Evp E1/2methanol  AEmethanol  E1/2formic  AEformic
CoTMPP (none) 0.44 0.36 0.08 0.26 0.18
CoTMPP (KOH) 0.42 0.39 0.03 0.34 0.08
CoTMPP (HCI) 0.41 0.36 0.05 0.39 0.02
CoTMPP (H2S04) 0.42 0.34 0.08 0.39 0.03
CoH2TMP (none) 0.45 0.41 0.04 0.40 0.05

It is known that surface oxygen-containing functional groups
are increased by chemical pretreatment of supports, which in
turn ensures strong bonding of the support to the metal mac-
rocyclic compounds. In addition, the N and C contents of the
active surface also increase significantly during chemical pre-
treatment, accompanying by the formation of M-Ns-C catalytic
active sites.

In general, transition metal macrocyclic compounds exhibit
promising ORR activity, but their use is still restricted owing to
the cost of macrocyclic materials and the requirements of com-
plicated preparation processes, such as high temperature
thermotreatment. It will therefore be especially important to
develop desirable synthetic methods in order to reduce the cost
and facilitate the preparation processes of these catalysts. For
example, a series of Co-porphyrin ORR catalysts [73] synthe-
sized via microwave radiation heating technology, has demon-
strated better catalytic performances than materials made us-
ing traditional reflux heating. Based on our present knowledge
of these catalysts, the following are some desirable future goals:
(1) exploring new synthetic methods (such as microwave, ul-
trasonic, plasma or infrared radiation) in order to achieve
nanocatalysts with high specific electrochemical surface areas
and high dispersions; (2) modifying the surface properties of
catalysts (for example, increasing the quantity of surface active
sites by sulfidizing), and (3) selecting new reaction media, such
as ionic fluids, which allow preparation of these compounds
under mild conditions.

3.2. Metal nitrides

Transition metal nitrides, which exhibit hydrogen and oxy-
gen chemisorption similar to that of Pt, can be described as a
kind of metal compounds with the incorporated nitrogen at-
oms. The incorporation of either graphite N or pyridine N plays
an important role in the improvement of the ORR activity of
these compounds, owing to coordination between the nitrogen
and carbon atoms and the encapsulated metal ions in the car-
bon matrix [74-78]. Two kinds of active centers have been
proposed by Koslowski et al. [79]: a CFeN: center and a FesC
(Fe%) center. The formation of the FeNs macrocyclic structure
was found to be accelerated by heat treatment at 900 °C in a
nitrogen source in combination with a Fe loading as high as
0.1%, which is beneficial to the four-electron reaction path-
ways in the ORR. The Co-N- and Fe-N-based precursors are
thought to be superior to the separated N-containing precur-
sors and metal salts [80]. CoFeN/C treated by a series of pyrol-
ysis, leaching, and re-pyrolysis exhibited very similar activity to
that of Pt/C because of the efficiently catalytic active sites in-
duced by the heat treatment. Unit cell tests demonstrated a
maximum power density of 177 mW/cm2 and an open circuit
potential (OCP) of 0.97 V for CoFeN/C, whereas the maximum
power density and OCP obtained using the Pt/C catalyst were
196 mW/cm2and 1.04 V, respectively.

Modification of catalysts on carbon materials has also been
applied to enhance the stability of the catalyst, with the excep-
tion of doping N. In Bryon’s work [81], the stability of Fe-N-C
was improved by increasing the degree of graphitization, re-
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sulting in increases in the specific surface area and quantity of
functional groups. A mixture of g-CsN4 (based on a precursor
thermally polymerized from dicyandiamide and employed as
the N source), FeCls, and graphite oxide (GO) was heated in an
NHs/N2Hs atmosphere at 80-100 °C, producing a powdery
mixture of FeCls/g-C3N4/rGO, then carbonized, acid-treated,
and pyrolyzed to give a material referred to as Fe-N-rGO. The
ORR activity of Fe-N-rGO was substantially lower than that of
Fe-N-Ccp, but it exhibited greatly more improved stability dur-
ing Hz/02 cell tests.

In other work, graphene has been combined with transition
metal nitrides because of its high specific surface area and high
conductivity. Fe-N-G employed as a cathode catalyst for a mi-
crobial fuel cell (MFC) was produced by heat treatment of a
mixture of Fe salt, g-CsN4, and chemically reduced graphene
[82]. Linear sweep voltammetry (LSV) tests showed that the
Fe-N-G catalyst had a more positive onset potential and in-
creased reduction current densities as compared to the pristine
graphene (P-G) catalyst. The Fe-N-G-MFC achieved a maximum
power density of 1149.8 mW/m2, which is 2.1 times the power
density obtained using a Pt/C-MFC cell (561.1 mW/m?2) and
much higher than that of the P-G-MFC (109 mW/mz2). These
results demonstrated that the Fe-N-G materials can be an ex-
cellent alternative to expensive Pt catalysts in MFC applica-
tions.

Although the stability of catalysts is improved by transition
metal nitrides, the resulting catalytic activity is still far lower
than that of Pt. It is expected that the catalytic activity of these
compounds may be greatly improved by better understanding
their surface structures and states and by optimizing their
compositions (for example, incorporating new carbon materi-
als such as graphene) and structure (for example, increasing
the number of active functional groups via N-doping).

3.3. Metal oxides

Metal oxides are typically used in alkaline electrolytes for
the ORR because they tend to be unstable and decompose in
acidic media. The catalysts that exhibit excellent ORR catalytic
activity include ZrOz, TiOz, SnOz, Nb20s, Co304, and other tran-
sition metal oxides prepared via a sputtering method. These
materials have been found to be stable in the potential range
associated with the ORR and exhibit no activity for methanol
oxidation [83,84]. Their catalytic activity decreases in the order
0of ZrOz2.x > C0304x > TiO2.x > SnO2-x > Nb20s.x. ZrO2-x exhibits the
most promising catalytic activity due to the ORR selectivity of
zirconium oxides.

Perovskite oxides such as ABOs, where A is a rare earth
metal and B is a transition metal, are widely used as cathode
catalysts in fuel cell mainly because of their electronic and ionic
conductivity as well as the oxygen-vacancy that they contain
and which allows lattice ion transfer. The ORR activity of per-
ovskite oxides is associated with the eg (6*-orbital occupation)
and the B-site in the A-B-O structure. For LaCuosMnos0s, the
onset potential for the ORR is 0.8 V (vs NHE) in KOH electrolyte
(0.1 mol/L) saturated with Oz, which indicates a four-electron
reduction of 02 to H20 [85]. For LaCuosMnos03, LaMnOs, La-

CoO0s3, and LaNiOs, the specific activity current can be reached at
potentials of 781(%5), 834(+24), 847(%3), and 908(£8) mV (vs
RHE), respectively. The perovskite oxides above have exhibited
promising potential and enhanced electrocatalytic activity,
especially LaMnOs and LaNiOs, which have shown intrinsic ORR
activity comparable to that of Pt/C in alkaline media.

Metal oxides exhibit high catalytic activity for oxygen reduc-
tion in alkaline environments, but their stability in acidic media
is low. Although these compounds have the advantages of low
cost and high methanol tolerance, the application of metal ox-
ides has not been widely realized yet because of low conductiv-
ity and poor stability in electrolytes.

4. Conclusions and outlook

Over the past decade, great progress has been made in the
field of non-Pt catalysts; however, compared with traditional
Pt-based catalysts, these materials still require complicated
preparation processes and exhibit relatively low catalytic activ-
ity and stability. In order to enhance the catalytic activity of
these compounds, it will be necessary to develop novel meth-
ods and associated technologies to improve the process by
which they are prepared as well as the dispersion of active
components. In summary, we propose the following future
research goals concerning non-Pt catalysts for low temperature
fuel cell applications.

(1) Achieving nanometer scale distribution and nanostruc-
tured catalytic materials using advanced technologies and
methods that are low in cost and energy consumption. These
advances will be associated with rapid future developments in
materials science, which will allow a better understanding of
the catalytic mechanism based on novel preparation techniques
and characterization methods, and will allow the synthesis of
new non-platinum catalysts offering high activity, excellent
chemical and electrochemical stability and long lifetimes.

(2) Designing non-Pt catalysts supported by new carbon
materials that make use of the unique properties of these ma-
terials to induce dramatic changes in particle shape, size and
spatial distribution as well as charge transfer between the
support and the metal. As an example, multi-dimensional car-
bon nanomaterials should be developed as support in mixed
catalysts, so as to create channels for mass transportation and
electron and proton transfer that enhance the utilization of
catalytic particles. The decreasing active areas and increasing
resistance of catalyst layers can be reduced by generating
unique three dimensional catalyst structures that allow effi-
cient access of reactants to the catalyst.

(3) Optimizing synthetic conditions. The properties of cata-
lytic materials typically depend on particle size, dispersion,
morphology and surface characteristics, all of which are influ-
enced by synthetic parameters such as reagents, temperature
and pretreatment, et al. Future intensive study of nanotech-
nology should allow low temperature, adjustable synthetic
procedures, thus providing a basis for preparing catalysts with
small particle sizes, high dispersion, and large quantities of
active sites.
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ot B AR L AT R R B R A 3 . T 3 Mas o) 45
— Fh gl K 25 ) 1 CogMogCof°C, HiAk 2252 52 14 Al Ak 2
FasE PRI R AT, 48 S BB A & P, JLAE R 1 A i
{1 e A A AR R 1 T A 3 7 T PUC I ZKCF . HLRR IR
FE R 2%, Re AR T4 SE I iR 7 0. 8 AR 22
4E LR B, Pt-CosMogCo/°C I i 4b 35 14 LL PYC B /&1, 7] fig
J5i R /& CosM06Co/*C 35 1 5 iy 17 14 [ P[] 72 A2 B [F] 24
B, AL E 5 WC 5 PR A 5 B A 2R AR [ A
Pt-C0sM0sCo/*C {11 771 42 1000 VR A 34 Ji5 2 i Hi A7 [ 1K 6
mV, 1M PYCHEAL 7 B AR 27 mV, 7] I, Hofa & v 5 . PU/C
T P 2 TH AR 0 453 2k 15175 20%, 11T Pt-CogMosCo/°C ) 1, - ¥
AR, KU [F 21 T CosMogCol C 1A LL ik £
TR FRE, LRI T AR R

JiAk, [ oo @A T B N A T B 2 — Fl
SO R A T R PR 7 V. 20114F, Kelly 258152 ¢ 3
ARSI 4% FIRh/WC, Ni/WCHI Au/WC # 4 C—H %
W7 24T i CO M H, I b 2 77 AE 4 40 3% 1, 3L - RhAWC I
Ni/WCKT FF I 3 A i 1A A v R Tl B B 45 SR S, %
i A0 7 7E R o3 o 2 o M K NR I we >
Rh/WC > Ni/WC > PYWC >> Au/WC. H1IHA] W, ZEE i3k
FH 93 i 7 THTRN/WC RINI/WC B LA 34

SR UL, &R BB RH AR A B — e )
Ak 35 P DL R B T i COME g, o RN B 4k L% 1
PEAREfE AR, 5] B BT A D9 — FhG 280 344 Sk 471 2Pt
FHICHFFOR 4 LR T . ol . SERMEESE T Mk
JE: (D)BRZRSEOURRAS . IRFERE ISR ikl & 715, (2%
PR ARG, IRR AR TR K S5 H . 12
LR TR B O R T2, G) XAt
175 2 e 3R T v, R B AP AN 45 2R Bl 7] 508,
PRZR ) 25 1o PR LTS I ) & SR AR AL AR, (4) 9 v o Ak
e SRS I ES AR, SR 2R S o A& 1,
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AR HAAIE JR 14504, 33— i m A e
22. Pd&%E

P £ 771 1 44 Ak 8-S PR A ARABL, {H Pdl it 32
1P R AR 1S 22, R R AR AF i HiCO
1k i 7051 A P A7) B B K 9 1. —6Pd-M
AL FAIAE R A 3 AR P () T REATL B AN Ak 25, A
Ay — Al AR G A I O RRR AR A 7 T, A A S
AR TS AL —Fh AT RS 1 R B A S
Ty T W B R A K 2T T AR N ) 4 JE M
SO P ) HL TR, B AR CORRI BT BE, i 12 T B CO7E
BURAEAL N RS,

LR 7 B R B N Fe, Co, MoAINIZEIE 1 42 )&
(197 158 S0 fh AT PE AR A1, o Pd-Co-Mo =Tt
S N TR R FR I 1 B A% 2. 20084F Sarkar
SRR ORI H % T — RBIGK L PAMO/CHiEAL 7,
Pd-Mo % 4 (191 FAFR 2 ith 22 i Jie 7 152 i R AR X2 B
M A NS MR AR e T R T P bR, 3L
PdeoMoyoE T i B “A80 °CHYIDMFC H [ {4k 3 1 5 Pt
FRARL, BLRT A Rk H B o # L T R AR e, B
19704 A A N K I, 171 Pd i I Sh, SnHIPh 45 < J& 7t
AT R AU R, SR COh P2 A e,
PAPb A4 751155 IR 1) AL Ak e %6 2 PRI 4%, £ PdSb)2.5
1%, AH LEPASNIE N T 25%, 1H 1A 14 JEC i e H R e AL 72
HCO M & vl 8, {5 FH 3 i Ha b 1k B KR FE ek, 75 22k —
P A AR B HEFPICO R EERE ).

T I R PR BE L VAR R pH AR AR R S A A RT LA
BT TS, AT (AL R SR A RS, — &
FI HA A [FIPd & & PN 7E CHZOH (1 mol/L) + H,S0,
(0.5 mol/L) 1y LA Hh R B H S [ ) MORS 61, A 4k
i 2k 7R, P B A I PA-Ni & 4 B B 1 1,
DRI AT B A2 B 5 P A B2 1 184 o o A RO ST T 9. B T
DMFC, Pd & HL A 46 77 [ T F T Ho/ O MRk FL it SR )
(1) %804k [ B (HOR). £ £ WC L (¥ Pd-Ni £ 4= (b id M
PANi/WC) FEHo/ OB F} e it [SH A5 e 14 751 B 5 K Ty 246 28
JiE F] 35 #1230 mW/em?, 3L R f2& PANi & 4 5 WC 2 R
J— PR 14 AT, RasE MR B 100 hiE 8B 1T
J FRBE BE VA A AR B R ek, X {4 5 PANI/WC i —
Folt EL A I 55 %) BH AR AR AL,

FEL AR T P SR 7R (B ik it ) 5o AL TR R P A 3
S . DL Du%s P B At A 451, 7E0.5 mol/L KOH + 0.5
mol/L ZEE V7 rh, LASNCLATK PACI, A R ARSI 4 1) — &
FIAS IR PA/SN L R 48 K A £ 7] 1) 2 2 S 10 VAR £ PV 285

KME IR NPAgsSn1s > Pd7sSNnys > Pds;Snss > Pd (IM). 2
EZ R Py Snse/C I AIE FEIRAR /N, (& (1)
A2 A L FHPA/C % 7 60 mV, Ji R /& Pd-Snst i (4 & 4
JE R R H 23 T P 1) L7 25 4, B R (A M e
Antolini &5 P 5 1 Pt-Sn 45 &= 7 Sn i BLAS e A & BN
25%~38%, X 111 DU LI Bl 14 4 5t Pd-Sn ik 7SN )
I A 7 R A 3 14%, PRI T PATE R E A TR BE 5
OHygstH&E &

Xof T BRI SRR FL T, PR A 70 e 3 T Y B
R TE V75 T 65 v P R Rl 1 A o Hh C-CEEAS 2 T 24, DR L 7
BT (PO A0 A 2R3 K R 2 5, DA SRR I 1)
LAk 2 R 1 [RIIRE, P 4K BURL 5 A Bt &2 8 Ak )
BB A 5 Bt RT T R R K HLYS P RS e
BT AR BT DA, AR 2R BE 25 5 (& 7 ¥, DADRK
/INPA-MYHKFIRL ) R~F
2.3, $EEAW BEE KA

RTS8 52 & S A A JURE 1) 45 M R AE AR S
(S LM, ) AR A AL R A LR B AR AR, &R 4y
NABOFIABO,F IR, B & & TN i &, 54 &
TNHERGE R, b A 9 T8l &8 o &, W
Sr, Ba, LafiCe4s; B =AML &8t %, WCo,
Fe, Ni, CuFTRuZ:0 7£ A,BO, B S Ak W v, AB B AL 4%
FLT IO ER B 23 B A AR A A 1 R 1 P i A I AR
1k, Singha 5 BUSR T 5 Jie ek i 32: 1) 4% 1 AgBO, 45 H 1
Lay,SrNiO4 (0.0 < x < LOYEERH AL, HiIR T
#£1 mol/L KOH + 1 mol/L CH;OH ¥ i 1 ) H Ak 27 I 1
25 JL3R W, LapSrNiO AL X CHaOH S AK 1) FL (AL
P it AR P 38 BN T 38 00 ZEx = 10, CHROH%EL L 2%
Ji 1% B 5t K AE50.9 mA/em?, I HAELL 7 A K 4ECOH
HINR.

¥ AL FIBAL G 38 7 AT HUAR J5 , RIAE & A0 A2
AT 5 350 A P 3= 2B W R B D R, AT N AR AR
S, S A RE, RIS R A E AL
8% i FH/EDMFCRH MR FL AT, 75 BERRI R H R4S
ERAT B S AL TE T R B IR R S Ak 2 ) S B R
I, X T R TR 7 B R PE S ok ) B 4
JER, TR PR LA S S A ) 3 4 B R B
TH, ANEZ 54 R R A HuZBA0R 7 I 48 ke v v
T S R AL LR OB TR, DR R B R
W= T B SR RS T BT, 7
o PRI AR FELSE T Sxof R R Sk v ) R A e, I U
TR FEE, SR GOHTER R, O-HFIC-HIT 245 i HL



1062 ZHANG Jie et al. / Chinese Journal of Catalysis 34 (2013) 1051-1065

IR, i e A AL, 1B 2 T Ekn AR L8
TRERE, TEHER” 55CRIACO,, Mk
APYCH BB S K E.

IF] s} A3 A& DMFC R ML AL PR R, 7545 A B 481k
W eF I N PELLHR vy BH AR 8 1 770 35 1 AN AR S 1 A A

AL (AL A LamlSr, BAZ AIRU), 1X 8 A4 75 X Y i
CTE I L ALTE PR S PtRUS £ (AR5 230, PR T PEY
BB (P E B 2 ) 1%, 5%, 10%F1115%), 1815 A< b5
K. @I H Bk — R BIEEALTR) b H EE A A  AR Ak i 2%
AT LAE HH, ARUOS/PHEL AL 71 ¥ S 46 AV B2 PtRUfE Ak
#(~0.25 V), H: 1 LaRuO3 + 15% Pt i A2 %5 F £i7 A L
SrRUO; + 15% Pti) 55 471, PRIy 55 B A L 55, R X 2.
(A At LA A AL R . BT i 4% I ABOo/PEEL i
TR B P A T PO (AL 1) 3~54%, (B7E H B AN 21
ALK PRI 5 5 PR AL IR 2, BT e ML EE B 4
ERA BUSA A R T [OH]TE B E T AL R AT

MNHRE v A7) 0 LG SR T AR 5 R, SR A [ 7 v il %
YK A ER AT 2 SR A AR R X R I 1) A 2 SR A S B
I B A A S

3. PATRAESAMEMLT

DRl R P (1 A 77 14D v AR 1) A, v A R I AR A
HHEAL ). 20124F, 35 [E MR R} Hi it % 5% Debel®® 7 xif
PRI TV AZORE FR Tt H R A0 TR T I )Pk R 45 R B b i &
TEE RIS R B AR, H AR ZE TR At B A
PtFH £ 50.4 mg Pt/em? 5 %8 5 5, R SR A T4 B 45 b 7F
AN B AR Rt P BB AR AT T T T a2 B AR B 4
. AR AR AT & B KA LAY . S
JE& EAL RN I S A A5, X A A TR L B o
BEA: WA SR E AT AR 7R
7K B P i e T A AR 4 A0, 7 R
5 b B A 4 SR AT AL R Bl K S R A
5 Coff A TE BRI F2 T N e 288 b s 36 A v 28 o,
KIBUAEDEE. E 0t E B & Ja A A i 72 o 480 S5 L
2 FEE R WA H 5220154675 51300 Alem?, SR T
TR I B IR ORR B S & — AN B A I 72, A5 8K T I
WM. BT R X AL I B T8 73 7% FR B O, 1
AL 2 T IR B 7 20, 48 FRRE A R T4 R
IS A R 1A T R B0,

31 HEEBKRIFENEN
& R KAV — R (Pc). =M B

(TAA). DY H S FERELNRIR(TMPP) . DU 2R BE IR (TPP)
2 JAT 2 UG C A7 1 F I KR 25 40 5 U 42 )8 BT M (i
Fe, Co, MnFINi%§) 2 & TE B, AT 1E HORR{EAL 7 H T
PR BRPE DASCBRE & A, JE O 2 B R L
L NANAE I U 4 8 K IRk & 5 T AT T R & i
7o, RIZIAL B R ORR s S #4454 AL 3
FL7E19654F , Jasinskil* 5t & B Co ik % % ORR Js I 47 i
PSP, (EK AR AR I S A 4 3 1 09 SR 3A it A L7
FRPEIR B AR e AR 22, M DU TIRIR AR b, JE ok
WFFE N UM 2k 52 B, IRk A CoTAALE 1 I 43 & 1 K 3Rk
B VX ORR N H AT — i MR Ak v 1, HL i 15
SARRY T 600~1000 °C R iln AL FEN,- 42 i KIR b &1
fi 7 T R o e A T e A 2 A 5200,

W FCR I, R ok 4 I8 KIS 9 S8 i 1 B 11
FEREER: E O S8 -2 A B R bR
FAFSE, TR,

311, EMHL

19894F Wiesener &R i T — R 1 4 J& -k 7 K3
A W EGE TG PR K /MK IR Fe > Co > Ni > Cu = Mn.
Je R AR SE T HE 5 42 )8 Hh LAFe I Co oy O R U 4
RIAA D) AT i (R EUE JRAEA TE 2. (E2 A SR AR
FEAHE AL TG T O BT IR AR SRR L. 3o 48 Kk
BVRIE TR T & R SRR Z [ AR BAEH, T —
AN TE IO BT S, A S PR T R BABC AR X
0 B8 (1 FL T 2 I 51 I L T AR AT, g
NINA, &)@ HO A A v Ve AL T i, 4 T ik 58 42
fRREE S B A G BRGNS, B JTRHa#F 7 A
[] A5 152 5 MINGFTMING.

Randint ¢ 4fg $82 HH 400 Ji7 49 iF 5 4 Ak 3% 1 2 18] A7
FELEVESC R, JE K Beck®U7E Xt FePc I CoTAARIT 7t 1 3
filh EARH T B O S R fEPC /Yy P I &R
BT b, R 4 R A, o T AS R AR 3 i R
LA, R H, SRR R AR EEE R, MM
HLA7 LR IE, &2 @ -Pe ittt . 361 3, Ay LK
&8 5 R R G (A 4 R PR AL A b AT S R AR 25 T i ik, DA
i — 5 RS YEHL B, Radyushkina2E P90 Jy, % 4%
FeTMPPAFAE J R g 14 rfCs: — P& I BT B 3k R 2
A EBER] LIIFeTMPP AN T, 5 —Fl&FeTMPP H 4>
T BT SO N H,0, I FE A I A, Ji5 # (e ik
O, M H O ¥ Ak (4 By 71k 72, HAE 0 B 7 Fe'"Fe Pl ik
JiJE A B R R = IH,0, 1 7 A

OhZE Ay 45 71 CoMl Fe &y 5 48U 5L 7 376 4 14 B
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Wi, % 4% 7 — %51 Co-ED/PPY-CNFE 4k 77, SZIIE B, [
FHCoF I, MEALTE L B 3. TEH,SO, HLfE i
% (0.5 mol/L) ' LA 5 mV/s 1) 3% £ 9 ## , Co-ED/PPy-
CNF-0 (A 7 Cofif ) %03 J5i HL 7t 1Y 240.004 mA (0.6 V vs
NHE), ifij # [d] 4% /4 T Co-ED/PPy-CNF-10 (Co &% & N
10%) ) 48034 JE L AL AT 80,43 mA, {HJE CoA B FE AN 4
M Ji SN B S 1 ot Fe-ED/PPY-CNFARE AL 77 i Fe
B0 HE M R 52 e 947 % 5 Co-ED/PPY-CNFAHALL )
RAF, AL IE VRS T CoFE AL T, 75 H O AR fiLith
1, Co-ED/PPy-CNF-107£0.4 VI HL i %5 & 240.7 Alem?,
Fe-ED/PPy-CNF-10 AH [7] ¥ f7 T HL yi % & X 24 0.53
Alem?, J5 IR s FF S ) b 24 4 a8 3 R T A 770 v i
AEENESR.

A7) N B R N T AR T (e =N, A
BN ) [ 2R A 5 S0 JR B T T 1 T A O
Kothandaraman 2 5% 1] 4 1) Fe- it i 14 4k 77 9] 42 % B A
0.5 mg/em?, 2445 N0.12%~0.24% NI, 4k 3% 1 (RN FE
ZF)M0.077F %19 mg/em?, F WIFe 5 & NI i 2 7]
PR T 4800 5 IS F Ak 3 V. [ B, Wei &5 B Ok
B, i 5 2 T 80 B 3 0, Co-N/CHE Ak 3 1 th Kl i
P, Lefevrel>%0 e gy g -N 5 4 & b0 M 1Y)
FeN,/C %, CoN,/C Al it & i ki M 17, Ruggerizf P 2
HH I IE N R 8 B T T A A PR AL B JS Wood
S Bl &R B A BB D H & T — RIIFe S BNG6
ug/em? [ & R AL 7 (45 Ruggeri & P i) 46 (14 18 1k 71 Fe
MR, AT S FL R A #1119 Alem?, {H 3R THI L
LRI G E W26, XA JIEW T Felf 7IEA
FETE P,

&85 RINA W 2 0] 1) 45 6 1 1A 2 5 i 3
&R KA W TE AL, S8 B 37 Bl i 5 17 s 06
= PR W R AR R AL TR AR T
Co-PPy-C, IZ AL FITE Hof O AT H, 25 SR} Hi b v i 48
IZ 47100 hrEth P4 BB TG B B 3 R 5. SRk K Co il 7
0, 5 AE B AR T TR I 25 46 28 8L T Co- I bk 1) JiR - 45 447,
CoJii T 5 PPy H 44 I N5 7 #H % JE i Co-Nv& P47,
WAZ I TAEFE AR R A W45/ BT H2 T I8 T Co-N
WM. 7E£0.50~0.20 VHLA ¥ Y, Co-PPy-CI1 HL I
#FAEM L ColCt — MRS, BRI E LT 2
K G #1645, AL, ks 5 Coli 7 2 18] (58 HAE 3L
i A B & JE o0, 3 DR &R - KA E
Z A58 14 G
312, &RB-HFMEEER

AT ARV T R M RR R 2 [ R
P FEEAE . Tang % COVB Xt 3 45 4 5 784 fk 8k 1 1 L%
P R) F b (0 B HEAT T8 4, I R INIE ORRI 7=
PI(H0) WIE AT RSB DUME IS 1“2 607 S I SA(0,)
1K BIE AL 2 0 s S BRAHE Ffe, DA g R B 8 ) RV 1 2
gy [RIEE, Bk i 4 2 [R] P FL Ay A 7% 52 T Vs 1k e,
BE— B B EEAL SR (33 % Schwab!®h 6284 5 Hi 444k ot
LRI A AR AN, AR B TS PR ),
PRI RRORE, A 0 4 Jes 1] 9 AH F A AR A 7 T T 1
(VS PR AR, B RHEE 32 i b A 70V T AR s 2 7 T A
B, H AR 2R R 2 v G R PR R AR KL
SRR TR I, 42 B (PC) & i 1 B 99 K A8 W A 2k o 2
SEVI AT BR, Pedr BRI IR AEBR 9K B E I A%
“pesrF-HLt 7 881 gt 2 BHI548%) . Fepc Al CoPcts m {12 it
O ik J5 il H,O [ 4 FE -3 72, T8k e v 18] 7= ) Ho O R T .
Kruusenberg 25 81 /3 5] & B T FePc/MWCNT A1 CoPc/
MWOCNT B A A0 77, 2H i H B PE 45 °C AR IR BE T %F
BRI P BEEAT I, COPC/MWOCNT )8 K T2 %5
1% 31100 mV/em?, JF # $% I PUC (Tanaka 2+ & 2 fit) 1)
(120 mV/em?), 1fij A [7] 4% £+~ FePc/MWCNTS (#1124 60
mwW/cm?.
WAL T FE AR SR RIS A, A DR Ry 1 4
B 1T 4 FH T 189 Jn 8 46750 (4 35 14 67 Onodera5 7@ 3t 75
o RN R . Ketjensk SEAES 48 R FER &
PAFEB AR & B AR, 3 — 2P B Ketjen sk B
(KB) I & &K 75 2% K E Ot 42 A 77 7 28008 5t B
A TE Y. UKB S M B R & & oA L (FRid ol
KBL.0)J, 0.7 VIR HLAL T X6 B PR 404 SR FL I 2 P e AN TS
THKBH 113045, A B & KBO.2F [ 2.56%. A [H] & &
KB 45 4 3E 5t 4 & H A i 4 751 25 ¢ il PEFCs, 7£80
°C L AF & B A10.8 V Iy i Az R Ik T #% HL 7, NC +
KBL.0f T #% L A7 M 0.41 V, Z1ANC + KB4 2%, it
BB A4 DR 0 T AT R N3 7. 31X 5 Ikeda B8y
ZEYRARAL, R AR 70 B3 P O A TR B DR A 2%, 10
G e 500 SR 35 A4 EAHE F B R 7 2 A LIk nE -NAH
BRI CIE T3 S AU TG . hAbh, Z 2 ) M
(1 5 AN SR e T L bl 3 TR DA K Co i L e 3R T Ji -1
(2 &, SR T R R AR R TH AR ALE M 2
Ir) 8 A TR 5N HL B O ke 4 A PR R R R H
R —NBIF 7 7 1. S R 2 OOV P oo i 4 R K E R b
B R S IR L i R A TS T DL R THO, I 2 5 A 1
FEALH,0, 73 AR IR T, #1248 7 R B Ti0,- i 4 J&@ K
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A E A AT, R H0, REHE TiO, K I 43 i 1,
I 55 R 4 R R AL S AR T, L RR e M BT
L PUCHEALFAIAR L, i P B REAF, R AR PR AIS T
FRAR.
313, EEH

BIF 8 78 43 2 BH S Ak 33 ) T 42 v S0 i i A 0 1
AR M, H AT A A, AN [ 0 R 3R B 7 AR AN [ (1
FEPERL. LalandeZE 5 44 CoPeTely b 31 % 22 |, R ILTE
600~700 °CH 3 [ 3= 2 7= ) /& Co-NFICo-C, FHAF1E 5 77
CON,, CoN, 5T &5 5 T i CoNS/CE5 ), 45 FI| T 0,56 iy
H,0,. — H A4 B FE R 32 700 °C, T B [ MNL/C 45 1)
X Op BLHEIE 5 st H O 1R It 2 HL A5 %50 v 0 M A0 7% 1k AT o
M. Wu 2 T FE N, <04 b T 400~1000 °C & & T
PANI-C, PANI-Co-C, PANI-FeCo-C, PANI-Fe-C, J:1F ~y
Ho/ O 08 ek Fi vt 14 B AR (BH B 32 SR FIPY/C). B L 55
7, PANI-Fe-C LLPANI-Co-C 3 B H 45y A 480040 Jit 3
H A PANI-FeCo-C 1S Ji G 1 « e 1k A A3 iy i e (B
K Iy 2% B ] ik $1)0.55 Wiem?). £0.4 VIE B A7 R kAT
700 hfy P B8 0k J5 , PANI-FeCo-C i £ & PE A7 1 43 55
UF, 124 h LI 25 FE AN R k3%, T K 11124 hF- 3 ML i
2 15 $1 2K 18 mA/h, 1 PANI-Fe-CHIPANI-Co-CHi 2k 43
5| 7515 ~90/1130 mA/h.

AN TR 2 Ao B 75 9 S AT ) B M AR 3
F . OlsonZ R £ W, 4 A A4k 2 A FR ) Co
KIS0 B RE A F BRI A AP AE AN IR R iz 2 2. FH e
oz () 5 PR R R AT 90 0 AR 22 49 R, PR 9 0.5 mol/L )
H,SO04, O MIF, 22 AN Ak 27 4 P45 21 1) CoTMPP7E Hi i
T Eva, Ev2 methanols AEmethanols E1/2 formics AEsormic 21 WL
17, HH AEmethano 1 22 TUAEmethanot = E12—E1/2 methanol H-
3. RLPEHE AT H T2 & W iZ AT VR A M
TR T R JE AR, AE pethanor (BB S R I A7 4E
TR 5 R R B R, T A R T R B A AL
SORL. AHEG T A EE AR, FER /£ CoTMPP HI A | BF 5 %
W B AN R A2 SR A, TR L CoTMPP|T DA Sy B R IR ) r th
(AL AA R

B 1 X PR AR TR PR A B, o AR E AT A 27 T Ak 2 A
WK B 5 4 J KM S ) ) EOR JRTE PR, Bl A 2R 1
T AR B &, k5 4 8 2 [ AH FAE F G A4 75 14 5
Wi R LS 3 52 3. TR BE f5 , B R T & A
HEeHI 2, G & Jm- KRINE G M “Rigs” 1EEk
W by 07T, BRERA S TR EE S, {102 v 1
INFIC I 1 B W, AF T T M-N,-CHEAL

TP,

KRR, T ORI A P FOE TR S B L
A B AT, B EORMA A% &8 51, fl s R e
(TR E IR AL E), R EE R EE — R E
Fe (R, FLAHE A e 5 P AL 57 A LU A A7 AR 22 56
DR b, 4 8 T 0 S 3k 0 B BB R U O B . B R I R RS
IR P fofind e S I B A i) 4 T — R B I Co- N R4
I AT, F AR AL e LU A% e A AT R B3 s |
75 AL T 0 38 . IR, ORR HELAE A6 771 ) A SR AT 572
AU ()RR H A RO R Bk 5
BT R DA S AL A m ik 4), & i B v B 3R T AR L
o 5 A B oK RO HEAG AR (2) i A 751 11 3 ThT gk AT
A (e 1 B A A B R TS AL A H); ()R HK
TR SSEA R, 0B TR AR, TR S NI A AE T
i A5 L
32. TEERAMNKY

I & B B AR — o B P AL ), B 5Pt
FRACL A SR A R PR AT Dy, L850 2 R BUR T3
B 48 S s T AR RN — R e R A B A,

RHTIIBE TR, 5 NBRARL I A 52 -NAIE g -N X
R U S B B AR P, (A e 9 e e i U T
SR W46, 64888 T 06 Ak
14781 Koslowski 5 9 % B, FeN, K34k & 4 w77 15
CFeN, (Fe*")FlIFe;C (Fe°) i it s, Fe* N, &5 4 A Fl
TR 5 N R4 FL T S B4R, TR SR H BL900 °CHA
b B H AR Fe B & K T 0.1% I B A AT TR &
Fe?*N,. LiZEBVL 3, £ % Co-N-F1Fe-N- if 14 B &t 1
For B IR AT &8 3, T AR B R A 0
PR EEAE A, SR, . FIREIR SRS
CoFeN/CHEAL T H I i HL A7 ~0.97 V, e KT R E N
177 mW/em?, T 7 i PUCE Ak 71 1) 43 1 24 1.04 V #1196
mwW/cm?.

S ANBAA R S T Ak RS E 1. Byon 2B
T I B s B A SR AL AR B L R A m LR T AR 2
R EREH], LUR i Fe-N-CHEAL T I Fa e 1. & Bt 2
99-CaN,y (CBUTE A 9 005 58 4 1 k), FeCla FH 48 A0 A1
(GO) i £ J5 7£80~100 °CF NHa/NoH, S 4 H in 4, 7531
(174 A FeClylg-C3N4/rGO, SR J& 7E Arf 4 F 1800 °CHt
12 W15 31| Bt 28 P2 1) Fe-N-rGO, %8 i JE i 4 L Fe-N-C g ]
5 A, B 7E Hof O H th W 42X Hh 3L Fo s 1 43 31 Kl 52

.

B0 A SR T HIZ PR, A SR D B A b
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RN & S I G T3 & B E . 2012
AELIZEBARL: 2 . g-CoN 2 AL 230 IR 1A S8 9 R,
AT Fe-N-G, I 1725 .- B Al B 2= B AR 0 R b Fi o
(MFC), e PEAR el R T R U R 4000 T {1 i 1k
FH PG AN 28 AT AT b 3 90 46 1 55 475 (P-G) 1 4L 771, Fe-N-G
(T IR FLA B OE, AU IR K, F HLFe-N-G-MFCHf)
K Th 2% i A 1149.8 mW/m?, £ A PYC-MFC (561.1
mW/m?) [ 2.1 £, KK T 0146 A S o TR R
P-G-MFC (109 mW/m?). iZHf 5t £ 1, Fe-N-GAE 5t & )&
AT L PR M A 75 B & FH T I AR Rk H it

T U 4 R A X AU SR s B LA — 58 TR AT
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A R AT A A (T 5 N B e A e A B0 ) RN 45 44 (45
B BATEE B e d) %, B R R mL kG
P AL .
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T U & SR A A FE A SR T I R AR TR B, 40
TERRPEA P ARS8 5 G218 7 fift, DRI Lt R AR VA - L3 4
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EJF AT Jin PO HH A5 Ak R AR Ak A 7E AL Fi
Hh ) 80 SR 3 1 15 e FITA-B-O TR (1 B 67 35 B R %
LaCug sMno O i 14 771 75 78 1 1. 11O, [ KOH HiL i 57 (0.1
mol/L) H, S Jif I I R AR 1 S 46 HL AL 29 0.8 V (vs
NHE), H iz A0 7)o (108 7 & B2 4 f T i it 72,
T Rk P T o 2 A 5T A S P e, 4 /LTI
J5 S S B B A R[] B 6 LaCug sMng sO3, LaMnOs,
LaCoOz 1 LaNiO ) i 1 #EAT W, A& B> A AE781(£5),
834(+24), 847(+3) F11908(+8) mV (vs RHE) ) B A7 T Hi B
WS, FIR LR BT A b, B s AL

R I H BT i R AL T P, L P LaMnOs T LaNiOs 7E
TP I3 P (AT 1 L 42 5 PYCHE 4.

FHERT LA A AE BR M B B8 R R U R R B A R
UF B A P, (RL7E R M 2R B Hh AR e PR 22, A G I fi
PTGV R AR b, e i &R A A i Ak
FIRABUIK, T84k, (2 S v RE 2, HAE MR b A%
FasE, ST TE R
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BORE R AR SR AL R 220 ) L S R W T 2 IS
R R, (EATIRAEAEAR 2 1) 5 AN A2, G0 & Rl I K fE
A PR, RaE PR 224, H AT M A RE S 15 L IMPUEELL
FUAREG. BB VA BrsoR et AR 5 ik, f
T PELE 7300 HARE, AT KR P2 i v M A 35 1k A R v it
) — BB FTT L T E AT LR, IR R S
MR FEARAAAEAL TR AT DO BA R JLAN T AT,

(1)iz I RHERIREAL TR ) 26 B, SCELHEAL AL R 94
Kb ittt RIS R I RRERE I & BOR, BEIR AR
A, BEEMPRLRL SR A RS, A5 BT ) ] 46 SR AR
I T B3 b AT UL S S st R HE AL LB, RR A e e i Al
TFR M R A2 A R AL A AR E PR b DL A T R i
T R AR AL

(2) Be it B R B AR SRR AR AL R A R AR
FELCRFIRNE BT AT AR AU RTRE AR . R ]
AT A SBR[, 3RS =44
) B A7 8L AR A T T DAASE RO B 4 s 15 0 751 42 ke
AT B NE, T B ) R e J2 3 1P TR AR 8 9 A s g ol A
HLFHAOBE K. 5541, R & 2 4EGKRBRAD R v 844
oAt FHVRE 5 TR AR ARt ROR A R I 3, mT LA A
AL 2 h D EME R AT B T T R R PR AhiE, 2t
— b e AT RORL R FH .
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