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Chapter

Recent Advances in Pt-Based 
Binary and Ternary Alloy 
Electrocatalysts for Direct 
Methanol Fuel Cells
Dang Long Quan and Phuoc Huu Le

Abstract

The direct methanol fuel cell (DMFC) is among the most promising alternative 
energy sources for the near future owing to its advantages of simple construc-
tion, compact design, high energy density, and relatively high energy-conversion 
efficiency. Typically, the electrodes in DMFC is comprised of a Pt-based catalysts 
supported on great potential of carbon materials such as multi-walled carbon 
nanotubes (MWCNTs), carbon black (CB), graphene, etc. It is desired to develop an 
electrode with high surface area, good electrical conductivity and suitable poros-
ity to allow good reactant flux and high stability in the fuel cell environment. This 
chapter will provide recent advances in Pt-based binary and ternary electrocatalysts 
on carbon supports for high-performance anodes in DMFC. Through studying the 
effects of composition-, support-, and shape dependent electrocatalysts, further 
fundamental understanding and mechanism in the development of anode catalysts 
for DMFC will be provided in details.

Keywords: direct methanol fuel cell (DMFC), electrocatalysts, Pt-based binary and 
ternary alloys, carbon based supports

1. Introduction

1.1 Structure and operating principles of direct methanol fuel cell

Today, population growth and economic growth lead to an increased energy 
demand. Current energy sources are mainly from fossil fuels (coal, oil and gas), 
which produce carbon dioxide (CO2) and other greenhouse gases that are respon-
sible for global climate change. In order to minimize the bad impact of greenhouse 
effects (e.g. acid rain, ozone damage), the world needs an appropriate transition 
of the energy sources being used. Therefore, the development of clean energy is a 
common concern for balancing economic, social development, and environmental 
protection. Fuel cells are one of the most promising energy sources for use in trans-
portation and communication applications. Compared with internal combustion 
engine, fuel cells are environmentally friendly, durable, reducing noise, and so on 
[1]. Currently, the main fuel cells include alkaline fuel cell (AFC), polymer electro-
lyte membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC), phosphoric 
acid fuel cell (PAFC) and solid oxide fuel cell (SOFC).
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Among the fuel cells, DMFC, apart from the advantage of being environmen-
tally friendly, also has a high energy density [2, 3]. DMFC is one of the popular 
types of fuel cells using methanol directly as fuel. DMFC with liquid fuel can 
operate at ambient air temperature, has good energy density and is easy to store and 
transport. The membrane electrode assembly with acid or alkaline membranes is 
a main component of DMFC, in which both side of the polymer electrolyte mem-
brane contact to anode and cathode catalyst layers. Conventionally, PtRu/C or PtRu 
catalyst is used in the anode, while Pt/C or Pt in the cathode [4]. The gas diffusion 
layers are closely aligned with the catalyst layers to aid reactant distribution, cur-
rent collection and catalytic protection.

In DMFC, an electrochemical reaction will occur at the anode due to the interac-
tion between methanol and water to produce protons and electrons. Specifically, at 
the anode, six protons and six electrons are formed by a methanol molecule reacting 
to a water molecule. These protons can move freely through the electrolyte toward 
the cathode, while electrons can travel through the external load (Figure 1). In addi-
tion, carbon dioxide will be also formed by oxidization of methanol. Meanwhile, 
at the cathode, water is formed by oxygen electrocatalytic reduction reaction. 
Therefore, the number of electrons at the anode is larger than the number of elec-
trons at the cathode, resulting in a potential established between the two electrodes. 
Reaction formulas in DMFC are shown as follows [5]:

 + −+ → + +Anode reaction : CH OH H O CO 6H 6e
3 2 2

 (1)

 + −+ + →Cathode reaction : / O 6H 6e 3H O
2 2

3 2  (2)

 + → +Overall reaction : CH OH / O CO 2H O
3 2 2 2

3 2  (3)

1.2 Electrocatalytic materials in DMFC

In the early 1950s, the anode and cathode electrocatalysts used for methanol fuel 
cell began to be investigated. Initially, methanol fuel cell used an alkaline electro-
lyte with an anode catalyst of nickel or platinum for methanol electro-oxidation 
reaction, and silver for the oxygen reduction process. At the same time, studies of 
acidic electrolyte replacement have shown that the kinetics of methanol electro-
oxidation are slower in this environment than in alkaline [6]. However, DMFC 
using liquid alkaline electrolyte has a main drawback of carbonate formation, 
meanwhile, DMFC using an acid electrolyte presents better perspectives. The Pt-Sn 
bimetallic catalyst has been systematically studied by Jansen and Molhuysen [7], 
which promoted the use of bimetallic catalysts for DMFC. Along with Pt-Sn, Pt-Ru 
was the most potential bimetallic catalyst for anode formulations, but it was still 
underestimated compared with Pt-Sn bimetallic catalyst.

During the 1960s, Pt-Ru system, particularly Pt combining Ru in solid solution, 
revealed great potential applications supported by the studies of Watanabe and 
Motoo [8]. In the 1960s and 1970s, the study of anode’s processes was carried out by 
many different groups through the search or improvement of a suitable catalyst as a 
premise for the construction of the bifunction theory for bimetallic catalysts based 
on methanol oxidation. In twenty years later, the structural, surface and electronic 
properties of the most promising systems for DMFC, essentially Pt-Ru were inves-
tigated. Besides, the studies of electrode structure including diffusion and backing 
layers also attracted a lot of attention. Most of these studies aimed to enhance the 
catalytic activity, improve reaction rate, and minimize poisoning due to methanol 
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residues by combining different metals with platinum. It has been found that the use 
of metal alloys can modify electronic surface structure, physical structure to prevent 
CO poisoning and absorb oxygen/hydroxyl species. The 1990s marked significant 
advances in DMFC technology with early applications for portable electronic devices. 
Briefly, fuel cells (including DMFC) were widely studied in the early 20th century.

DMFC is one of the most potential candidate of fuel cells, however, slow electro-
oxidation kinetics, methanol crossover, and gas management on the anode side 
in DMFC need to be improved. In methanol electro-oxidation, various surface 

Figure 1. 
Structure and operating principle of DMFC.

Figure 2. 
Poisoning CO on Pt surface to prevent methanol oxidation catalysis.
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intermediates as CO, COHads, HCOads, HCOOads are formed and strongly adsorbed 
to the surfaces of catalysts. As a result, methanol molecules are prevented from 
the next actions, leading to slow down the oxidation reaction [5]. In addition, fuel 
efficiency is decreased because of small percentage of the intermediates desorbing 
before being oxidized to CO2. Therefore, research on developing suitable catalysts to 
prevent CO poisoning and improve efficiency for DMFC is one of the critical issues. 
One of the most popular intermediates, carbon monoxide was produced by adsorp-
tion and de-protonation on the anode catalyst, which limits the rate of methanol 
oxidation. Specifically, if CHO or COH are directly dehydrogenated, carbon 
monoxide will be formed, as shown in Figure 2. Consequently, the active sites of 
the catalyst will be decreased that limits the next reactions to be occurred.

2.  The binary Pt-based and ternary PtRuM alloy electrocatalysts for 
DMFC

2.1 The binary Pt-based alloy electrocatalysts for DMFC

2.1.1 Advantages of binary Pt-based alloy catalysts compare to platinum catalyst

Around the middle of the nineteenth century, the first model of a fuel cell using 
a platinum wire as an electrode was investigated [4]. Since then, the application 
of platinum in fuel cells is great of interest for scientists. In strongly acidic elec-
trolytes, platinum nanoparticles are higher catalytic activity and better stability 
than other noble metals. Therefore, it was used as an optimal catalyst in the first 
most studies of DMFC. However, platinum’s cost is high and easy to dissolve and 
agglomerate under poor operating conditions, resulting in the commercialization 
of DMFC based on platinum catalyst is still limited. Especially, Pt-based anode can 
be poisoned by a carbonaceous intermediate as CO, COHads, HCOads, HCOOads, 
leading to decreasing DMFC efficiency. To overcome the above obstacles, many 
studies have been conducted to improve catalysts in DMFC. As a result, binary 
catalysts are one of the most effective catalysts, in which Pt-Ru system is the 
most common.

According to the bifunctional mechanism, each metal in surface of Pt-M will 
promote various steps in the overall reaction. The Pt − CO strength bond and the 
reaction activation energy can be modified by energy perturbations of the surface 
d-band of Pt due to ligand effect from M metal. As a result, CO on the platinum 
surface requires less energy to oxidize to CO2 compared with pure platinum. In 
addition, the attachment of metal M on the substrate can induce changes in the 
catalytic properties of the substrate, which is attributed to establishing a new 
equilibrium state for occurring the electronic and strain effects simultaneously. 
The presence of metal M significantly reduces the onset potential for the reaction 
because the oxidation of CO on the surface with more metal M is greatly affected 
compared to pure Pt.

Therefore, bimetallic catalysts have been developed over many decades. 
Specifically, the combination of platinum with transition metals (Fe, Co, Ni) not 
only improves electrochemical performance but also decreases the Pt mass loading 
and enhances methanol tolerance in the oxygen reduction reaction (ORR) [9–11]. 
ORR activity and stability of the Pt catalyst can be increased in the presence of Cr 
and Pd. In addition, the bimetallic catalyst offers advantages to the reactions occur-
ring at the DMFC electrode with outstanding features such as improving methanol 
dissociative chemisorption, reducing CO poison adsorption and CO removal via its 
oxidation by adsorbed OH [12–14].
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Survey results of methanol oxidation ability by cyclic voltammetry (CV) 
measurement showed that the methanol oxidation capacity of all Pt-M alloys was 
superior to that of pure Pt. Many research groups have in turn fabricated the Pt-M 
alloys such as PtFe, PtCo, PtNi, PtCu, PtMo, PtRu, PtRh, PtPd, etc., and investi-
gated their activity to oxidize methanol comparing to pure Pt catalyst [15–22]. The 
obtained CV spectra results are shown in Table 1 and Figure 3. Clearly, although 
there were differences in the selection of substrate, the composition percentage in 
the alloy, or the concentration of the investigated solution, the ability to oxidize 
methanol of pure Pt is always lower than that of Pt-M alloys. Here, in the CV 
results, methanol oxidation capacity is realized by the spectral peak position during 
the forward sweeping/positive sweeping (maximum current density - jf). The value 
of jf in CV spectrum of PtFe, PtCo, PtNi, PtCu, PtMo, PtRu, PtRh, PtPd alloys and 
pure Pt are listed in Table 1. It can be clearly seen that the jf values of PtFe, PtNi, 
PtCu, and PtRu alloys were about twice that of pure Pt. The difference is about 3–5 
times for Pt67% Mo33% and Pt54% Rh46%. Especially, PtCo (1: 9) and Pt3Pd1 
offered the enhancement of ~10 times. In adition, the CV spectra of PtRu alloys 
almost had no current density peak for reverse sweeping. This indicates that the 
high tolerance to CO poisoning led to the increased efficiency of methanol oxida-
tion and the enhanced DMFC performance. Furthermore, the CV results of the 
PtCo, PtMo, PtRh and PtPd alloys show that the ability to oxidize methanol was also 
strongly influenced by the composition ratios in the alloy. It is clear to conclude that 

Pt alloy Support Size

(nm)

Electrooxidation Reference

Condition Current 

density of Pt

(mA cm−2)

Current 

density of 

PtM

(mA cm−2)

PtFe Multi-walled 
carbon 

nanotubes 
(MWCNT)

2 0.5 M H2SO4

+ 1 M CH3OH
0.12 0.24 [15]

PtCo Graphene 
oxide (GO)

2.1–3.4 1 M H2SO4

+ 2 M CH3OH
3.85 38

PtCo (1:9)
[16]

PtNi Functionalized 
carbon 

nanotubes 
(FCNTs)

2.7–3.9 0.5 M H2SO4

+ 1 M CH3OH
300 500 [17]

PtCu Graphene 
oxide (GO)

3 0.5 M H2SO4

+ 0.5 M CH3OH
0.83 1.6 [18]

PtMo Single-wall 
carbon 

nanotubes 
(SWCNT)

— 0.5 M H2SO4

+ 0.5 M CH3OH
0.1 0.55

Pt67%Mo33%
[19]

PtRu Carbon (C) 4.5 1 M H2SO4

+ 2 M CH3OH
7.5 17.5 [20]

PtRh — 4.3–6 0.5 M H2SO4

+ 1 M CH3OH
140.7 404.9

Pt54%Rh46%
[21]

PtPd Vulcan XC-72R 6.5 0.5 M H2SO4

+ 0.5 M CH3OH
N2-saturated

25 200
Pt3Pd1

[22]

Table 1. 
Various studies of advantages of binary Pt-based alloy compare to platinum catalyst.
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Pt-M alloys exhibited higher methanol oxidation performance than that of pure Pt. 
However, it is not suitable to make a comparison among the different alloys because 
some alloys require careful examination of the composition ratios. Also, it is worthy 
of note that the differences in the onset potential position of jf, the jf/jr ratio, and the 
substrate can influence the evaluation of methanol oxidation performance.

Figure 3. 
Results of methanol oxidation ability by CV spectra of PtFe/MWCNTs, PtCo/rGO, PtNi/FCNTs, PtCu/RGO, 
PtMo/SWCNT, PtRu/Vulcan carbon, PtRh, and PtPd/Vulcan XC-72R in comparison with pure Pt [15–22].



7

Recent Advances in Pt-Based Binary and Ternary Alloy Electrocatalysts for Direct Methanol…
DOI: http://dx.doi.org/10.5772/intechopen.95940

2.1.2 Dominances of PtRu catalyst compare to other binary Pt-based alloy catalysts

Pt-Ru has been interested in research since the late 19th century with the first 
mention in thermoelectric materials. In 1930s, the physical and chemical properties 
of this material system were explored, setting the stage for more detailed studies in 
the following decades.

First, the Pt-Ru system is one of the most common alloys used for fuel cells 
owing to its lower potential onset than Pt or Pt alloys. Indeed, Table 2 shows that 
the strongest synergetic effects belonged to Pt-Ru. Specifically, their onset poten-
tials in 1 M H2SO4 at 100°C and current density 20 mA/cm2 about 0.24–0.32 V, 
while this value of Pt is 0.44 V, and Pt-M (M belongs to group IVB, VB, VIB, VIIB 
and some other metals) have the onset potentials in range of 0.3–0.44 V. The 
electrolytic activity of Pt and its alloy related to the oxidation of methanol has been 
established the foundation for further studies. The extensive studies of combining 
Pt with multiple elements in the periodic table to find the most suitable catalysts 
(including Pt-Ru) for organic fuel oxidation were also carried out in the 1960s by 
Batelle group [24].

Second, the Pt-Ru system is often used for fuel cell catalysis because Ru and its 
alloy can be used as an effective catalyst. In parallel with Pt-Ru studies, the other 
Ru systems (i.e. Ru-Ta, Ru-Ni, Ru-Rh and Ru-Ir) were also investigated. Corrosion 
and electrochemical properties were strongly influenced in Ru systems doped with 
Pb, Tl, Ag [24]. A ruthenium electrode with a high surface area was successfully 
synthesized by a research team from Moscow [24], and the effect of heat treatment 
on ruthenium dispersion was also studied. In addition, the effect of temperature on 
ruthenium properties was also studied [24]. The calculation of electronic structures 
combined with density function theory was used to investigate the free-energy 
landscape of the electrochemical oxygen reduction reaction over Pt (111), in which 
the changes of applied bias confirmed that noble metals were suitable for the 
peroxide mechanism [25]. In this mechanism, the oxygen reduction on the surface 
of Pt or noble metals is performed through peroxy intermediates according to the 
following scheme:

 ∗ ∗+ →
2 2

O O  (4)

 ( )∗ + − ∗+ + →
2 2

O H e HO  (5)

 ( )∗ + − ∗+ + → +
2 2

HO H e H O O  (6)

 ( )∗ + − ∗+ + →O H e HO  (7)

 ( )∗ + − ∗+ + → +
2

HO H e H O  (8)

Here, the “*” symbol indicates a site on the surface. This is an important basis for 
the application of Pt and noble metals for fuel cell catalysis.

Finally, the strain effect caused by the lattice mismatch between platinum and 
ruthenium reduced the binding energy of intermediates such as carbon monoxide, 
resulting in the increased tolerance to CO poisoning for PtRu bimetallic [26, 27]. 
Bifunctional theory of the electrocatalysis was formulated based on an investigation 
of Pt-Ru activity by Watanabe and Motoo [26, 27]. According to this mechanism, 
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generation of active oxygen species belongs to ruthenium, while the adsorbed 
methanol species are kept by platinum. Hence, methanol oxidation takes place by 
the following reactions [28]:

 + −+ → − → − + +
3 ads ads

Pt CH OH Pt CH OH Pt COH 3H 3e
3

 (9)

 + −− → − + +
ads ads

Pt COH Pt CO H e  (10)

 + −+ → − + +
2 ads

Ru H O Ru OH H e  (11)

 + −− + − → + + + +
ads ads 2

Pt COH Ru OH Pt Ru CO 2H 2e  (12)

 + −− + − → + + + +
ads ads 2

Pt CO Ru OH Pt Ru CO H e  (13)

The invent of the bimechanism has underpinned the profound and extensive 
studies of the Pt-Ru catalyst for DMFC.

2.2 The ternary PtRuM electrocatalysts for DMFC

From the above analysis, PtRu is the most commonly alloy for the anode metha-
nol oxidation electrocatalyst in DMFC. However, both platinum and ruthenium are 
precious metals, so in order to increase performance and reduce costs, the studies 
of searching effective ternary PtRuM electrocatalysts have been attracting a lot 
of attention. It has been found that ternary Pt alloys can improve catalytic per-
formance as compared to Pt or PtRu because the additional metals can change the 
electronic properties or the surface structure of the Pt or PtRu [29]. Indeed, from 
theoretical screening results, Strasser et al. showed that ternary PtRuM (M = Fe, 
Co, Ni, Rh, Ir) which had better CO-tolerance than pure Pt or PtRu to result in a 
superior catalytic activity [30]. This is the key platform for driving the fabrica-
tion of ternary catalysts toward improving the efficiency and reducing the cost 
of DMFC.

Catalyst The onset potential at 100°C at 20 mA.cm−2 (V)

Pt 0.44

PtM
M in group IVB and VB

0.37–0.39

PtM
M in group VIB and VIIB

0.20–0.38

PtM
M: Fe, Co, Ni, Be, Pb, Cu, Bi, Sb

≥ 0.44

PtRu 0.24–0.32

PtOs 0.30–0.35

PtRh 0.44

PtIr 0.33

Table 2. 
The catalytic activity of Pt and Pt alloys in methanol oxidation [23].
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Due to some outstanding properties such as low potential onset, CO-tolerance, 
and ability to participate in oxygen reduction reaction at a fuel cell cathode, 
molybdenum (Mo) is also one of popular elements of interest for the development 
of DMFC. Binary PtRu has been successfully formulated and exhibited the better 
tolerate CO poisoning than pure Pt [31–34]. Differ from PtRu, the main oxidation 
peak of PtMo shifts toward a lower potential, while the oxidation of CO in PtMo 
occurs in two steps to form two peaks in the voltamperometric sample [31]. It was 
found that Mo species also reduced easily due to the undergo oxygen transfer. In 
addition, CO oxidized by Mo at a low voltage had weakly bonding, and thus the CO 
occupied a very low proportion of the total CO absorbed to the catalyst [31–35]. 
Therefore, PtMo has a lower methanol oxidation activity than PtRu. However, 
the two different CO oxidation mechanisms in PtRu and PtMo at different poten-
tials can induce a co-catalytic effect by combining Ru and Mo to form a ternary 
PtRuMo alloy [36]. This was the basis for a series of studies on ternary PtRuMo 
catalysts. Specifically, PtRuMo/C was prepared by a two-steps reduction method, 
and PtRuMo/C possessed a decrease of CO poisoning as compared to PtRu and 
Pt [37]. Moreover, DMFC with PtRuMo/CNTs anode had higher performance 
than DMFC with PtRu/CNTs or PtRu/C anodes [38]. The successful synthesis of 
PtRuMo nanoparticles on MWCNTs by chemical reduction under hydrothermal 
synthesis method, and the PtRuMo/MWCNTs exhibited superior catalytic activ-
ity and durability for methanol oxidation in H2SO4 solution over PtRu/MWCNTs 
[39]. The CV and electrochemical impedance spectroscopy (EIS) results for 
Pt43Ru43Mo14/MWCNTs, Pt50Ru50/MWCNTs, and Pt/MWCNTs presented that 
Pt43Ru43Mo14/MWCNTs obtained the highest activity and stability [40].

Iron (Fe) is also one of the good candidates for electrode catalysis in DMFC 
anode. The presence of iron as the third element in the platinum alloy can weaken 
the Pt-CO bonding [41, 42]. It is known that, if platinum and iron combine, the 
orbital mixing will occur. Due to electron-rich platinum and electron-poor iron, Pt 
electron density and electron density hinders the electron back-donation from Pt to 
CO to result in weakening Pt-CO bonding. In addition, the cost of iron-containing 
precursors is much lower than that of Pt and Ru. Therefore, the cost of DMFC using 
PtRuFe catalyst will significantly reduce, and thus expand the commercialization 
capability of the DMFC. For these reasons, the study of PtRuFe alloys was pro-
moted. In particular, PtRuFe/C (2:1:1 atomic ratio, 60 wt% metal) was synthesized 
by impregnation method [43]. Figure 4 shows that the PtRuFe nanoparticles were 
uniformly formed with an average size of approximately 2.5 nm. For CO-stripping 
results, Jeon et al. [43] obtained the onset potentials of PtRuFe/C and PtRu/C were 
0.44 V and 0.49 V, respectively. In addition, current intensity of PtRuFe/C was also 
higher than that of PtRu/C under the similar experimental conditions. The obtained 
results confirmed that PtRuFe/C exhibited the better methanol electro-oxidation 
activity [43]. In another study, PtRuFe nanodendrites which was prepared via a 
one-pot solvothermal method also presented the higher specific and mass activities 
than those of PtFe and Pt [44].

In order to minimize CO poisoning and increase the performance of the DMFC, 
ternary catalyst including platinum, ruthenium and cobalt is also considered. The 
PtRuCo/GC catalysts was successfully prepared by the one-step electrochemical CV 
co-deposition method, and it exhibited higher electrochemical activity and stability 
for methanol oxidation than PtRu/GC [45]. PtRuCo/C was successfully synthesized 
by the electro-deposition process with controlling the deposition potential and 
deposition time to control Pt and Ru galvanic displacements [46]. It was found that 
PtRuCo/C presented superior catalytic activity and tolerance to CO poisoning as 
compared to those of the commercial PtRu/C [46].
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The theoretical investigation found that the segregation processes for creat-
ing Pt surface enrichment was unlikely to take place in the PtNi system [47]. 
Additionally, unlike Ru in PtRu, Ni in PtNi was not dissolved in the electrolyte due 
to the nickel-hydroxide-passivated surface and the increased stability of Ni in the 
Pt network [48]. Furthermore, the use of Ni as the third metal in a ternary alloy 
will reduce the amount of noble metals of Pt and Ru that allows reducing the DMFC 
cost and supports for its commercialization. Therefore, ternary PtRuNi alloys have 
been developed and characterized [49–51]. Specifically, PtRuNi/C catalyst can 
significantly improve the methanol oxidation performance compared with PtRu/C 
[49–51]. Liang et al. were successfully synthesized a carbon-supported PtRuNi 
nanocomposite via a microwave-irradiated polyol plus annealing synthesis strategy, 
and the nanocomposite exhibited an enhanced tolerance to CO [52]. The impedance 
patterns of methanol electrooxidation for PtRuNi/C proved its superior perfor-
mance to that of PtRu/C [53]. Similar results were also obtained for PtRuNi and 
PtRu on CNTs [54]. Adding a third metal to PtRu is one of the effective approaches 
to improve DMFC performance. Therefore, in addition to the aforementioned 
three-component alloys, the other three-component alloys such as PtRuCu, PtRuW, 
PtRuMn, etc. were also investigated in the literature [55–57].

Briefly, the ternary platinum alloy exhibited superiority in catalytic activity 
and resistance to CO compared with bimetallic or pure metals. It is worthy to note 
that each type of catalytic substrate also provides certain advantages for the DMFC 
application. Therefore, it is essential to study ternary platinum alloy on different 
catalytic supports to look for the optimal material system with excellent DMFC 
performance and cost effectiveness.

3.  Effects of supports, shape, and structure on methanol oxidation 
activity of catalysts

3.1 Effects of supports on methanol oxidation activity of catalysts

In the early stages of fuel cell development, only Pt nanoparticles were used as 
catalysts for the anodes and cathodes. The Pt catalyst showed higher activity and 
durability than any other metals [58]. However, without a substrate, the increased 
Pt concentration leads to the agglutination of the Pt nanoparticles, and conse-
quently reduces the surface area, which in turn affects the catalytic performance 
[59]. Therefore, the use of carbon-based materials (i.e. carbon black (CB), carbon 
nanotubes (CNTs), carbon nanofibers (CNFs), and graphene, etc.) allows reducing 
the amount of Pt used, while increasing the activity of the electrolytes.

Figure 4. 
A TEM image (a) and particle size distribution (b) of PtRuFe/C (2:1:1) catalyst [43].
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Carbon materials with high surface area, suitable porosity, high corrosion 
resistance, and excellent electrical conductivity, allow for multiple dispersing of Pt 
nanoparticles and accelerate electronically charge transfer from electrode to mem-
brane electrolysis [60]. Oxide materials are also good candidates for serving as the 
substrates of Pt catalyts because they can improve corrosion resistance to carbon 
materials [61, 62]. Since the 1990s, CB materials have been widely used as catalysts 
for Pt and its alloys in PEMFC because of the large area surface area, good electrical 
conductivity, porous structure, and low cost. Therefore, CB has been widely used 
for many decades as a base material for fuel cell catalysis [63]. Under the normal 
conditions, CNTs has the same advantages as CB, but it supports for minimizing 
the agglomeration of Pt nanoparticles. Specifically, Shao et al. found that Pt/CNTs 
were more stable than Pt/C for PEMFC primarily because the impedance of CNTs 
was higher than CB [64]. Furthermore, CNTs appears to be a good support material 
for fuel cells because of their high electrical conductivity, purity, and durability 
compared with the conventional substrates [65–72]. It is well-known that the main 
component of DMFC is the membrane electrode assembly (MEA), where the anode 
and cathode reactions occur to generate electrical energy. The ideal MEA material 
has the following prerequisites: (1) An efficient anode catalyst is for oxidation of 
methanol completely, (2) solid polymer electrolyte has a high proton conductivity 
and low methanol permeability, (3) the cathode catalyst is methanol-tolerant with 
a high deoxygenation activity [73]. Therefore, it is important to develop suitable 
support materials for catalysts in DMFC, which currently attracts a lot of attention.

A variety of support materials for PtRu catalysts such as Carbon Vulcan, CNTs, 
graphene, and oxides has been developed and used. Table 3 and Figure 5 show that 
the catalytic performance, durability, and even CO-tolerance varied depending on 
the support catalysts.

By comparing the different morphologies of carbon supports, Alegre and Kang’s 
group found that methanol oxidation of carbon xerogels and carbon nanofiber sub-
strates was respectively about 1.2 to 1.3 times higher than that of carbon substrate 
[74, 75]. Meanwhile, the CMK-8-II mesoporous carbon substrate fabricated by 
Maiyalagan’s group gave superior methanol oxidation activity up to 2.2 times over 
carbon substrate [76]. CMK-8 mesoporous carbons with 3-D cubic Ia3d meso-
structure consists of two interpenetrating continuous networks of chiral channels 
also called bicontinuous gyroidal. This structure possesses high surface area, 
well-defined pore size, high thermal stability, flexible framework composition, and 
intrinsic conductivity. With its distinct structure, CMK-8 mesoporous carbons have 
better diffusion and deposition of nanoparticles. In addition, the highly conductive 
Ia3d symmetric structure enhances electron transfer. Meanwhile, carbon xerogels 
have excellent properties such as high surface area, mesopore structure and high 
purity, allowing for high dispersion and efficient diffusion.

For the substrate of CNTs, the CV results show that the methanol oxidation 
capacity of the catalyst on CNTs substrate was 1.3–1.6 times higher than carbon 
Vulcan substrate [77–79]. CNTs possesses the higher graphite degree and the better 
electrical conductivity when it had the higher diffraction peaks than carbon black. 
Moreover, the smaller average particle size of PtRu/CNTs than that of pure Pt was 
one of the reasons for the high methanol oxidation capacity of this material system. 
In addition, a large specific surface area and high mechanical strength are also the 
preeminent properties of PtRu/CNTs that is attributed to the improved perfor-
mance of the DMFC using PtRu/CNTs.

Graphene with its unique properties such as outstanding surface area, consis-
tent porosity, good electrical conductivity and rich surface chemistry has become 
an excellent candidate for DMFC. Wang and Lee et al. reported that the current 
densities of PtRu/G or PtRu/GS were about 4 times and 1.5 times higher than those 
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Catalyst Support Particle/crystal

size (nm)

Catalyst performance Reference

Measurement condition Current density

PtRu/E-Tek
PtRu/CX

Vulcan XC-72R
Carbon xerogels

-
3.5

2 M CH3OH + 0.5 M H2SO4, v = 0.02 V s−1 0.29 mA/cm2

0.36 mA/cm2
[74]

PtRu/C
PtRu 70%/CNF

Carbon
Carbon nanofiber

2.0
2.9

1 M CH3OH and 0.5 M H2SO4, 2 mV sL1 340 mA/cm2

390 mA/cm2
[75]

PtRu/XC-72
PtRu/CMK-8-II

Vulcan XC-72R Mesoporous Carbon 4.0
5.0

0.5 M H2SO4 + 1 mol dm−3 methanol at 50 mV−1 27 mA/cm2

60 mA/cm2
[76]

PtRu/C
PtRu/CNTs

Vulcan XC-72R
Carbon nanotube

3.0
2.5

20 mV/s in 1 M CH3OH + 0.5 M H2SO4 22.5 mA/cm2

33.5 mA/cm2
[77]

PtRu/CB
PtRu/CNT
PtRu/N-CNTs

Carbon
Carbon nanotube

Carbon nanotube doping N

4.5
3.9
3.5

0.5 M H2SO4 and 1 M methanol, 50 mV/s 27.5 mA cm−2

44.1 mA cm−2

82.7 mA cm−2

[78]

PtRu/C
PtRu/CNTs
PtRu/GS
PtRu/CTNs-GS

Carbon
Carbon nanotubes

Graphene sheet
Carbon nanotubes + Graphene sheet

-
-

2.9
2.4

1 M CH3OH + 0.5 M H2SO4, 20 mV s−1 42.7 mA mg−1

56.0 mA mg−1

78.7 mA mg−1

136.7 mA mg−1

[79]

PtRu/MWCNTs
PtRu/Graphene

Carbon nanotubes
Graphene

3.75
2.25

N2-saturated, 0.5 M H2SO4 + 1.0 M CH3OH, 10 mV/s 4.82 mA/cm2

20.8 mA/cm2
[80]

PtRu/C
PtRu/RGO

Carbon
Reduced graphene oxide (RGO)

-
2.8

0.5 M H2SO4 + 1 M CH3OH 430 mA mg−1

570 mA mg−1
[81]

PtRu/C
PtRu/FGSs

Carbon
Functionalized graphene sheets

4.39
2.87

1 M CH3OH + 0.5 M H2SO4, 50 mV s−1 8.21 mA cm−2

14.05 mA cm−2
[82]

PtRu/AO-MWCNTs
PtRu/PEI-MWCNTs

Carbon nanotubes
Functionalized

carbon nanotubes

4.19
3.17

N2-saturated, 0.5 M H2SO4 + 1.0 M CH3OH,
50 mV s−1.

112 mA/cm2

636 mA/cm2
[83]

Table 3. 
Results of methanol oxidation ability by CV measurement of PtRu on different supports.
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of PtRu/CNTs [79, 80]. Similarly, the current density of reduced graphene oxide 
(RGO) substrate was about 1.3 times higher than carbon substrate one [81].

For comparison between carbon Vulcan substrate and graphene substrate, Zhao 
et al. found that the functionalized graphene sheets (FGSs) were 1.7 times higher in 
current density than carbon substrates [82]. The current density of N-doped carbon 
nanotube substrates was nearly 3 times higher than that of the conventional carbon 
substrates [78]. Due to the lack of bonding sites, namely -COOH, C = O and -OH 

Figure 5. 
TEM images of PtRu on different supports: Carbon (C), mesoporous carbon (MC), carbon xerogels (CX), 
carbon nanofiber (CNF), carbon nanotube (CNT), functionalized carbon nanotubes (FCNT), carbon 
nanotube doping N (CNT-N), carbon nanotube - graphene sheet (CNT-GS), graphene, functionalized 
graphene sheet (FGS), graphene doping N (NG) and reduced graphene oxide (RGO) [74–83].
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groups on CNTs, the deposition of metal nanoparticles on the surface of CNTs is 
very difficult. To solve this problem, various methods have been implemented to 
functionalize CNTs in order to hold metal nanoparticles on its surfaces. Commonly, 
HNO3 or H2SO4 was used to activate CNTs at an appropriate temperature and 
processing time. In addition, the functionalization of CNTs by various surfactants, 
aromatic compounds, functional polymers, and biomolecules have been proposed 
[83–86]. These methods can maintain the CNTs properties, allows to control the 
particle size, and create more uniform distribution for enhancing the DMFC effi-
ciency. Consequently, the functionalized CNTs and graphene generally presented 
the improved methanol oxidation activity.

Combination of various materials is an approach toward developing effective 
support materials. For example, a highly porous architecture which was formed by 
combining CNTs and graphene sheets, provided a large exposure surface area, so 
the aggregation of metallic nanoparticles decreased to result in the enhanced cata-
lytic performance [79]. Indeed, composite substrate of CNTs and graphene sheet 
resulted in current intensity 3.2 times higher than that of carbon substrate [79], 
suggesting that composite substrate materials can complement each component’s 
advantages and suppress the disadvantages of each ingredient.

3.2 Effects of shape and structure on methanol oxidation of catalysts

Surface structure of catalysts is closely related to the catalytic activity. It is 
essential to find the optimal surface structures that can enhance methanol oxida-
tion efficiency. For manipulating the morphology of nanoparticles, the key fabri-
cating factors include precursors, ligand, capping agent, reductant, reaction time, 
and temperature. Up to now, nanoparticle catalysts have been successfully syn-
thesized with many different morphologies such as nanopolyhedrons, nanowires, 
nanoplatelets, porous structure, hollow structure, concave structure, nanoframes, 
dendrites, monolayer, and core-shell structure [87–90]. Figure 6 shows several 
various interesting morphologies of PtRu and their CV results [87–90]. Obviously, 
the maximum current densities jf of the new morphologies were higher than that 
of the traditional catalysts on carbon substrates. Because the new morphologies 
resulted in the differences in CO poisoning tolerance and methanol oxidation 
efficiency. Specifically, PtRu nanowires (NWs), PtRu nanorods (NRs) and PtRu 
nanocubes (NCs) were successfully fabricated by a one-step solvothermal method 
[87]. As shown in Figure 6, the PtRu NWs possessed higher methanol oxidation 
reaction activity than PtRu NRs and PtRu NCs. In addition, the onset potential 
of PtRu NWs is lower and its jf/jb ratio is greater compared with PtRu NRs and 
PtRu NCs. Based on density functional theory, calculations show a transition state 
(Pt-CO ••• OH-Ru) that is only formed from the interaction between Pt-COads 
and Ru-OHads species if the distance between Pt and Ru atoms is less than or equal 
to 4 Å. Therefore, the close connection between Pt and Ru atoms in PtRu alloy 
structure is more beneficial than heterostructure. In addition, the methanol oxida-
tion catalytic activity for PtRu NWs was higher than that of PtRu NCs because 
the adsorption energy of COads and OHads on {111} facets enclosed PtRu NWs 
reached near the optimal value compared to the adsorption energy of COads and 
OHads on {100} facets enclosed PtRu NCs. Moreover, compared with PtRu NRs, 
the PtRu NWs had more {111} active sites facets due to their longer and thinner 
structure to result in the higher electrocatalytic activity. Figure 6 also shows that 
PtRu nanodendrites have higher methanol oxidation efficiency than PtRu NCs or 
Pt/C because PtRu nanodendrites with the staggered branches can facilitate guest 
accessibility and tolerance to undesired agglomeration [89]. Furthermore, PtRu 
nanodendrites has surface area and atom utility is larger than PtRu NCs to get 
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Figure 6. 
TEM images and CV curves of the various morphologies of PtRu [87–90].
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better facilitate electron catalysis. PtRu nanoflower catalysts synthesized by a fac-
ile one-pot solvothermal method exhibited superior methanol oxidation efficiency 
compared to PtRu/C, as shown in Figure 6 [90].

In order to improve fuel cell performance and reduce their cost, the fuel cell 
catalysis primarily needs to optimize its composition and structure – morphology. 
The core-shell structure has attracted much attention owing to its wide applica-
tions in electrochemical energy devices. Various works on Ru@Pt nanoparticles 
have demonstrated that Ru@Pt has superior CO tolerance and higher methanol 
oxidation efficiency than that of PtRu [91–94]. A demonstrated Ru@Pt structure is 
shown in Figure 7. An increase of active sites is a necessary requirement to enhance 
the Pt-based electrocatalyst utilization. Hollow nanostructures not only meet this 
requirement but also reduce the amount of Pt, while porous nanostructures can 
reduce diffusion resistance and increase contact area [92, 93]. A combination of core-
shell and hollow structures is of great interest and become a potential new research 
direction. Recently, yolk−shell nanostructures have been successfully synthesized by 
a facile approach (Figure 7) [94]. As a result, this structure has better catalytic activ-
ity, durability and tolerance to CO comparing to PtRu nanocages and Pt/C [94].

4. Conclusion

In summary, the two-component Pt alloy has generally better methanol oxida-
tion efficiency and tolerances to CO poisoning than pure Pt. Among PtM alloys, 
PtRu is the most notable due to its superior properties of a low potential onset, high 
catalytic activity, and high CO tolerance. The performance of DMFC can be further 
improved when PtRu is combined with a third suitable metal. Up to now, PtRuM 
nanoparticles with different morphologies have been successfully synthesized, and 
they exhibited higher methanol oxidation activities than those of traditional PtRu. 
Substrate and morphology are also the important factors in manipulating fuel cell 
performance, and thus a variety of substrates has been used for DMFC catalyst. 
It is found that CNTs and graphene are the two most common support materials 
to mitigate the disadvantages of carbon Vulcan (a traditional support material (or 
substrate)) and thereby enhancing the fuel cell efficiency. Functionalization and 
doping approaches are the next developments to improve and search for the optimal 
substrates. Interestingly, the combination of CNTs and graphene substrates pos-
sesses as an excellent substrate for methanol oxidation. The demonstrated results in 
this book chapter open up a new research direction that involves in simultaneously 
optimization of nanocatalysts, substrates, and their structures – morphologies 
toward the developments of DMFC.

Figure 7. 
TEM and HR-TEM images of core-shell (a) and Pt@mPtRu Yolk – Shell (b) nanostructures [93, 94].
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