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4.1
Introduction

Low-temperature polymer electrolyte fuel cells are promising electrochemical
energy devices that can directly transform the chemical energy stored in a
fuel (e.g., H2 and alcohols) into electrical energy with low emission and high
efficiency [1–8]. This electrochemical process does not obey Carnot cycle
limitation, so higher energy efficiencies can be achieved through fuel cells:
40–50% in electrical energy and 80–85% in total energy (electricity + heat
production) [6]. Hydrogen is considered the most convenient fuel for vehicle
applications, because the kinetics of hydrogen oxidation is very fast and the
product is only water. However, hydrogen itself is merely an energy carrier,
not a natural resource. The production, transportation, and storage of hy-
drogen have encountered huge technical challenges [9]. Compared with
hydrogen, small liquid alcohol fuels have obvious advantages, including
high energy density and thermodynamic energy conversion efficiency, com-
parable electromotive force (thermodynamic potential), and complete
elimination of hydrogen production and storage accessories [1,6,7]. In addi-
tion, many alcohols can be massively obtained from renewable biomass feed-
stocks [10–12]. For example, methanol can be produced from fermentation
of agricultural products from biomass; ethanol is one of the major fuels
obtained from agriculture fermentation (first-generation bioethanol); ethylene
glycol (EG) can be obtained in large quantity by heterogeneous hydrogena-
tion of cellulose; and glycerol is a main by-product of biodiesel production.
They are potentially cheap and abundant, and can be widely distributed by using
the present infrastructures for liquid fuels. Therefore, low-temperature direct
alcohol fuel cells (DAFCs) have emerged as clean and sustainable mobile
power sources for portable electronics, and potentially for transportation
systems.

Table 4.1 shows the thermodynamic properties of selected alcohol fuels at
standard conditions. Although their electromotive forces are slightly lower than
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hydrogen, the thermodynamic energy conversion efficiencies of methanol, etha-
nol, ethylene glycol, and glycerol are in the range of 97–99%, which is higher
than that of hydrogen (83%). The mass and volume energy densities of the alco-
hols are also higher than that of hydrogen.

Despite their attractive thermodynamic advantages and practical system
benefits, current direct alcohol fuel cells have the significant disadvantage of
having lower output power density and efficiency than hydrogen–proton
exchange membrane fuel cells (PEMFCs). Besides the urgent need for the
development of advanced polymer membranes that can reduce both enhanced
ion conductivity and alcohol crossover, the sluggish alcohol reaction kinetics
must be significantly improved for widespread applications of DAFCs. For
instance, the overpotential of methanol oxidation is >0.3 V at 0.5 A cm�2 on
the state-of-the-art PtRu/C catalyst, which is much higher than hydrogen oxi-
dation reaction (only 0.02 V) [4]. The ethanol oxidation has a similar slow
kinetics. More serious, since the C-C bond of ethanol is difficult to break
at low temperatures (e.g., <90 °C), the major electrooxidation products are
acetaldehyde and acetic acid, and CO2 is only <10% on the current PtSn
catalysts [6,13]. The incomplete ethanol oxidation leads to low ethanol utiliza-
tion and energy conversion efficiency.

Efficient direct transformation of chemical energy stored in small organic
molecules into electricity has been a long-term goal for scientists. Significant
research efforts have been made in recent decades to acquire a deep under-
standing of the mechanisms of electrocatalytic oxidation of alcohols, and to
further develop more efficient anode catalysts for DAFCs. This chapter
focuses on anode catalytic materials for low-temperature DAFCs. First, the
acquired knowledge of electrooxidation of alcohols (methanol, ethanol, eth-
ylene glycol, and glycerol) in both acid and alkaline media, and state-of-the-
art anode catalysts are presented. Second, the recently developed catalyst
preparation methods and novel carbon support materials are reviewed.
Finally, the future research challenges and opportunities in this field are
discussed.

Table 4.1 The transferred electrons (Ne), electromotive force (E°), volume energy density (We),
and thermodynamic energy conversion efficiency (εrev) of electrooxidation of selected alcohols
at standard conditions.

Fuel Ne E° (V) We (kWh l− 1) εrev (%)

Hydrogen 2 1.23 2.6 (liquid H2) 83
Methanol 6 1.18 4.8 97
Ethanol 12 1.15 6.3 97
Ethylene glycol 10 1.22 5.9 99
Glycerol 14 1.22 6.3 99
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4.2
Anode Catalysts for Direct Methanol Fuel Cells: Improved Performance of Binary
and Ternary Catalysts

4.2.1

Principles of Direct Methanol Fuel Cells

A typical proton exchange membrane (PEM)-based direct methanol fuel cell
comprises anode, PEM, and cathode. At the anode, methanol is oxidized to pro-
duce CO2; at the cathode, oxygen reacts with protons and electrons to produce
water:

CH3OH � H2O ! CO2 � 6H� � 6e� �0:05 V versus SHE �anode� (4.1)

3=2O2 � 6H� � 6e� ! 3H2O �1:23 V versus SHE �cathode� (4.2)

The total reaction is

CH3OH � 3=2O2 ! CO2 � 2H2O �1:18 V (4.3)

4.2.2

Reaction Mechanisms and Catalysts for Methanol Electrooxidation

In the past decades, a significant number of fundamental investigations have
been carried out in the field of low-temperature electrooxidation of small
organic molecules [14–38]. Electrochemical studies have been carried out in
combination with spectroscopy [21,27,28], mass spectroscopy [25,31], physio-
chemical tools [20,30], as well as theoretical calculations (e.g., DFT) [38] in order
to examine the adsorbed species and reactive intermediates on the electrode sur-
face during the alcohol oxidation, and thus to elucidate the alcohol reaction
pathways.

From a general point of view, at ambient pressure and temperature, all electro-
oxidations of short-chain aliphatic alcohols (in acid) require the presence of the
expensive precious metal Pt. However, as is well known, Pt is readily poisoned by
CO-like intermediate species formed during methanol oxidation at low tempera-
tures. It has been found that Pt-based binary or ternary catalysts, Pt-M1, Pt-M1-
M2 (M=Ru, Sn, etc.) can improve the reaction kinetics of methanol electrooxi-
dation based on the bifunctional effect (promoted mechanism by the second
metal) [17,19,22,24,26] and/or on the tuned electronic properties of Pt (the
intrinsic mechanism) [28,29,36]. The bifunctional effect is illustrated in the fol-
lowing equations:

Pt � CH3OH ! Pt � �CH3OH�ads (4.4)

Pt � �CH3OH�ads ! Pt � �CO�ads � 4H� � 4e� (4.5)

M � H2O ! M � �H2O�ads (4.6)
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M � �H2O�ads ! M � �OH�ads � H� � e� (4.7)

Pt � �CO�ads � M � �OH�ads ! Pt � M � CO2 � H� � e� (4.8)

After methanol adsorption on Pt catalysts, dehydrogenation (C-H bond
cleavage or C-H activation) of methanol proceeds to produce CO(ads). Equa-
tions 4.6 and 4.7 relate to water activation on M. Pt and M cooperate to oxi-
dize CO(ads) to yield CO2 (Equation 4.8). The rate-determining step has long
been thought to be within these steps (4.6)–(4.8). It is worth mentioning that
using DFT and single-crystal model catalyst, Wieckowski and coworkers have
calculated the energetic for CH3OH dehydrogenation steps and elucidated
that methanol dehydrogenation (Equation 4.5) proceeds via the following
reaction path [38]:

CH3OHads ! CH2OHads � Hads ! CHOHads � 2Hads

! COHads � 3Hads ! COads � 4Hads (4.9)

The intrinsic mechanism states that M could modify the electronic properties
of Pt, and as a consequence, change the adsorption of oxygen-containing species
and even the dissociative adsorption of methanol. The CO adsorption on Pt is
stabilized by two simultaneous effects: electron transfer (donation) from the
CO-filled 5σ molecular orbital to the empty dσ band of Pt, and back-donation of
electrons from metal dπ orbital to empty 2π* antibonding orbital of CO. The
generation of an σ-type bond strengthens the p-type bond and vice versa. In the
Pt–M alloys, a modification of the empty electron state density of Pt occurs, with
a shift of the Fermi energy level with respect to the energy of CO molecular
orbital. This generates the synergistic effect to weaken the Pt-CO bond, and
thus facilitates the methanol oxidation kinetics.

Among all the Pt-based alloys, PtRu was found to be the best candidate
catalysts for methanol eletrooxidation [17,18,39–41]. The composition and
structure of PtRu strongly affect the catalytic activity. It has been reported
that 40–60 at.% Ru gives the optimum catalytic activity to methanol oxidation.
In the early study, synthesis of PtRu alloy was emphasized, because Ru sites
are required to locate close to Pt sites to promote oxidation of CO (Equa-
tion 4.10), according to the bifunctional mechanism. In addition, a closer
Pt–Ru interaction will promote electronic effects of Pt, which could lead to
facile removal of COads. With the advancement of research, it was found that
the formation of a PtRu alloy was not an essential requirement for a high
methanol oxidation activity. Rolison et al. found that if Ru existed as hydrous
oxide, the methanol oxidation activity would be greatly improved [42–44]. Ren
et al. also showed that the more RuOxHy content, the better the DMFC per-
formance [45]. The benefits of RuOxHy were attributed to the conductivity of
its electrons and protons and the innate possession of surface OH groups.
Although the preferable Ru form is still under debate, it is encouraging to find
that PtRu-based ternary and quarterly catalysts can further improve methanol
oxidation activity. Experimental and combinational high-throughput methods
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have been employed and it has been found that the “promotional” elements
include W, Mo, Ir, Os, Ni, Co, V, Rh, and so on. Reddington et al. demon-
strated that Pt44Ru41Os10Ir5 is the best composition in both half-cell and sin-
gle DMFC tests among more than 600 Pt–Ru–Os–Ir quaternary catalysts [33].
Kim et al. found that PtRuSn is a better catalyst than PtRu, and ascribed the
enhancement of MOR activity to the synergistic effects of Ru as a water activa-
tor and Sn as an electronic modifier of Pt [46]. It was noted that the third and
fourth element amount should be kept lower than a certain amount, otherwise
its presence will have a negative effect on the catalyst performance. In general,
Pt–Sn catalysts present a higher CO oxidation activity, but lower methanol
oxidation activity, probably due to a decreased methanol adsorption and
dehydrogenation on Pt–Sn. Binary Pt–W, Pt–Ni, and Pt–Co catalysts have
also demonstrated a certain degree of MOR improvement than pure Pt, but
the activity improvement is less than PtRu [47–49].

The development of direct methanol fuel cell technology in the last decades
has achieved very interesting results. The peak power density of a PEM-based
DMFC can reach 500 mW cm�2 and 300 mW cm�2 under oxygen and air feed
operation, respectively. At a fuel cell voltage of 0.5 V, 200 mW cm�2 has been
reported at a temperature close to or above 100 °C under pressured conditions,
with a Pt loading of 1–2 mg cm�2. However, at ambient temperature and passive
air-breathing mode operation, the power density range remains between 10 and
40 mW cm�2 [4]. The high energy density of DMFCs makes them a competitive
replacement of current Li ion batteries for a global portable electronics market
of 6 billion dollars. As a comparison, the alkaline membrane-based DMFC has a
much lower performance than peak power density, that is, ∼80 mW cm�2 for
Pd/multiwalled nanotubes (MWNTs) anode DMFC [50]. Therefore, the alkaline
membranes have more advantages for direct C2+ alcohol fuel cells, as discussed
in the following sections.

4.3
Anode Catalysts for Direct Ethanol Fuel Cells: Break C-C Bond to Achieve
Complete 12-Electron-Transfer Oxidation

Ethanol is a biorenewable molecule. It is manufactured through photosynthesis
causing an agricultural feedstock, such as sugarcane, corn, grain, wheat, cotton,
and many types of cellulose wastes and harvests. Using ethanol as fuel has a big
advantage of reducing CO2 footprints in the atmosphere, because the absorption
of CO2 by living plant matter will be used as the feedstock to produce it [51].
The current utilization of ethanol fuel is as blends of gasoline with denatured
ethanol, that is, E85 is 85% ethanol-mixed gasoline, which has recently appeared
at fueling stations in the United States, mainly in the Midwest. However, all
internal combustion engines are limited by the Carnot cycle. In principle, gener-
ation of electricity through direct ethanol fuel cells is a more efficient way to
utilizing ethanol [6].
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4.3.1

Principles of PEM-Direct Ethanol Fuel Cells

In an acid electrolyte, the anode, cathode, and overall reactions are as follows:

C2H5OH � 3H2O ! 2CO2 � 12H� � 12e� �0:085 V versus SHE �anode�
(4.10)

3O2 � 12H� � 12e� ! 6H2O �1:23 V versus SHE �cathode� (4.11)

C2H5OH � 3O2 ! 2CO2 � 3H2O �1:15 V �overall� (4.12)

The thermodynamic reversible energy efficiency at standard conditions is 97%,
which is defined as the ratio of the electrical energy produced, and the heat of
the combustion at constant pressure. However, under the working conditions,
with a current j, the cell voltage is lower than the equilibrium potential; there-
fore, the practical energy efficiency is lower. For example, for a direct ethanol
fuel cell working at 0.55 V and 100 mA cm�2 with 80% selectivity to CO2 and
20% selectivity to acetic acid, the efficiency is

εcell � εF � εE � εrev � �0:2 � 4=12 � 0:8 � 1� � �0:55=1:15� � 0:97 � 40%

The potential efficiency εE = 48% (0.55/1.15). The Faradic efficiency εF is associ-
ated with the product distribution (catalyst selectivity). For CO2 product, the
Faradic efficiency is 100% (12/12), while for acetic acid product, only four elec-
trons are transferred, and the Faradic efficiency is 33% (4/12). Although higher
current densities are not necessarily associated with complete oxidation of etha-
nol, improving the anode catalyst selectivity to CO2 will increase the overall
DEFC efficiency and fuel utilization.

4.3.2

Reaction Mechanisms and Catalysts for Ethanol Electrooxidation

The complete electrooxidation of ethanol is a complex 12-electron-transfer
reaction and various reaction intermediates can be formed during the ethanol
oxidation process. The electrochemical oxidation of ethanol in acid electrolyte
requires Pt, which is primarily involved in two key steps – cleavage of C-H and
C-C bonds – occurring during the oxidation process.

Based on half-cell and single fuel cell tests, in situ FTIR spectroscopy, and
chromatograph studies, a proposed overall scheme for ethanol oxidation on Pt-
based catalysts is summarized in Figure 4.1 [52]. The first step is the dissociative
adsorption of ethanol through either O-adsorption or C-adsorption (step 1)
[53,54], leading to the formation of adsorbed acetaldehyde (step 2). Acetaldehyde
has been examined at potential <0.6 V versus RHE. It could be readsorbed
according to step 3 and react with adsorbed OH to generate acetic acid through
a bifunctional mechanism as shown in step 4. This step does not break the C-C
bond and often occurs at >0.6 V RHE. The adsorbed CH3CHOH could also
undergo further dehydrogenation (step 5) and react with adsorbed OH to
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produce acetic acid directly (step 6) [6]. There is still some controversy on
whether acetic acid is formed through acetaldehyde or through CH3COH (steps
5 and 6).

Pt is able to break the C-C bond, leading to adsorbed CO species at relatively
low anode potentials: from 0.3 V RHE, the adsorbed peak has clearly been shown
in SNIFTIRS spectrum [55]. One can consider two distinct sequences: steps 7
and 8 or steps 9 and 10. The first sequence assumes that ethanol must be
adsorbed by the C-H bond cleavage in both carbon atoms and the second
sequence assumes that the rupture of the C-H bond of the intermediate formed
after the acetaldehyde adsorption. The COads species thus react with adsorbed
OH to produce CO2 through step 11. Trace amount of CH4 at the potential of
<0.4 V has been detected, thus the following reaction may occur [53,54]:

Pt � �COCH3�ads � Pt ! Pt � �CO�ads � Pt � �CH3�ads; at E > 0:3 V SHE (4.13)

Pt � �CH3�ads � Pt � �H�ads ! 2Pt � CH4; at E < 0:4 V SHE (4.14)

It is interesting to note that only acetic acid, acetaldehyde, and CO2 have been
detected by HPLC from the outlet of the anode compartment of a DEFC with
Pt/C catalyst [56], while depending on electrode potentials, acetaldehyde, acetic
acid, CO2, and trace amounts of CH4 can be found in electrolysis half-cell. It is
also found that acetaldehyde can be exclusively produced at a potential <0.35 V
versus RHE on a Pt catalyst in a long-time electrolysis experiment; no acetic acid
was detected in the potential range [6]. This implies that the alcohol product
distribution depends on electric energy input.

In an acid electrolyte, Pt-based catalysts have shown better EOR activity than
other platinum group metal (PGM)-based ones. However, Pt itself is readily
poisoned by various C1, C2 intermediate species. Binary and ternary Pt-based

Figure 4.1 Proposed mechanisms for ethanol oxidation reaction [52].
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catalysts, including Ru, Sn, Pb, Pd, and so on, have been thoroughly investigated
to improve the kinetics of ethanol oxidation. Sn appeared to be the most promis-
ing one [2,7,57–59]. Xin Lab has examined Pt–M (M=Ru, Sn, Pd, and W) cata-
lysts in single PEM-DEFC and found the activity order to be PtSn>PtRu>
PtPd>Pt. W and Mo were also alloyed with Pt1Ru1 catalysts and still show
inferior EOR activity compared with PtSn [60–65]. Lamy and coworkers studied
PtSn/C(90 : 10, 50 : 50), PtRu/C(90 : 10, 80 : 10), and Pt86Sn10Ru4/C and demon-
strated that PtSn has a much higher EOR activity than Pt [52,56,66,67]. The
product distributions of EOR on PtSn catalysts, however, have been changed
compared with Pt:An increase in the acetic acid yield and a decrease in acetalde-
hyde and CO2 yield. The presence of Sn seems to allow the activation of water
molecules and the oxidation of acetaldehyde species into acetic acid at low
potentials through bifunctional mechanism. At the same time, Sn dilutes the
adjacent Pt atom concentration, thus decreasing the possibility of dissociative
adsorption of ethanol with two carbons, which can directly lead to CO2 produc-
tion. The function of Sn may also include some electronic effects (ligand effect)
on the CO oxidation reaction [68]. Wang et al. studied Pt/C, PtRu/C, and Pt3Sn/
C using in situ FTIR spectroscopy and online DEMS studies, and also found that
the additions of Ru and Sn do not promote C-C bond cleavage, and that the
total CO2 production was <2% contributed to current [13]. Therefore, the previ-
ous work shows that the higher ethanol oxidation current density on the PtSn/C
catalysts results from higher yields of C2 products, not from improved complete
ethanol oxidation to CO2.

The recent research efforts are toward discovering new catalyst compositions
and structures that can simultaneously break C-C bond to achieve complete
EOR and to increase (or at least maintain) the EOR activity. The addition of Rh
to Pt seems to promote the C-C bond breakage, however, the overall EOR
activity is lower than PtSn [69,70]. Adzic and coworkers group recently demon-
strated that a ternary Pt/Rh/SnO2 nanostructured catalyst can better break C-C
bond and promote EOR kinetics [71]. The EOR specific activity on PtRhSnO2/C
was much higher than PtSnO2/C and PtRu/C catalysts. The onset potential of
EOR on PtRhSnO2/C negatively shifted 180 mV (0.330–0.150 V versus SHE)
compared with PtRu/C, as shown in Figure 4.2b. The potential-dependent peak
near 2342 cm�1 for the signature peak asymmetric stretch vibration of CO2

appears at 0.78 V on Pt(111) electrode, but shifts to above 0.30 V on RhSnO2/
Pt(111) electrode, indicating cleavage of the C-C bond in ethanol, as shown in
Figure 4.2c and d. Based on DFT calculations, the dehydrogenation (of β-H) and
C-C breakage steps (16 and 17) are of critical importance for achieving com-
plete decomposition and oxidation of ethanol.

*CH3CH2OH !*CH3CH2O � H* (4.15)

!*CH2CH2O � 2H* (4.16)

!*CH2 �*CH2O � 2H* (4.17)
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Ethanol decomposition on RhPt/SnO2 occurs through an oxametallacyclic
conformation (-CH2CHO). The two steps, Equations 4.16 and 4.17, can be
achieved by incorporating the element Rh with more lying-d band, especially
when it is alloyed with Pt.

4.3.3

Anion Exchange Membrane-Based Direct Ethanol Fuel Cells (AEM-DEFCs)

The kinetics of both oxygen reduction and alcohol oxidation can be more signif-
icantly improved in a high-pH electrolyte than in a low-pH one, due to enhanced
ion transport and facile charge transfer in alkali [72]. The anion exchange mem-
brane direct ethanol fuel cells build upon AEM electrolyte and are directly fed
with ethanol fuel. At the anode, the ethanol reacts with OH� to produce CO2

(complete oxidation), while at the cathode, oxygen reacts with H2O and

Figure 4.2 Current–potential curves compar-
ing the activity of PtRhSnO2/C with that of
several other catalysts for ethanol oxidation.
Electrocatalyst compositions – PtRhSnO2/C:
30 nmol Pt, 8 nmol Rh, and 60 nmol SnO2;
PtSnO2/C: 30 nmol Pt and 60 nmol SnO2 (a);
PtRhSnO2/C: 25 nmol Pt, 5 nmol Rh, and

20 nmol SnO2; PtRu/C: 25 nmol Pt and 25 nmol
Ru. (b) 0.1M HClO4+ 0.2M ethanol, 50mVs.
In situ IRRAS spectra recorded during ethanol
electrooxidation on the Pt(111) electrode (c),
and PtRhSnO2/C in 0.1M HClO4+ 0.2M etha-
nol solution (d) [71].
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electrons to yield OH�. The anode, cathode, and overall reactions and their the-
oretical potentials are shown in Equations 4.18–4.20.

C2H5OH � 12OH� ! 2CO2 � 9H2O � 12e� �0:75 V versus SHE �anode�
(4.18)

3O2 � 6H2O � 12e� ! 12 OH� �0:40 V versus SHE �cathode� (4.19)

C2H5OH � 3O2 ! 2CO2 � 3H2O �1:15 V �overall� (4.20)

The current AEMs are mainly based on quaternary ammonium hydroxide
(QAOH) polymers [73]. They have demonstrated good thermal and chemical sta-
bility. The OH� conductivity of a commercial AEM, such as Tokuyama A201, is as
high as 38 mS cm�1 [74]. These AEMs can be operated at 80 °C without structural
changes. Under such low-temperature operations, undesirable decomposition of
alcohol does not occur. Serious problems traditionally associated with electrolyte
carbonation for liquid alkaline fuel cells can be overcome using a solid AEM elec-
trolyte. There are no mobile cations, that is, K+, in AEMs, so it is not easy to form
precipitations (i.e., K2CO3) that block or destroy an electrolyte and alleviate all
cation-related issues. The anions cross from cathode to anode, thus minimizing
alcohol crossover problem. The AEMFCs also have price advantages over PEMFCs
due to low-cost AEM membrane (hydrocarbon polymer versus poly(perfluorosul-
fonic acid) PEM, that is, Nafion). Owing to a less corrosive basic working environ-
ment, inexpensive non-PGMs, such as Ag and Fe/Co–N have demonstrated very
competitive oxygen reduction reaction (ORR) activity and durability and can be
used as AEMFC cathode catalysts [72,75,76]. All the merits have gained anion
exchange membrane a lot of research attention in recent years.

4.3.4

Anode Catalysts for AEM-DEFCs

Pd has demonstrated the highest EOR activity in high-pH media among all
known single-metal catalysts [5,7]. Pd is more abundant on the Earth’s crust:
200 times higher than Pt (0.6 versus 0.003 ppb). Pd has a lower price than Pt.
The EOR activity on Pd highly depends on pH [77,78]. Liang et al. suggested an
EOR mechanism in high-pH media by using CV study [79]. They showed that
the α-C is first activated on a Pd surface to dehydrate 2 H atoms, and to break
O-H, “ethoxi” (-CH3CO) forms. Ethoxi reacts with adsorbed -OH to produce
acetate, this is the rate-determining step. A subtle balance between the ethanol
and OH� concentrations is required for high oxidation activity because the prev-
alence of either species in solution may hinder the necessary adsorption of both
species, thus resulting in a lower EOR activity.

Pd � OH� ! Pd � �OH�ads � e� (4.21)

Pd � �CH3CH2OH�ads � 3OH� ! Pd � �CH3CO�ads � 3H2O � 3e� (4.22)

Pd � �CH3CO�ads � Pd � �OH�ads ! Pd � �CH3COOH�ads � Pd (4.23)

78 4 Anode Catalysts for Low-Temperature Direct Alcohol Fuel Cells



DFT calculations on model Pd clusters have shown that dehydrogenation
hardly occurs without the assistance of OH�. Both α-C and H from the hydroxyl
taking part in the ethanol oxidation are facile in the presence of OH�, leading to
the formation of acetaldehyde [78]. However, its oxidation peak has not been
observed in the CV scan.

Binary Pd-M (M=Ru, Au, Sn, Cu, etc.) catalysts have been investigated and they
demonstrated improved EOR activity. Chen et al. found that Pd–Ru shows higher
activity toward methanol, ethanol, and ethylene glycol than Pd, the optimum com-
position being 1 : 1 [80]. PdAu and PdSn catalysts show better tolerance to poison-
ing species than Pt catalyst [81]. The effects of addition of various oxides (NiO,
CeO2, etc.) to carbon-supported Pd have been studied. Among them, NiO showed
the highest peak current density. The possible function of oxide is because OHads

species could be easily formed on the surface of oxide, the formation of OHads can
assist transformation of CO-like poisoning intermediates on the Pd surface to CO2

or other products [82]. It is interesting to note that ternary metal Pd–Ni–Zn cata-
lysts demonstrated the highest EOR activity (its specific activity in half-cell test is
>3600 A gPd

�1) and excellent reaction stability [5,83,84]. The Pd-based catalysts
can accelerate the EOR kinetics, but it is difficult to break the C-C bond in high-
pH media. The products are exclusively carboxylates, especially for primary alco-
hols, that is, ethanol and isopropanol [85]. Although polyols (i.e., glycerol) may
undergo C-C bond scission to form carbonate, it is still a minor reaction path,
the major products being various carbohydrates [86,87].

To date, AEM-DEFCs have exhibited higher performance than PEM-DEFCs [5].
For example, an active AEM-DEFC with the Pd–Ni–Zn/C anode catalyst and Fe–
Co–N/C cathode catalyst (from Acta) shows a peak power density of 200 mW
cm�2 at 80 °C and 2 atm O2 back pressure [83]. For PEM-DAFC, the higher alco-
hols, such as ethanol, ethylene glycol, and glycerol, are difficult to be oxidized even
on Pt and Pt-based catalysts, unless the temperature is increased to >130 °C. The
state-of-the-art PEM-DEFC with a PtSn anode catalyst has a peak power density of
50–70 mW cm�2 [60,64]. However, current AEM-DEFCs need liquid base mixed
with alcohol fuel to provide sufficient OH� for improving its reaction kinetics. The
development of more effective anion exchange ionomer, construction of ordered
electrode architectures, and examination of long-term reaction stability are the
necessary research tasks for developing efficient and durable AEM-DEFCs.

4.4
Anode Catalysts for Direct Polyol Fuel Cells (Ethylene Glycol, Glycerol): Cogenerate
Electricity and Valuable Chemicals Based on Anion Exchange Membrane Platform

4.4.1

Overview of Electrooxidation of Polyols

It has been known that the catalyst activity toward alcohol oxidation reaction can
be significantly enhanced in alkaline electrolyte [2,88]. A recent study by Koper
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and coworkers shows that the first deprotonation step in alcohol oxidation is a
base-catalyzed step, and the second deprotonation depends on the ability of the
electrode materials (i.e., Au or Pt) to abstract the Hβ [87]. Theoretical DFT calcu-
lations further show that the adsorbed OH species are essential to accelerate
many steps in alcohol oxidation, that is, the activation energy of the first depro-
tonation step in the absence of OH� is as high as 204, 116 kJ mol�1 on Au and Pt
catalysts, respectively, while it drops one order of magnitude (22 and 18 kJ mol�1

on Au and Pt) with assistance of adsorbed OH� [89]. These works indicate that
the base catalysis is the main driver behind the high oxidation activity of alcohols
in alkaline electrolyte, but not the catalyst interaction with hydroxide.

Due to the enhanced oxidation kinetics in high-pH media, anion exchange
membrane fuel cells using biomass-derived alcohol fuels (e.g., ethanol and glyc-
erol) have recently attracted increasing attention. Accumulated evidences have
shown that breaking C-C bond of C2+ alcohol on metal catalysts at low temper-
atures is very difficult, especially in high-pH media [5]. For example, the main
products of ethanol oxidation are acetaldehyde and acetic acid (or acetate).
This lowers the Faradic efficiency to 17–33% for direct ethanol fuel cells [6].
The use of polyol fuels can be an interesting alternative, because in the polyols,
each carbon has a hydroxyl (-OH) group that can be fully oxidized to carbonyl
(-CO) or carboxyl (-COOH) group; therefore, more electrons are generated
even without breaking C-C bonds, and the fuel cell’s Faradic efficiency
improves. In addition, ethylene glycol and glycerol have competitive energy den-
sities (5.2 and 5.0 kWh kg�1 for ethylene glycol and glycerol, respectively, versus
6.1 and 8.0 kWh kg�1 for methanol and ethanol, respectively), and they are non-
flammable and nontoxic fuels.

The complete oxidation of two hydroxyl groups of ethylene glycol to oxalate
without breaking C-C bond is as follows, and the Faradic efficiency is 80%.

CH2OH � CH2OH � 14OH� ! 2CO3
2� � 10H2O � 10e� (4.24)

CH2OH � CH2OH � 10 OH� ! �COO � COO�2� � 8H2O � 8e� (4.25)

The complete oxidation of three hydroxyl groups of glycerol to mesoxalate
without breaking two C-C bonds is as follows, and the Faradic efficiency is
71.5%.

CH2OH � CHOH � CH2OH � 20 OH� ! 3CO3
2� � 14H2O � 14e� (4.26)

CH2OH � CHOH � CH2OH � 12 OH� ! �COO � CO � COO�2�
�10H2O � 10e� (4.27)

In addition, incomplete oxidation of polyols leads to production of higher
valued chemicals, such as dihydroacetone, which is a valuable tanning agent,
hydroxypyruvic acid, which is a flavor component and a possible starting mate-
rial for DL-serine synthesis, and tartronic and mesoxalic acids, which are impor-
tant intermediates for novel polymer and pharmaceutical synthesis. Therefore,
research on cogeneration of electricity and higher valued chemicals from polyols
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based on anion exchange membrane fuel cell platform will not only be attractive
for developing electrochemical power sources but will also help to open new
routes for conversion and utilization of biomass resources.

4.4.2

Reaction Mechanisms and Catalysts for Ethylene Glycol Electrooxidation

The oxidation of EG is more complex than that of ethanol due to its two adja-
cent hydroxyl groups. The investigation into EG electrooxidation in alkaline
media started from the mid-1970s. Since the complete oxidation of EG needs up
to 10 electrons, various reactive species and reaction intermediates could be pro-
duced through several consecutive and parallel steps. Figure 4.3 illustrates the
general reaction scheme for electrooxidation of EG [5]. Compounds in boxes
have been detected in anode compartment of DEFCs using HPLC, among them
glyoxylic acid was in trace amount over Pt0.45Pd0.45Bi0.1/C catalyst at 0.58 V for
360 min [90]. The compounds in circles have been exclusively detected in half
cells using IR spectroscopy, and they are the reaction intermediates including
glycolaldehyde and glyoxal. There are two paths for EG oxidation: poisoning and
nonpoisoning paths. The nonpoisoning path stops at oxalate, because oxalate is
very slowly oxidized on electrocatalysts, especially Pd surface. Oxalate is not a
main product and it comes from further oxidation of glycolate (glycolic acid) or
glycoxalate (glyoxalic acid) depending on pH. The poisoning path leads to the
production of C1 products, that is, carbonate, due to C-C bond scission in the
process of further oxidation of glycolate. The applied potential plays a key role in

Figure 4.3 Proposed mechanism for ethylene glycol oxidation [5].
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C-C bond cleavage: no C-C bond cleavage occurs at <400 mV over Pt catalyst,
while the C-C bond of EG was cleaved in EG oxidation at 500 mV, which led to
CO poisoning [91].

The EG electrooxidation kinetics and product distribution are quite different
over Pt and Au. Cyclic voltammetry shows that the onset potential is more posi-
tive, but the peak current is larger on Au than on Pt, which indicates quite dif-
ferent reaction pathways. Weaver group studied the EG electrooxidation
pathways in alkaline electrolytes on Pt and Au. They found that the Au featured
the successive formation of partially oxidized C2 solution-phase species en route
to oxalate and carbonate production, while Pt was able to oxidize EG to carbon-
ate through a sequence of chemisorbed (rather than solution-phase) intermedi-
ates [92]. Au is a very good catalyst for electrooxidation of aldehydes and
alcohols in high-pH media. The electrooxidation of EG on Pd in alkaline media
does not diverge that much compared with that on Pt: glycolate, oxylate, and
carbonate seem to form at the same potential with an increase of oxalate and
carbonate formation at the consumption of glycolate. Low pH favoring C-C
bond scission is because a high OH coverage of the Pd/Pt surface is required for
yielding only carboxylate products.

The activity of EG electrooxidation can be improved using binary or ternary
catalysts either by alloying PGM (i.e., Pt or Pd) with different metals or by mod-
ifying the PGM surface by foreign metal ad-atoms [90,93–95]. Pt-M ad-atom
(M=Bi, Cd, Cu, Pb, Re, Ru, Ti) catalysts have been studied and Pb and Bi were
found to be able to improve the EG oxidation current density close to diffusion-
limited value, attributed to bifunctional theory of electrocatalysts. Coutanceau
and coworkers studied Pt, Pt–Pd, and Pt–Pd–Bi alloy catalysts for EG oxidation
in both liquid alkaline electrolytes and AEM-based direct EG fuel cells. They
found that the addition of Bi could decrease the onset potential by 70 mV, while
Pt–Pd–Bi does not change the onset potential but leads to enhanced current
density. EG is converted to glycolic acid, oxalic acid, and formic acid on Pt/C,
while no formic acid but trace amounts of glyoxalic acid were observed on
PtPdBi/C. They proposed that Bi favors the adsorption of OH species and
depresses the C-C bond cleavage, which is likely due to dilution of surface Pt
atoms [90]. The function of Pd is to only limit the poisoning of Pt sites by chang-
ing the composition of chemisorbed species. Nanostructured Pd–(Ni–Zn)/C and
Pt–(Ni–Zn–P)/C have demonstrated to be much more active than smooth Pd
electrodes up to 3300 A gPd

�1, and have also changed the oxidation product dis-
tributions: mixture of glycolate, oxalate, and carbonate were obtained, while
most glycolate yielded on Pd/C catalyst. This indicates that Pd–(Ni–Zn)/C could
promote C-C bond cleavage for a more complete oxidation [5].

4.4.3

Reaction Mechanisms and Catalysts for Glycerol Electrooxidation

Glycerol can be by-produced in large amounts in the biodiesel production
[10,11]. Glycerol electrooxidation has been studied for its possible use in fuel
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cells. In alkaline media, Pt, Pd, and Au have demonstrated distinct behaviors to
glycerol electrooxidation. Pt/C shows a 150 mV lower onset potential and higher
peak current than Pd and Au, while Au has a higher onset potential but broader
GOR active potential region, which is due to its high redox potential. The Pd–
Au alloy (atomic ratio of Pd–Au: 0.3 : 0.7, 0.5 : 0.5) catalysts presented compara-
tively lower onset potential than monometal Au/C and Pd/C ones, but still
higher than Pt/C [96].

The oxidation products include glyceric acid, tartronic acid, glycolic acid, for-
mic acid, oxalic acid, CO2, and so on, and their distributions depend on the cata-
lyst composition and structure and operation potential (anode overpotential)
[5,50,86–88,96]. For example, an AEM-DGFC with a Pd/carbon nanotube
(CNT) anode catalyst provided stable current for 8.4 h, producing 3070 C and
achieving 28.6% conversion. About 4 mmol of glycerol was consumed to produce
27% glycerate, 23% tartronate, 4% glycolate, 15% oxalate, 9% formate, and 22%
carbonate [50]. An electrolysis cell operated at 0.1 A and 0.6–0.7 V for 15 h in
2 M KOH+ 2 M glycerol produced 35% glycerate, 36% tartronate, 3% glycolate,
14% oxalate, 2.5% formate, and 12.5% carbonate [97]. Based on these results, a
reaction mechanism for glycerol oxidation is proposed, as shown in Figure 4.4.
The primary OH is first oxidized to produce glyceric acid, and then the other
end OH is oxidized to yield tartronic acid, glycolic acid is subsequently produced
due to C-C bond scission. Glycolic and formic acids are further oxidized to pro-
duce oxalic acid, and CO2, respectively.

Recently, Kwon and Koper used a self-designed onsite sample collection and
off-line HPLC analysis system to study the mechanism of glycerol electrooxida-
tion on Pt and Au electrodes [86]. They found a strong correlation between
applied potential, catalyst (Pt and Au), and oxidation product distribution. On
the Pt electrode, only glyceric acid was examined at relatively low potential, that
is, <0.4 V (versus RHE), in 0.1 M NaOH+ 0.1 M glycerol at 25 °C. Beyond this
potential, glycolic acid and formic acid are produced due to C-C bond breaking.
As the potential increases to ∼0.5 V, tartronic acid and oxalic acid were exam-
ined. On the Au electrode, the onset potential of glycerol oxidation (at 0.65 V) is
much higher than that of Pt. The glyceric acid is the only product under poten-
tial of ∼ <0.8 V, while glycolic acid and formic acid were detected at a scan

Figure 4.4 Proposed mechanism of glycerol oxidation on Pd catalysts. Adapted from Ref. [50].

4.4 Anode Catalysts for Direct Polyol Fuel Cells (Ethylene Glycol, Glycerol): Cogenerate Electricity 83



potential of >0.8 V. No tartronic acid and oxalic acid were observed throughout
the potential range of 1–1.8 V. This approach enables the monitoring of soluble
reaction products during voltammetry with HPLC and allows new insights into
mechanisms of complex multistep electrode reactions.

Controlled partial (selective) oxidation of glycerol using molecular oxygen in
an aqueous-phase heterogeneous catalytic system under moderate conditions
(i.e., 30–80 °C, 3–10 bar) represents a very attractive process for its low environ-
mental impact, especially when compared with current stoichiometric oxida-
tions; therefore, they have been extensively studied in recent years [89,98–105].
It was found that precious metals, such as Pt, Pd, Rh, and Au, are active, selec-
tive, and stable catalysts. The partial oxidation of glycerol can selectively produce
value-added products. It has been found that in low-pH media, DHA can be
produced with a selectivity of 35% on PtBi catalysts, while in high-pH media, the
primary OH will be preferentially oxidized, and diverse products, such as C3 acid
(glyceric acid, tartronic acid), C2 acids (glycolic acid, oxalic acid), and C1 acid
(formic acid) are produced. In heterogeneous catalysis, catalyst size and struc-
ture, the support (C or oxides), reaction conditions (i.e., temperature, O2 pres-
sure, ratio of catalyst to glycerol), and oxidant (O2 or H2O2) are found to be able
to influence the catalyst selectivity. Au is unique in heterogeneous catalytic oxi-
dation of glycerol: The TOF is close to zero (no reaction) in the absence of a
base, but a 100% selectivity to glyceric acid can be obtained at a glycerol conver-
sion of 56% in an optimized high-pH environment [106,107]. High selectivity of
glycolic acid can be achieved using H2O2 as oxidant. The identified electrocata-
lytic oxidation pathways are compared with reported heterogeneous catalytic
oxidation pathways, as shown in Figure 4.5. More experimental and theoretical
research efforts are needed to compare the heterogeneous catalytic oxidation
and electrocatalytic oxidation of polyols, and may lead to the development of
novel electrocatalysts that can efficiently cogenerate higher valued chemicals
and electricity.

The AEM-DGFCs have demonstrated encouraging performance. For example,
an AEM-DGFC with Pd–Ni–Zn/C anode and Fe–Co–N/C cathode catalysts
have shown a maximum power density of 120 mW cm�2, which is competitive to
PEM-based DMFCs and two to three orders of magnitude higher than current
biofuel cell with glycerol fuel (normally <1 mW cm�2) [5]. Higher polyols than
EG and glycerol, such as erythritol and xylitol, have been used as fuels in AEM-
DAFCs with PtRu/C anode catalyst [108]. They showed lower performances than
the AEM-DAFCs with EG and glycerol fuels. The reaction products have not
been carefully examined and detailed mechanisms are required to be understood.

4.5
Synthetic Methods of Metal Electrocatalysts

High-performance practical electrocatalysts are essential to enhancing electroox-
idation of alcohols for direct alcohol fuel cells. The overall electrocatalytic
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functions were found to be determined by local electronic property of the sur-
face metal (d-band shift, electronic effects) [109], availability of presenting spe-
cial geographic plane/facet (geometric effects) [110,111], and surface
arrangements of different metals (ensemble effects) [112]. Research on single-
crystal catalysts combined with theoretical calculations (e.g., DFT) have been
extensively conducted in the past decades, and have provided valuable insights
into the relationships of structure–catalytic functions [110,113]. For example, it
was found that the overpotential for CO oxidation is lowered in the sequence of
Pt (111)<Pt (554)<Pt (553), and the peak potential difference between Pt(553)
and Pt(111) was as high as 0.17 V [114]. A Pt(111)skin-Ni(111) catalyst can
exhibit over 90 times higher oxygen reduction reaction activity due to loose
OH� coverage on Pt skin with the modified electronic structure (optimized
d-band center shift) [109,115]. However, it is still a big challenge to accurately
synthesize real-world catalysts mimicking the single-crystal structures. The cru-
cial considerations for synthesizing practical catalysts include control of the par-
ticle size, size distribution, shape (crystallographic facet), electronic structure
(i.e., core–shell), nominal composition, surface composition, ensemble arrange-
ments, alloying degree, oxide content of catalytic materials, and so on [116–118].
The long-term stability of metal catalyst and support in hostile electrochemical

Figure 4.5 The proposed glycerol electrooxi-
dation pathways using online collection and
off-line HPLC analysis (marked in red arrows)
(adapted from Ref. [87]), and reported

heterogeneous catalytic oxidation of glycerol
pathways (marked in green arrows) (adapted
from Ref. [89]).
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environments is another practical concern [119]. The preparation method thus
becomes a key factor determining the activity, selectivity, and stability of
electrocatalysts.

The synthesis of real-world metal catalysts can be generally classified into
“top-down” physical (from macroscale to nano dimensions) routes and “bottom-
up” chemical (from molecular/atomic scale to nanoscale) routes [120]. The phys-
ical routes proceed with atomization of metals in a vacuum by thermal evapora-
tion or sputtering, and so on [121–123]. The metal catalysts prepared by
physical methods have low contaminations, and can be applied to fundamental
studies. However, physical methods lacks of control over the size, size distribu-
tion, and shape of metallic particles. In contrast to physical methods, chemical
methods are more flexible to precisely control the particle size, shape, and struc-
ture [124]. Recently, wet chemical synthesis approaches have emerged as one of
the most promising methods to accurately control size, shape, structure, and
surface facets of metallic nanostructures [118,124–140]; thus, they hold great
potential for serving as high-performance catalysts. A typical wet chemical syn-
thesis involves chemical reduction of dissoluble metal precursors in aqueous or
organic phase to nucleus, controlled growth to the finally desired metal nano-
particles in the presence/absence of stabilizing agents and deposition on appro-
priate carbon supports. Despite the great progress in electrochemical approaches
(i.e., underpotential deposition) to accurate synthesis of core–shell (skin layer)
metal nanoparticles, the following section focuses only on recent advances in
chemical reduction synthesis of carbon-supported electrocatalysts [141,142].

4.5.1

Impregnation Method

Impregnation method involves soaking up of a dissolved metal precursor into
the pores of carbon support, and subsequently reducing the precursor into
metal nanoparticles using reducing agent such as HCHO, HCOONa, NaBH4,
NH2NH2, H2, and so on at optimized conditions [143–158]. Since the nucleation
formation and particle growth are mainly confined within the carbon-support
pores, the morphology of the porous substrate and the pore size distribution
play a key role in terms of penetration and wetting of the precursor and also
providing confinement for nanoparticle growth. In addition, the reduction kinet-
ics and mass transfer of reducing agent also affect the number of nucleus and
nucleation rate, thus controlling the particle size and particle size distribution.
In order to achieve uniform dispersion of metal particles on carbon support,
ethanol or isopropanol can be employed as solvent, and surface oxidation treat-
ment of carbon support could also improve hosting metal nanoparticles. Under
optimized synthesis conditions, the particle size prepared by the impregnation
method can be controlled within 10 nm. The impregnation method is simple
and easy to scale-up; therefore, it has been the most common method used for
electrocatalyst preparation over the years. The major drawback is the lack of
precise control of particle size, except when the porous substrate has a narrow
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pore size distribution, that is, in highly ordered mesoporous carbon (OMC)
[147]. In addition, it is hard to regulate the shape and structure of catalysts
using the impregnation method. Employing an organic molecule containing
two metals, such as Pt and Ru as precursor, represents a significant progress in
the impregnation technique. Lukehart and coworkers synthesized (η-C2H4) (Cl)
Pt(μ-Cl) (2)Ru(Cl) (η(3): η(3)-2,7-dimethyloctadienediyl) molecule and impreg-
nated it onto XC-72R carbon black, and after a heat treatment under appropriate
gas atmosphere, PtRu/C 16 wt% and PtRu/C 50 wt% catalysts were obtained with
small particle size (3.4 and 5.0 nm, respectively) and good Pt–Ru alloy structures
[146]. Although the PtRu/C catalysts demonstrated higher methanol oxidation
activity than commercial PtRu/C competitors, the extra complex synthesis steps
may not be suitable for a large-scale synthesis.

4.5.2

Colloidal Method

The colloid method is a widely adopted method for preparing metallic nanopar-
ticles with precisely controlled size, shapes, and structures [125–135,137–141].
This method includes preparation of metallic colloids first and subsequent depo-
sition on carbon support. One crucial approach is to prevent colloid aggrega-
tions using stabilizing agents, which include polymer, copolymer, surfactants,
ligands, solvents, long-chain alcohols, organometallics, and so on. Effectively
separating and controlling the nucleation and particle growth steps is essential
for regulating the colloid size. Narrow size distributions are usually achieved
either by steric hindrance of organic molecules on the metal surface or by elec-
trostatic stabilization between nanoparticles. Watanabe et al. invented an elegant
oxide colloid route to prepare PtRu/C. They first prepared colloidal PtRu oxides
in aqueous phase with strict control of pH during adding reaction agents,
and then reduced the oxide colloids by bubbling H2 to obtain high-dispersion
PtRu/C with a small particle size (2–3 nm) [159]. Bönnemann and Richards
developed a delicate organic-phase reduction route to accurately control metal
catalyst particle size and size distribution. NR4BR3H was used to reduce
organic metal precursors in THF [130]. Binary and ternary catalysts such as
PtRu/C, PtRuSn/C, PtRuW/C, and PtRuMo/C have been prepared through the
“Bönnemann” method and showed higher performance than commercial PtRu/C
catalyst [48,160].

4.5.2.1 Polyol Method
Polyol synthesis has been extensively studied for preparation of monometallic
and multimetallic colloids in a polyol or diol (generally ethylene glycol), which
serves as both solvent and temperature-dependent reducing agent (Figure 4.6)
[126,133,139,161–164]. The presence of polyvinylpyrrolidone (PVP) can help
control the particle size, shape, and structures. The key process of this method
involves the reduction of inorganic precursors at an elevated temperature, some-
times close to the boiling point of polyol. It is found that at higher reduction
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rates, the growth process leads to the production of thermodynamic-favored
shape, while at low reduction rates, the nucleation and growth will be kinetically
controlled and the shape of final products deviate from thermodynamic-favored
shapes. Therefore, precise size and shape control can be achieved through ratio-
nally tuning the reaction kinetics, particularly at the seeding stage. Pt nanostruc-
tures, such as nanodendrites [139], nanorods, nanobars [152], and so on, can be
accurately prepared through this method. However, the presence of stabilizers
may cause intrinsic catalytic activity loss, and the postprocess for removal of sta-
bilizers may lead to catalyst particle aggregation or shape/structure changes.

Polyol synthesis method in the absence of PVP was reported by Wang group
to prepare homogeneous Pt, Rh, and Ru colloids with an average particle size of
2–4 nm [165]. Later, supported noble metal or noble metal/transition metal
nanoparticles were prepared [60–65,166–179]. Xin and coworkers synthesized
carbon-supported Pt, PtRu, PtPd, PtIr, PtSn, PtW, and PtFe catalysts with a
sharp particle size distribution of 2–5 nm [60–65,166,168,170–173,175,177].
This method is simple and very easy to scale up. The inorganic compounds such
as H2PtCl6, RuCl3, PdCl2, SnCl2, FeCl2, and so on served as metal precursors.
The water content in the synthesis system was found to be able to control the
particle size and size distribution. The reduction was conducted in an alkaline
environment at 135–150 °C for 3–4 h, and the pH had to be adjusted back to
2–3 to separate the metal colloids from solvent and deposit them onto carbon
support. Good alloy structures could be obtained through this method. It is very

Figure 4.6 Pt and Pt-based electrocatalysts
synthesized using polyol method (in the
absence of PVP). (a) Pt nanoparticle
(D= 2.4 nm [165]. (b) Pt/C (40wt%, D= 2.9 nm
[168]. (c) PtRu/C (20 Ptwt %, D= 1.9 nm [60].

(d) PtSn/C (20 Ptwt %, D= 1.9 nm [62].
(e) PtFe/C (20 Ptwt %, D= 3.4 nm [173]. (f) Pt/
CNTs (30wt%, D= 4.46 nm [174]. (g) Pt/polya-
niline nanofibers (PaniNF, 30wt%, D= 2.1 nm
[176].
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attractive for large-scale synthesis because of the simple procedures and low
material cost. However, it has to some extent failed for the synthesis of noble
metal/transition metal alloy catalysts. Because EG is a weak reducing agent, tran-
sitional metal could not be fully reduced; therefore, its content is low in the final
bimetallic catalysts. That is, the Fe content in the resulted PtFe/C catalyst was
detected only 1/3–1/4 of its setting value [173].

4.5.2.2 Organic-Phase Method
In 2000, Sun et al researchers at IBM reported an elegant organic-phase method
to prepare Fe–Pt magnetic nanoparticles with a diameter of 4–5 nm [129,180].
This approach was quickly adopted by catalysis researchers to prepare metal cat-
alysts [134,135,137,181–188]. In nonpolar organic solvents, precious metal and
transitional metal precursors have more intimate contacts and closer redox
potentials; this can facilitate formation of a homogeneous bimetal nucleus, lead-
ing to the growth of controlled bimetallic nanoparticles. In the synthesis, the
transitional metal precursor can be fully reduced by injecting a strong organic
reducing agent, for example, LiBetH3. Different C18, C16 surfactants (e.g., oleyl-
amine, oleic acid, octadecene, etc.) served as stabilizers that can selectively bond
on specific metal facets, thus not only protecting particles from aggregations but
also guiding the metal nucleus to grow into desired shapes (i.e., nanowires, nano-
rods, and nanoleaves) [134,184,186,188] and structures (e.g., core–shell) [135].

Figure 4.7a briefly illustrates the overall synthesis scheme. Sun et al. first
developed this elegant synthesis route to prepare Fe–Pt magnetic materials with
very narrow size distribution (4–5 nm), as shown in Figure 4.7b. Because metal
precursors in the organic solvent have intimate contacts and closer redox poten-
tials, better multimetallic catalysts can be obtained. PtCr/C, PtCo/CNT, and
PdNi/C catalysts prepared through this method have very narrow size distribu-
tions of 2–5 nm and good alloy structures (Figure 4.7c–e). PdFe nanowires with

Figure 4.7 (a) Schematic illustration of the
organic-phase method. Examples of catalysts
prepared through this method. (b) PtFe nano-
particles [129]. (c) PtCr/C (28wt%, D= 2.3 nm

[187]. (d) PtCo/CNT (20 Ptwt %, D= 2.0 nm
[180]. (e) PdNi/C (20 Ptwt %, D= 2.4 nm [187].
(f) PdFe nanoleaves (D= 1.8 nm, L= 100 nm
[190]. (g) PtFe nanowires (D= 2.7 nm) [188].
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a diameter of 2–3 nm and tunable length of 10–100 nm and Pd (111)-rich sur-
face have been synthesized by changing the ratio of oleylamine and octadecene
(Figure 4.7f). The PdNi/C prepared through this method has demonstrated very
high reactivity to ethanol oxidation reaction in liquid alkaline electrolyte; this
may be due to special interaction between surface Pd and Ni.

However, the surfactants need to be removed for electrocatalytic applications.
It has been reported that surfactants could be removed under thermal treatment
at a moderate temperature of 250 °C for a longer time, for example, 4 h [185]. It
was also found that organic acid treatment and electrochemical tests may facili-
tate surfactant removal and achieve a higher reactivity [187].

4.5.3
Microemulsion Method

The microemulsion method consists of dispersion of two immiscible liquids
containing reducing agent and metal precursors. It offers a unique flexibility in
the simultaneous control of size and composition of mixed metal nanoparticles
[189–196]. The chemical reduction of metal precursors is confined within a
microemulsion, which is a tiny drop of precursor containing liquid engulfed by
surfactant molecules. The microemulsion is uniformly dispersed in a continuous
liquid phase, which is immiscible to the precursor-containing liquid phase. The
size of the microemulsion is on the order of a few to hundreds of nanometers
and is determined by the balance of surface free energy mediated by the surfac-
tant molecules and the free energy difference arising from the immiscibility of
the two liquid phases. The dispersed liquid phase is an oil, and water forms the
continuous medium. The reverse microemulsion is the water-in-oil microemul-
sion. Since chemical steps are conducted within the microemulsion, which
serves as a nanoscale reactor, a narrow particle size distribution (i.e., 2–5 nm)
can thus be obtained. The introduction of a reducing agent, for example, hydra-
zine, NaBH4, into the microemulsion is achieved by stirring. The reaction time is
on the order of minutes. The size and distribution of the metal nanoparticle can
be further controlled by a two-microemulsion method with the reducing agent
also confined in a separate emulsion. It is possible to control the particle size by
varying the water-to-surfactant molar ratio. The additional advantage is the pos-
sible synthesis of bimetal electrocatalysts on carbon support. Normally, a better
alloy structure can be achieved. However, the microemulsion method cannot be
used to control shape. It uses expensive surfactant molecules with extra cleaning
steps and may not be suitable for large-scale synthesis.

4.5.4

Other Methods

Some unconventional synthesis techniques have been adopted in industrial cata-
lyst manufactures. For example, 3 M researchers have developed an elegant PVD
method to prepare nanostructured thin-film catalysts (NTFC) with extraordinary
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activity and durability [123]. Spray conversion reaction process was successfully
developed by Cabot company [197]. Droplets containing metal precursors and
carbon support were first generated and thermal decomposed under controlled
temperature and pressure to form uniform disperse catalyst nanoparticles on
carbon. The PtRu/C catalyst has a uniform crystalline size of 2–4 nm and shows
high catalytic activity, excellent durability, and reduced cost.

4.6
Carbon Nanomaterials as Anode Catalyst Support

Catalyst support is an integrated part of an electrocatalyst. Its main functions are
hosting high-dispersion Pt nanoparticles from aggregation and providing contin-
uous electric conduction paths within the three-phase boundary of the electrode.
It was a milestone in the fuel cell catalyst R&D history that one order of magni-
tude of Pt loading in electrode could be reduced by replacing Pt black with
highly disperse Pt nanoparticles supported on carbon black. Appropriate carbon
support should possess excellent electric conductivity, large surface area, reason-
able pore structure, and good electrochemical durability [116]. Carbon black is a
widely used support for low-temperature fuel cell catalysts, and it can be pro-
duced by the oil furnace and acetylene processes. Carbon black has a good com-
promise between the surface area and electric conductivity. Due to its low cost
and abundant availability, oil furnace carbon black, for example, Vulcan XC-72,
has been broadly used for supporting electrocatalysts. It has a surface area of
200–300 m2 g�1, but composed of a large portion of micropores of <2 nm. Sup-
ply of reactant gas may not occur smoothly within a micropore of <2 nm. In
addition, the electrochemical stability of carbon black has been reported to be a
potential problem for real fuel cell operations, the loss of carbon support under
high operation potential could lead to Pt agglomeration and leaching [119,198].
There is a clear need to seek more suitable catalyst support for low-temperature
fuel cells. In recent decades, various carbon nanomaterials such as fullerene
(C60), carbon nanotubes, graphene, and mesoporous carbons have been discov-
ered and synthesized, and further greatly promoted new research areas in nano-
technology and nanomaterials. These nanocarbons have been extensively studied
as next generation of electrocatalyst support materials and many exciting prog-
ress have been made.

4.6.1

Carbon Nanotubes

Since its discovery [199], CNTs have attracted enormous attention as a novel
catalyst material due to their high aspect ratio and unique electronic properties
[166,167,172,174,175,177,178,199–206]. CNT is an allotrope of carbon with a
cylindrical nanostructure made from curved graphite sheets. CNTs can be classi-
fied as single–walled nanotubes (SWNTs), double-walled nanotubes (DWNTs),
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and MWNTs. They can be prepared through arc discharge, chemical vapor
deposition, laser radiation, and so on. The tube diameter ranges from 0.7to
100 nm, and tube length varies from submicrometer to centimeter. CNT is a
unique 1D carbon material and possesses an excellent electric conductivity. The
electric conductivity of MWNTs is 1000–2000 S cm�1, which is much greater
than 4–10 S cm�1 for carbon black XC-72. In addition, there is no micropores in
CNTs compared with about 50% micropores for XC-72.

Che et al. first explored porous alumina template to prepare carbon nanotu-
bule with a diameter of 200 nm and wall thickness of 20 nm (Figure 4.8). After
impregnating PtRu precursors into the CNT, HF was employed to remove
Al2O3 frames. Small and uniform PtRu nanoparticles (1.59± 0.3 nm) were
obtained after 3 h H2 reduction at 580 °C. The carbon nanotubule-supported
PtRu nanoparticles have demonstrated very large and characteristic methanol
oxidation waves in acid electrolyte [200]. Using a similar method, Rajesh et al.
studied the methanol oxidation activity on a series of MWNTs (200 nm in diam-
eter) and found their activity sequence is PtRu/MWNTs>Pt-WO3/MWNTs>
PtRu/XC-72 [203].

Before the synthesis of CNT-supported catalysts, it is necessary to function-
alize the CNT outer wall surface with oxygenate groups in order to anchor the
metal nanoparticles. Li et al. used a H2SO4–HNO3 mixture to surface-treat
MWNTs and various functional groups, such as hydroxyl (-OH), cabonyl
(-CO), and carboxyl (-COOH), could be grafted on the CNT surface. They
used polyol method to prepare 10 wt% Pt/MWNTs cathode catalyst for DMFC
and demonstrated a 43% peak power density enhancement [186,202]. Liu et al.
prepared PtRu/CNTs with a diameter of 2–6 nm using a microwave-promoted
polyol synthesis approach and showed a competitive MOR activity compared
with commercial PtRu/C (E-TEK) in single DMFC test [167]. Single-walled car-
bon nanohorn (SWNHs) is a special type of CNT prepared by Iijima. Pt and
PtRu nanoparticles were deposited on the outer wall of SWNH and showed a
significant enhancement in DMFC performance. The catalytic activity improve-
ments were attributed to high electric conductivity (low internal resistance), high

Figure 4.8 TEM images of carbon nanotubule (a) and PtRu/CNT (b), and cyclic voltammo-
grams of methanol oxidation on A: after deposition of Pt/Ru nanoparticle, and B: before depo-
sition of Pt/Ru nanoparticles, 2M methanol+ 1M H2SO4 (c) [200].
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purity (i.e., low sulfur content in CNTs), and a thinner catalyst layer thickness.
Recently, Li et al. compared three types of CNT (MWNT, DWNT, and SWNT)-
supported PtRu catalysts with similar PtRu particle size (2–5 nm), and achieved
very different MOR activities (Figure 4.9). PtRu/DWNTs show the best MOR
activity. It can reduce precious metal loading by 75%, while still obtain a 68%
power density enhancement, which was attributed to its “pure” metallic property
(unlike SWNTs: a mixture of semiconductor and conductor) and a special metal
support interaction [177]. Detailed investigations are needed to explain this
extraordinary benefit acquired from small-diameter carbon nanotubes.

In order to improve the catalyst utilization and reactant mass transport, some
research efforts have been made to develop techniques that enable to directly
grow CNTs onto gas diffusion layer to obtain ordered electrode structures. Sun
et al. directly grew CNTs on Co-Ni catalysts previously deposited on a carbon
paper, and then supported small Pt nanoparticles (1.2 nm) through ion exchange
method [204]. Yan and coworkers used underpotential deposition method to
deposit Pt nanoparticles on CNTs, which were directly grew on carbon paper

Figure 4.9 (a) TEM image of PtRu/DWNTs (50wt%). (b) SEM image of PtRu/DWNTs thin film.
(c) Polarization curve of methanol oxidation in 0.5M H2SO4+ 0.5M methanol on PtRu/CNT cat-
alysts. (d) Single DMFC with PtRu/CNTs anode catalysts [177].
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substrate using a catalytic chemical deposition approach [205]. Both the CNT-
based electrodes showed improved performance compared with Pt/C catalyst-
based electrodes. Yan and coworkers further developed a filtration method to
make ordered CNT-based electrode. In detail, they employed hydrophilic Nylon
filter to facilitate formation of a hydrophobic CNT catalyst thin film. Pt/
MWNTs thin-film electrode-based MEA demonstrated excellent single fuel cell
performance in mass transport-controlled region, which indicated a better gas
diffusion was achieved inside the ordered electrode [175].

Due to their high graphite structure, the CNTs have shown greater electro-
chemical durability than carbon black. The measured corrosion current
for carbon black was 0.5 mA mg�1, which is higher than that for MWNTs
(0.2 mA mg�1). The electrochemical surface area of Pt/MWNTs dropped 25%
after a durability test under a constant potential of 0.9 V in 0.5 M H2SO4 at
60 °C for 170 h, while that of Pt/CB had dropped 80%. The average particle size
of Pt/MWNTs grew from 2.8 nm to 3.0 nm, while that for Pt/CB grew from 2.5
to 5.0 nm [207]. Higher electrochemical stability makes CNTs very attractive for
fuel cell catalyst supports.

4.6.2

Carbon Nanofibers

Carbon nanofiber (CNF) is an important 1D nanocarbon, which has also been
extensively studied as electrocatalyst support [146,151,203,208–212]. Compared
with expensive CNT, CNFs are cheap, attributed to their large-scale chemical
vapor deposition manufacture route. CNFs can be made in different forms,
such as platelet, ribbon, and herringbone. Bessel et al. employed impregnation
method to prepare Pt/CNFs with small particle size. It was interesting to find
Pt nanoparticles look like plates, which suggested a strong metal–support inter-
action. Five wt% Pt/CNFs showed a similar activity of methanol oxidation as
30 wt% Pt/CB [208]. Lukehart and coworkers prepared 40 wt% PtRu/CNFs with
a particle size of 5–9 nm, and demonstrated a 50% MOR activity enhancement
compared with unsupported PtRu catalysts [146,151]. Recently, Li et al. showed
that CNF-based catalysts can effectively increase the Nafion content in the elec-
trode (from 30 to 50%); this was because 1D CNFs provide continuous electric
conduction paths, which could not be easily cut off by ionic conductor. This
work may open up a new strategy to fabrication of high-performance fuel cell
electrodes by using 1D carbon materials.

4.6.3

Ordered Mesoporous Carbons

OMCs have highly ordered mesoporous structures with very narrow pore size
distributions. Uniform and small metal catalysts can be easily prepared even
using impregnation method. Ordered mesoporous carbons are one type of
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carbon support that have been extensively studied for direct alcohol fuel cell
catalysts [147,213]. The OMC can be synthesized via nanocasting technique
using ordered mesoporous silica materials as the hard template [147,213–216].
Insertion of carbon precursors within the ordered mesopores of the OMS tem-
plates, their carbonization by thermal treatment at high temperatures under
inert conditions, and subsequent removal of the silica templates result in the
synthesis of OMC materials. The physical and chemical properties of OMC,
such as pore size, connectivity, morphology, surface functionality, electric con-
ductivity, and thermal stability, can be well controlled by adjusting OMS tem-
plate, carbon precursor, carbonation temperature, heating environment,
posttreatment, and so on. Soft-templating methods (self-assembly) can also be
employed to directly synthesize OMC via an organic–organic self-assembly
between carbon precursors and organic templates [217–219]. The resulting
OMC have a confined mesopore size, high surface area (700–2000 m2 g�1), and
high pore volume (1–2 cm3 g�1). Very small Pt or PtRu nanoparticles of <3 nm
can be easily controlled, simply through impregnation method, due to the
OMC’s large surface area and unique pore structure. The Pt/OMC cathode
catalyst-based DMFC shows a 104 mW cm�2 at 0.45 V at 50 °C, which can
reduce Pt loading by three times (from 6 to 2 mg cm�2) [220]. Samsung has
demonstrated a small DMFC system with 20 MEAs (25 cm2) could deliver a
power density of 80 mW cm�2 at 8 V using a 0.75 M methanol solution under
ambient operation condition, and it can operate a Notebook for 10 h using
pure 100 ml methanol.

4.6.4

Graphene Sheets

Graphene, a two-dimensional carbon material with single (or a few) atomic
layer, has attracted great attention from both fundamental science and applied
research [221,222]. The combination of the high surface area (theoretical value
of 2630 m2 g�1), high conductivity, unique graphitized basal plane structure,
and potential low manufacturing cost makes graphene sheets a very promising
candidate for fuel cell catalyst support [223–227]. In addition, graphene nano-
sheets (GNS) have been found to be able to modify the properties of Pt clus-
ters supported on them. The Pt/GNS showed four times higher current
density (0.12 mA cm�2) than that of Pt/CB (0.03 mA cm�2). CO oxidation
study indicated that Pt/GNS has a much smaller CO adsorption rate by about
40 times than that of Pt/carbon black. The Pt particles supported on GNS was
smaller than 0.5 nm, which would acquire the specific electronic properties of
Pt, thus modifying its catalytic activities [224]. The Pt-functionalized graphene
sheets (FGS) retained 49.8% of the original electrochemical surface area,
while the commercial catalyst kept only 33.6% after an electrochemical
durability test. Therefore, Pt on FGSs is much more stable than commercial
catalyst under electrochemical durability tests, due to its more graphite struc-
ture [223].
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4.7
Future Challenges and Opportunities

Low-temperature direct alcohol fuel cells have received enormous attention for
future electrochemical power sources. Anode catalyst is one of the most critical
components to determine the overall DAFC performance and lifetime. Extensive
research efforts have been made on understanding the relationships of struc-
ture–catalyst functions, in situ characterizing reaction intermediates, elucidating
electrocatalytic reaction mechanisms, and thus developing novel catalytic mate-
rials. Although great progress has been made in the preparation of highly effi-
cient fuel cell catalysts, a large-scale, accurate synthesis of fuel cell catalysts at
the nano or atomic scale with high activity, durability/reliability, and stability is
yet to be achieved. The synthesis methods should be cost-effective, simple, and
easy to scale up. These catalysts could be heterogeneous nanoarchitectures with
multiple functions supported on durable supports, or directly deposited on elec-
trodes. Restructuring of the nanostructured catalysts (change in surface compo-
sition, facets, ensemble configuration, and electronic structures) under real
electrochemical reactions often occurs and significantly influences the activity
and durability; understanding the catalyst restructuring to gain deep insights
into structure change–catalyst function under real electrocatalytic processes is
essential before their real applications. The fast developed nanotechnology,
in situ characterization techniques, and advanced computation capabilities have
great potential to assist developing advanced catalytic materials.

In order to improve the Faradic efficiency and fuel utilization, the desired final
product of alcohol oxidation is CO2. However, breaking the C-C bonds of alco-
hols for direct C2+ alcohol fuel cells remains a great challenge, especially at low
temperatures (e.g., <90 °C) and low anode overpotentials. For primary alcohol
oxidation, such as ethanol oxidation, nanostructured PtRhSn/C has demon-
strated a strong ability to both improve reaction kinetics and break C-C bond.
Future research efforts using both combinational chemistry methods and theo-
retical calculations may lead to the development of efficient ternary or even
quarterly PtSn-based catalysts for complete alcohol oxidation.

In another aspect, high reaction kinetics is sometimes associated with partial
oxidation of alcohols. Cogeneration of electricity and higher valued chemicals
from biorenewable polyols will make biofuel production more profitable and
attractive. Efficient cogeneration depends on the development of highly selective
electrocatalysts. The catalyst selectivity towards polyols electrooxidation is
related to catalyst kind and structure, operation potential, and reaction condition
[96,228–233]. Their relations should be thoroughly understood by combining
experimental, analysis (e.g., spectroscopy, chromatography), and theoretical
research tools. Heterogeneous catalytic processing of biorenewable compounds
has made significant progress in recent years. Learning the knowledge developed
from selective heterogeneous catalytic oxidation may guide the development of
highly selective electrocatalytic oxidation catalysts for low-temperature alcohol
fuel cells.
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The oxygen reduction reaction at the cathode of a DAFC is a long-term scien-
tific challenge. Its overpotential is over 200 mV even at the open-circuit voltage
on the most active Pt catalysts. The alcohol crossover results in a short-circuit
potential (extra 150–200 mV loss) at the cathode, thus seriously deteriorating
the fuel cell efficiency and fuel utilization. Developing highly active low loading
noble metal anode catalysts and alcohol-tolerant non-PGM cathode catalysts is
in great demand for high-performance DAFCs. Since the anions cross from cath-
ode to anode, the alcohol crossover issue can be significantly minimized through
using AEMFCs. However, big disadvantages of current anion exchange mem-
branes are their low anion conductivity and unsatisfied chemical stability (short
lifetime). Liquid base, such as NaOH or KOH, has to mix with alcohol fuels to
improve the local pH-surrounded catalyst sites in order to improve the DAFC
performance. The penetration of carbonate salts into electrode pores will reduce
reactant gas mass transfer and lead to low fuel cell performance. Development of
novel polymers for high-performance anion exchange membranes should be
regarded as of same important research priority as the electrocatalysts for next-
generation low-temperature low/zero liquid base alcohol fuel cells.
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