
Abstract. The results of fundamental and applied studies inThe results of fundamental and applied studies in

the field of electrocatalysis of anodic oxidation of ethanol inthe field of electrocatalysis of anodic oxidation of ethanol in

fuel cells are considered. Features of the mechanism offuel cells are considered. Features of the mechanism of

ethanol electrooxidation are discussed as well as the struc-ethanol electrooxidation are discussed as well as the struc-

ture and electrochemical properties of the most widely usedture and electrochemical properties of the most widely used

catalysts of this process. The prospects of further studies ofcatalysts of this process. The prospects of further studies of

direct ethanol fuel cells with alkaline and acidic electrolytesdirect ethanol fuel cells with alkaline and acidic electrolytes

are outlined. The bibliography includes 166 referencesare outlined. The bibliography includes 166 references..

I. Introduction

In recent years, the number of studies devoted to low-

temperature fuel cells (FC) has increased; among these, a

leading position belongs to the design of FC with direct

oxidation of liquid organic fuels, particularly, aliphatic

alcohols. The development of direct ethanol fuel cells

appears to be the most promising firld. The direct ethanol

fuel cells have the following advantages over FC operating

on hydrogen fuel:

Ð since ethanol can be reproduced by biological sys-

tems in unlimited amount, it is possible to arrange an

environmentally clean cycle of energy conversion;

Ð insofar as ethanol is used in some countries as a

component of engine fuel, the already existing infrastruc-

ture of supply and distribution of liquid ethanol can be

used.

The overall equation of ethanol electrooxidation is as

follows:

However, complete transformation of ethanol with the

transfer of 12 electrons is never reached in practice. As a

rule, at low temperatures, the reaction proceeds with pref-

erential formation of incomplete combustion products,

namely, acetaldehyde and acetic acid, in addition to a

small amount of CO2 .

The central problem in improving the performance of

direct ethanol FC is to attain stably high rates and com-

pleteness of the anodic process. The main factors determin-

ing these characteristics include the catalyst phase

composition, the type of support and also parameters of

the FC operation mode. To elaborate approaches towards

development and optimization of catalysts, it is essential to

study the kinetics of alcohol oxidation. Furthermore, it

should be borne in mind that electrolyte pH has a sub-

stantial effect on the kinetics and mechanism of this process

and, correspondingly, on the selection of the electrocatalyst.

Recently, the studies on the development of direct

ethanol FC (below called simply ethanol FC) with both

proton-conducting (acidic) polymer electrolytes and various

types of alkaline electrolytes have been developed. These

studies rely on the results of fundamental works on ethanol

electrooxidation in the corresponding media. Note that

back in the 1960s, when the studies in the field of alcohol

FC were just started, the equal attention was paid to

reactions of ethanol electrooxidation in acidic and alkaline

electrolytes.1 ± 3 At present, a competitive FC of direct

ethanol oxidation holds much promise due to the actively

developing studies of anodic electrocatalysts and also as a

result of development of corrosion resistant polymer elec-

trolytes with high ionic conductivity.

Reviews devoted to the use of ethanol as a fuel usually

embrace problems of the development of FC with either

acidic 4 or alkaline electrolytes 5 without detailed compara-

tive analysis. A recent review 6 devoted to the electrooxida-

tion mechanism of ethanol (as one of C2 alcohols) contains

(1)C2H5OH+3H2O

(2)C2H5OH+16HO7 2CO2ÿ
3 +12e+11H2O

pH>7

2CO2+12 e+12H+
pH<7
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neither the information on the preparation and investiga-

tion of practically important electrocatalysts nor the FC

characteristics.

In the present review, the results of studies of ethanol

electrooxidation both under model conditions and within a

membrane ± electrode assembly of a fuel cell are discussed

and the reaction mechanisms in acidic and alkaline media

are compared; also, the characteristics attained in FC with

acidic and alkaline electrolytes are considered. The data on

the ethanol electrooxidation obtained in the A N Frumkin

Institute of Physical Chemistry and Electrochemistry of the

Russian Academy of Sciences are analyzed together with

information characterizing the state of the art in this field.

II. Specific features of the mechanism of ethanol
electrooxidation

To date, a considerable volume of data has been accumu-

lated on ethanol electrooxidation where platinum is used as

the main electrode material.6 ± 14 When ethanol molecules

interact with the platinum catalyst surface, various destruc-

tion processes occur (dehydrogenation, destruction of the

molecule at the C7C bond and hydrogenation) to form a

layer of adsorbed species of heterogeneous composition,

which provides the formation of various electroxidation

products. When studying ethanol chemisorption and elec-

trooxidation, in view of the complex nature of these

processes, in addition to electrochemical methods, it is

necessary to invoke analytical techniques (particularly, gas

and liquid chromatography) and certain physicochemical

methods for analyzing the adsorbate composition.6, 15, 16

Scheme 1 illustrates the general multi-stage mechanism

of ethanol oxidation under steady-state conditions in aque-

ous solutions of acidic and alkaline electrolytes.
Scheme 1

Since the C7C bond cleavage does not occur in all

adsorbed species, the electrooxidation process represents a

combination of sequential and parallel reactions to afford

one- (pathway C1 ) and two-carbon products (pathway C2).

Moreover, acetaldehyde formed in pathway C2 can be

further oxidized to CO2 .

Note that stages of dehydrogenation of ethanol and its

chemisorption products involve oxygen-containing species

(OHads).9 At temperatures below 180 ± 200 8C, partial reac-
tion to form acetic acid represents a dead end.11 According

to certain data,17 acetic acid is strongly adsorbed and blocks

the active sites of platinum.

The rate and selectivity of ethanol oxidation are largely

determined at the stage of chemisorption of alcohol mole-

cules. In the study of ethanol adsorption and electrooxida-

tion, an important role is played by measurements carried

out upon bringing the substance into contact with the

catalyst.18 ± 20 Under potentiostatic conditions, this is asso-

ciated with measuring the non-steady-state current of ion-

ization of hydrogen adatoms abstracted from an ethanol

molecule upon its dehydrogenation. The formation of

hydrogen upon dehydrogenation of organic compounds

was experimentally observed for chemisorption processes

on platinum,2 palladium,3 rhodium 19 and other platinum

group metals. The current decreases as the electrode surface

is being covered by organic species. In the initial period, the

overall rate of substance electrooxidation is determined by

the adsorption stage, whereas under steady-state conditions,

it is determined by the stage of the removal of products.20

When ethanol is brought into contact with the electrode at

open circuit, the potential shifts to lower values down to the

potential of the reversible hydrogen electrode (RHE). Then,

due to hydrogenation of adsorbed species to form various

hydrocarbons, the potential can shift to more positive

values.21

Analysis of composition of ethanol chemisorption prod-

ucts and also of the mechanism of its further transforma-

tions is still an unsolved task in many aspects; moreover, the

simultaneous consideration of literature data is complicated

due to the use of different experimental techniques. The

modern views on the mechanism of ethanol chemisorption

are based on the results obtained by vibrational spectro-

scopy in situ (Table 1) and also by differential electrochem-

ical mass spectrometry (DEMS). The latter technique

provides indirect information on the adsorbate composition

based on determination of volatile products of adsorbate

reduction (methane and ethane) or oxidation (CO2 , acetal-

dehyde). Note that acetic acid, being the heavier oxidation

product of ethanol, cannot be detected by DEMS; however,

its formation rate can be determined by comparing the

overall faradaic current with the partial rates of formation

of all reaction products.24 Among spectroscopic methods,

the Fourier transform infrared spectroscopy (FTIRS) was

applied widely. Together with DEMS,25 this method made

it possible to determine the major types of ethanol chem-

isorption products as far back as at the turn of the 1980s

and 1990s. Later, the results obtained were refined and

supplemented by the data acquired by surface enhanced

Raman spectroscopy (SERS),22 which simplifies the analy-

sis of vibrational modes with frequencies <700 cm71 as

compared with the FTIRS method. The sum-frequency

generation spectroscopy (SFG) is also an efficient method

to study adsorption.16, 26, 27

It was shown that ethanol adsorbs on the platinum

surface by the oxygen atom of the OH group and also by

the a-C atom (see Scheme 1). Based on the results of X-ray

photoelectron spectroscopy, it was found 15 that on the

Pt(111) surface, pure ethanol in the liquid phase is prefer-

entially adsorbed through the oxygen atom (to form the

ethoxy group). The presence of CH3CH2Oads as the main

ethanol chemisorption product on the Pd(111) electrode

was directly observed by high-resolution electron energy

loss spectroscopy (HREELS).28 At the same time, several

authors assumed that in the first stage of ethanol adsorp-

tion, the hydrogen atom is abstracted from the a-C atom of

the alcohol molecule to form the CH37CHOH species. This

CH3CH2OH

H2C CHOH CH3 CH OH CH3 CH2 O

72 Hads

7Hads

C1 C2

OHads 7H2O

CH3COHCH3COCO

7H2OOHads

CHx

CO2

7H2OOHads

CH4

Hads

CH3COOH

(CH3COO7)

OHads

OHads

7H2O

(CO2ÿ
3 )

7Hads

1048 M R Tarasevich, O V Korchagin, A V Kuzov Russ. Chem. Rev. 82 (11) 1047 ± 1065 (2013)



conclusion was made based on the results of DEMS studies

which involved the use of tracers 29 and was indirectly

confirmed by the weak adsorption of branched alcohols as

compared with normal isomers.30 It is generally accepted

that the cleavage of the C7C bond is preceded by dehy-

drogenation of adsorbates to form acetaldehyde or an acetyl

group (see Table 1, frequency range of 1396 ± 1420 cm71).

Note that acetaldehyde is characterized by lower energy of

C7C bond cleavage as compared with ethanol.14, 22

In several publications,9, 31, 32 various bridging species

were proposed as intermediates of the formation of one-

carbon products; nonetheless, they could not be detected by

in situ methods. Acetic acid as the oxidation product of

acetyl along pathway C2 (see Scheme 1) is mainly detected

by the OCO (n=1396 ± 1420 cm71) and COOH or CHO

modes (n=1713 cm71). As products of C7C bond cleav-

age, the CO-like adsorbates (COads) and CHx species were

reliably detected.22 It should be stressed that the term `CO-

like adsorbates' is conditional because even CO adsorption

gives species of various compositions,33 which are generally

detected at potentials >0.1 V due to the blocking effect of

adsorbed hydrogen (Hads) at lower potentials.34 In the

potential range of 0.2 ± 0.6 V, the main part of COads species

(in both linear and bridging form) contain an a-C atom and,

hence, they are dehydrogenation products of the CH2OH

fragment of the ethanol molecule. The species CHx formed

by the b-C atom can be either oxidized to COads as the

potential increases to 0.45 V (acidic medium) 22 or reduced

to methane at potentials <0.2 V.35 Note that in an alkaline

medium on polycrystalline platinum, the potential of the

onset of b-COads formation is shifted far in the positive

direction as compared with the analogous value for the

acidic medium.26, 27

The regularities of ethanol adsorption and electrooxida-

tion mechanism are determined by several factors among

which mention should be made of electrolyte pH, parame-

ters of electrode polarization, the catalyst phase composi-

tion and characteristics of its microstructure. Figure 1

shows the typical potentiodynamic voltammograms of

ethanol electrooxidation recorded on platinum in acidic

and alkaline electrolytes. It is noteworthy that at potentials

below 0.7 ± 0.8 V, the current in the anodic branch is higher

in the alkaline medium than in acidic medium. In a wide

potential range, the curve is characterized by a considerable

hysteresis; moreover, the cyclic voltammogram (CV) dem-

onstrates three current peaks in the acidic medium and two

peaks in the alkaline medium. It was shown 36, 37 that the

regions of inhibition of electrooxidation of organic com-

pounds mainly coincide with the oxygen adsorption regions

in the supporting electrolyte solution. Moreover, on the

RHE scale, the potentials of maxima and minima are

independent of pH and depend little on the presence of

oxygen-containing anions (SO2ÿ
4 , ClOÿ4 , etc.38, 39) in the

electrolyte.

In the studies of oxidation of simple organic com-

pounds, particularly, methanol, the ratio of the heights of

current peaks in the forward (anodic) and reverse (cathodic)

CV scans
ÿ
imax
a

�
imax
c

�
in the potential range of <1 V is

often considered as the preliminary indication of catalyst

stability with respect to the poisoning action of intermedi-

Table 1. Main types of ethanol chemisorption products on platinum in
aqueous solutions according to data of various methods.16, 17, 22, 23

Method Functional group n /cm71 Potential
or species (see a) range /V

SERS CHx 425 0.1 ± 0.45

CO (linear form) 500 0.1 ± 0.7

FTIR C7C7O (acetaldehyde 933 0.3 ± 1.0

mode)

COOH (CO vibrations+ 1280 0.6 ± 1.0

OH distortion)

SPAIRS, CH3 (distortion in 1355 0.1 ± 0.9

FTIR acetaldehyde)

SPAIRS COOH (CH3 distortion 1385 0.1 ± 0.9

in acetic acid)

SPAIRS, OCO (vibrations of 1396 ± 1420 0.2 ± 0.9

FTIR, adsorbed acetate ion)

ATR-SEIRAS

ATR-SEIRAS C=O (bond vibrations in 1620 ± 1635 70.1 ± 1.0

adsorbed acetaldehyde

and acetyl group)

SPAIRS, COOH or CHO 1713 0.1 ± 0.9

FTIR (C=O vibrations)

SPAIRS, CO (bridging form)

FTIR,

ATR-SEIRAS

SPAIRS, CO (linear form) 2050 ± 2075 0.1 ± 1.0

FTIR,

ATR-SEIRAS,

SERS

SPAIRS O7C7O (asymmetrical 2341 0.1 ± 0.9

vibrations)

Notes. The following designations are used: SPAIRS is single potential

alteration infrared spectroscopy, ATR-SEIRAS is attenuated total

reflection surface enhanced infrared absorption spectroscopy; the rest

abbreviations are explained in the text. a Frequency (IR), Raman

displacement (SERS).
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Figure 1. Cyclic voltammograms of ethanol oxidation in acidic
(1 ± 3) and alkaline (10, 20 ) media.14

0.5M EtOH solution, potential scan rate w=50 mV s71,
T=20 8C. Arrows indicate the potential scan direction.
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ates and also of the attained selectivity of this process with

respect to CO2 .40 It is assumed that the peak in the reverse

scan corresponds to oxidation of organic adsorbates formed

in the forward scan. Correspondingly, a higher ratio

imax
a

�
imax
c points to the good tolerance of the catalyst to

strongly chemisorbed substances and to a relatively high

yield of CO2 . Moreover, these conclusions correspond to

conditions far removed from the steady state and sometimes

depend on the scan rate and cycling limits. It should be

noted that for ethanol oxidation, the above approach

appears to be insufficiently correct, because a part of

formed adsorbed species fail to be oxidized to CO2 at low

temperature. Furthermore, the height of peaks 2 and 20 in
Fig. 1 also depends on the possibility of reduction of oxides

formed on the catalyst surface at high anodic potentials.

The composition of ethanol eletrooxidation products on

platinum in various potential regions was studied by the

DEMS and in situ spectroscopic methods (Table 2), which

made it possible to plot partial polarization curves of

product formation. To avoid the repetition of close results,

the table shows the data obtained on platinum by varying

experimental conditions and catalyst composition. The

partial curves of the formation of acetic acid and acetalde-

hyde have maxima, which are, most often, located similarly

with respect to the overall current peaks (see Fig. 1).

Carbon dioxide is detected mainly in the CV anodic scan.

The partial curve of CO2 formation in both acidic and

alkaline electrolytes passes through a maximum located

approximately in the same potential range as the maximum

in the CV anodic scan. Also, methane is detected resulting

from both hydrogenation of ethanol in the hydrogen poten-

tial region and chemisorption of aldehyde (as CH�3 ) in the

oxygen region.

Peak 3 observed in the CV recorded in an acidic electro-

lyte (see Fig. 1) can be attributed to oxidation of the

acetaldehyde formed.14 Acetic acid is the main product of

this process. According to certain data,38 the absence of

peak 30 in the alkaline electrolyte is due to blocking of the

active sites of chemisorption of organic compounds by

strongly adsorbed oxygen species.

Table 2. Ethanol electroxidation products on platinum in a wide potential range.

c Medium T /8C Method Reaction product Ref.

CO2(CO
2ÿ
3 ) MeCOH MeCOOH (MeCOO7) CH4

DE /V
DE /V QF (%) DE /V QF (%) DE /V QF (%)

Catalyst: 20% Pt/C in the amount of 0.14 mg cm72

0.1 acidic 20 DEMS 0.5? 0.9 a 2.7 0.4? 1.1 a 37 0.4? 1.1 a 60 0.4? 1.1 a 24

0.4/ 0.9 a 0.4/ 1.1 a 0.6/ 0.9 a 24

0.0/ 0.2 a 24

Catalyst: platinum foil

0.1 acidic 20 DEMS 0.6? 1.3 a 7 0.4? 1.1 a 7 7 7 0.5? 1.1 a 35

1.0? 1.6 a 1.1? 1.6 a 35

0.3/ 0.8 a 0.4/ 0.8 a 35

0.0/ 0.2 a 35

0.01 alkaline 20 DEMS 0.4? 0.8 a 7 0.4? 0.8 a 7 7 7 0.4? 0.8 a 35

0.3/ 0.8 a 0.3/ 0.8 a 35

0.1/ 0.2 a 35

Catalyst: 40% Pt/C in the amount of 8 mg cm72

0.01 acidic 90 DEMS 0.3? 1.0 a 96.5 0.2? 1.2 b 0 7 3.5 0.1? 0.7 a 13

0.0/ 1.2 c 0.0/ 1.4 a 13

Catalyst: platinum film on silicon

0.1 acidic 20 ATR-SEIRAS 0.35? 0.65 b 7 7 7 0.35? 0.65 a 7 7 17

0.2/ 1.0 a 17

Catalyst: 40% Pt/C in the amount of 0.09 mg cm72

0.1 acidic 20 DEMS 0.55? 0.7 b 1.5 ± 2.1 7 43.1 ± 50.0 7 50.0 ± 54.8 7 41

Catalyst: Pt(111)

0.1 acidic 20 FTIR 0.5? 1.2 a 7 0.4? 1.2 d 7 0.4? 0.8 b 7 7 34

0.0/ 1.2 a 0.0/ 0.9 a 34

Catalyst: Pt in the amount of 4 mg cm72

9 acidic 175 DEMS 0.3? 0.55 b 24.3 0.3? 0.55 b 75.7 7 7 7 42

0.3/ 0.55 d 0.3/ 0.55 d

Notes. The following designations were used: c is ethanol concentration /mol litre71;DE is potential range in which the reaction product is formed

in forward (? ) and reverse (/) CV scans; QF is faradaic efficiency of the partial reaction determined at the ethanol concentration of

0.1 mol litre71. The character of the partial curve of reaction product formation in the DE potential range: a curve passes through a maximum;
b ascending dependence of the rate of product formation on the potential; c the absence of dependence; d descending dependence.

1050 M R Tarasevich, O V Korchagin, A V Kuzov Russ. Chem. Rev. 82 (11) 1047 ± 1065 (2013)



The approaches to elucidation of the nature of the

limiting stage of ethanol electrooxidation are based on the

analysis of slopes of the corresponding steady-state polar-

ization curves and also on consideration of the reaction rate

as a function of pH with regard to the data on the nature of

adsorbed substances and selectivity of the overall reaction.

In the general case, the process of ethanol electrooxidation

includes the following key stages:11, 37, 43, 44

At potentials <0.4 V, the reaction rate may be limited

by stage (3) and/or (4). Note that the stage of C7C bond

cleavage (due to the low reaction selectivity in pathway C2)

is not the rate-limiting stage of the overall process.45 The

majority of scientists consider stage (3) to be rate-limiting.

The question of limitation of a process rate by stages

involving electron transfer can be solved by analyzing the

slopes of polarization curves and also the dependence of the

overall reaction rate on the pH. As was shown,14 the rate of

ethanol electrooxidation in the potential range of 0.1 ± 0.4

V is virtually independent of pH in the 2 ± 11 range. Hence,

on the RHE scale,

dE

dpH
=0,

which formally corresponds to slowing down of the chem-

ical reaction.

As the potential increases, the reaction rate in the

alkaline medium increases more sharply as compared with

the acidic medium (see Fig. 1), which is attributable to the

increase in the rates of parallel reactions that proceed by

pathways C1 and C2:

Ð pathway C1: in alkaline electrolytes, the species

OHads that are involved in the oxidation of products of

C7C bond cleavage are formed at lower potentials as

compared with acidic electrolytes; correspondingly, at the

same potentials, the rate of reaction (3) is higher due to

higher surface coverage by one of reactants;

Ð pathway C2: at pH>11, the ethanol molecule is

deprotonated to form the ethoxy anion and the latter is

adsorbed on the catalyst in the presence of OHads

CH3CH2OH+HO7 CH3CH2O7+H2O

CH3CH2O7+OHads CH3CHOads+e+H2O

For comparison, it should be noted that in the acidic

medium, the formation of CH3CHOads requires abstraction

of two protons from the molecule

CH3CH2OH CH3CHOads+2 e+2H+

The selectivity of ethanol electrooxidation substantially

depends on the crystallographic orientation of the platinum

surface in the catalyst. As regards the C7C bond cleavage,

areas with high-index orientation are most active. The

Pt(110) face exhibits the maximum selectivity with respect

to CO2 in the acidic medium 23, 24, 46

For highly disperse catalytic systems including those

formed on various supports, the catalyst amount per unit

electrode surface area is an important parameter. In addi-

tion to activity, one should also consider the microstructure

of the catalytic layer (first of all, its porosity and the size

distribution of pores) and also the flow rate of the alcohol

solution through this layer. Electrodes with thin catalyst

layers (<1 mg cm72) are generally characterized by low

selectivity with respect to CO2 (see Table 2). As the catalyst

amount increases, the degree of conversion also substan-

tially increases. This is associated both with the increase in

the number of adsorption sites per unit surface and with the

increase in the time the alcohol molecules and intermediate

products stay in the active layer volume.13 An analogous

effect was observed upon slowing down of fuel mixture

circulation and also with the transition to ethanol oxidation

under potentiostatic conditions.

In dilute ethanol solutions, the main reaction products

are CO2 and acetic acid, the yield of CO2 reaching its

maximum (*30%) for the ethanol concentration of

<0.1 mol litre71 (Ref. 11); however, as the ethanol content

increases up to 1 mo litre71, acetaldehyde becomes the

predominant reaction product. This can be explained by

the competitive chemisorption-induced decrease in the sur-

face coverage by oxygen species involved in the ethanol and

acetaldehyde oxidation in concentrated alcohol solutions.

The assumption that the alcohol chemisorption products

are oxidized exclusively to CO2 can be considered as

generally accepted.7, 8, 47 One of the most probable reasons

for the decrease in the yield of CO2 with increase in ethanol

concentration is the formation of weakly bound species

which are oxidized preferentially to acetaldehyde and acetic

acid.8 The portion of the current spent in reactions with

C7C bond cleavage increases on going from acidic to

alkaline medium. In the potential region of hydrogen

adsorption, this may almost double the yield of methane

(according to data on the Pt7Ru system48). In turn, the

yield of CO2 for FC with alkaline electrolyte can reach 55%

as opposed to 2% for a FC with proton-conducting electro-

lyte, which operates under similar conditions (anode poten-

tial 0.8 V, T=60 8C, EtOH concentration 0.1 mol litre71,

individual Pt catalyst).49 The mechanism of the decrease in

the yield of CO2 on going from alkaline to acidic media is

not yet entirely clear. Probably, this can be explained by the

acidic properties of acetaldehyde, which is deprotonated in

the alkaline medium. In addition, as was mentioned above,

the energy of C7C bond cleavage in the acetaldehyde

molecule is lower than in the ethanol molecule.

One of the main methods of enhancing the selectivity of

the process of ethanol electrooxidation to CO2 is to carry

out the reaction at high temperature. According to certain

data,13 at 90 8C and higher, the yield of CO2 can be >90%.

At the same time, at a high ethanol concentration

(>8 mol litre71), the degree of ethanol oxidation to CO2

fails to exceed 25% even at 175 8C.42

The comparative analysis of the regularities of adsorp-

tion and oxidation of ethanol on platinum in acidic, alkaline

and carbonate media 10, 14, 47, 50 made it possible to identify

the following relationships. Irrespective of pH, the CO-like

adsorbates are the predominant product of dissociative

chemisorption of ethanol. The ethanol oxidation rate in

the potential range <0.4 V is limited by the stage of

H2O OHads + H++ e

CH3COads + OHads (3)

(see Scheme 1, pathway C2)

k1
CH3COOH

COads + OHads (4)

(see Scheme 1, pathway C1)

k2
CO2 + H+ + e

M R Tarasevich, O V Korchagin, A V Kuzov Russ. Chem. Rev. 82 (11) 1047 ± 1065 (2013) 1051



interaction of chemisorption products with OHads . Accord-

ing to Lai and Koper,50 one of the main factors that

determine the changes in the catalyst activity when going

from acidic to alkaline media is the difference in the

oxidation rate of b-CHx adsorbates in the polycrystalline

platinum surface regions with different crystallographic

orientation. In the alkaline electrolyte, the oxidation of

CHx to COads starts at potentials <0.1 V on Pt(110) and

only at 0.55 V on Pt(111). In the acidic electrolyte, CHx

oxidation proceeds at the same rate on all low-index faces

up to potentials of *0.45 V. The above peculiarity can

explain the higher yield of CO2 at low potentials in the

alkaline medium as compared with acidic electrolytes. At

the same time, taking into account that CO oxidation is

accelerated on going from the acid to the alkali,51 a similar

effect can be inferred for CO adsorbates formed from

alcohols.

On the whole, these assumptions correspond to the SFG

spectroscopy data on the adsorption and electrooxidation

of ethanol on polycrystalline platinum in alkaline and acidic

media.26, 27 The shift of the intensity maximum of b-CO
lines from 0.35 V (acidic electrolyte) to 0.9 V (alkaline

electrolyte) (Fig. 2) can be due to the preferential (111)

orientation of the catalyst surface, which complicates the

CHx oxidation in alkalis as compared with acids. However,

in the former case, the oxidation of COads to CO2 proceeds

faster at the same potentials.

The main disadvantages of individual platinum catalysts

as a part of the anode in ethanol FC are the low oxidation

rate of alcohol chemisorption products (primarily due to the

small number of active sites accessible for adsorption of OH

species and water) and also insufficient selectivity of the

overall process with respect to CO2 . Taking this into

account, the primary avenue of the development of plati-

num-based catalysts for ethanol oxidation is the quest for

multicomponent systems that would provide the optimal

catalytic effect and larger extent of reaction. The mecha-

nism of ethanol oxidation on these multicomponent materi-

als is often explained in terms of bifunctional catalysis.52 ± 54

In the platinum active sites, dissociative adsorption of

ethanol takes place, the promoting component (`less noble'

metal or oxide) serving as the donor of active oxygen which

oxidizes organic adsorbates. A criterion of efficiency of

these catalysts is the ability of the promoter to undergo

dissociative adsorption (in acidic electrolytes) or chemisorb

OH groups (in alkaline electrolytes). Wang et al.55 obtained

the following series of activity with respect to chemisorption

of water:

Cu<Pd<Rh<Pt<Ru< Sn.

Taking into account this relationship makes it possible to

explain the enhanced activity of catalytic systems Pt7Sn

and Pt7Ru as compared with individual platinum in the

ethanol oxidation reaction. Among the factors determining

the activity of composite systems, mention should be made

of the decrease in the energy of the adsorbate±platinum

bond due to the so-called ligand effect, i.e., the changes in

the platinum electronic structure,46, 55 the formation of an

alloy with a modified lattice parameter 56 and also the

redistribution of platinum and additional components in

the bulk or on the surface of the catalyst.57

The key role in the development of multicomponent

catalysts is given to the quest for metals (or oxides) that can

promote platinum. The promoting element should, on the

one hand, be oxidized relatively easily at low anodic

potentials and, on the other hand, be stable in the electro-

lyte medium. Approaches towards the design of catalyst

systems with the use of density functional theory (DFT), the

Mote Carlo method, and other methods based on model

concepts on the effect of the catalyst electronic structure

and the reaction layer composition are being developed (see

reviews 58, 59). A kinetic model of CO oxidation on the

Pt7Ru catalyst has been proposed, which relates the

catalytic effect of this system to the enhanced mobility of

CO adsorbates. Also, problems of modelling and optimizia-

tion of more complex reactions including ethanol oxidation

are discussed. In connection with this, noteworthy is the

approach to selection of binary catalyst compositions which

is based on the data on segregation of system components

and variations in the d-electron energy upon the formation

of the catalytic system. At the same time, the transition

from modelling to scientifically substantiated prognoses of

properties of potential catalysts is still inefficient and it is

the subject of further studies.

III. Synthesis and properties of catalysts of ethanol
electrooxidation

The main trend in the perfection of direct ethanol fuel cells

is the development of highly efficient anodic catalysts. In a

review,6 it was reasonably noted that the studies on devel-

oping such catalysts substantially differ from the studies on

elucidating the mechanism of catalytic reactions due to

involvement of the material science component. Among

the most important requirements which should be fulfilled

in order to provide successful operation of anodic catalysts

in direct ethanol FC, the following factors deserve mention:

Ð the high and stable activity per unit catalyst mass or

volume (up to 50 mA mg71, or 125 mA cm73 at

E<0.4 V); the chief line in solving this problem is to form

nanosized catalytic systems on disperse supports;

Ð an acceptable value of the faradaic utilization factor

of ethanol, i.e., the number of electrons given by one

ethanol molecule (>6 electrons per molecule); this problem

is solved, on the one hand, by developing multicomponent

catalysts and, on the other hand, by optimizing the FC
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Figure 2. Intensity of b-CO spectral lines vs. potential during
ethanol oxidation on polycrystalline platinum.
Electrolyte: (1) 0.5M EtOH+0.1M HClO4 (Ref. 26), (2)
0.5M EtOH+0.1M NaOH (Ref. 27).
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structure and operation conditions (electrolyte type, tem-

perature, fuel delivery and removal of oxidation products);

Ð a corrosion stability that provides a sufficient service

life; the components of nanostructured catalysts, i.e., met-

als, oxides, alloys and also support materials, should be

selected with due attention paid to the FC working con-

ditions.

Whereas the results of model studies of the mechanisms

of ethanol adsorption and oxidation were obtained back in

the 1980 ± 1990s by optical and other in situ techniques, the

main achievements in the field of electrocatalysts for FC

were made only in the past decade. Insofar as the character-

istics of ethanol electrooxidation are to a large extent

determined by the catalyst morphology, one of the most

important problems is the development of efficient methods

for the manufacture of catalysts, providing the formation of

catalytic systems with desired microstructure characteris-

tics.

1. Methods of the preparation of catalysts
The methods of the preparation of catalysts for ethanol

electrooxidation can be subdivided into the following

groups:

Ð chemical reduction of precursors in the liquid

medium;

Ð methods of electrochemical deposition and galvanic

displacement;

Ð colloid methods (first of all, polyol and Bonnemann

methods);

Ð thermochemical method.

Most of catalysts are synthesized by the chemical reduc-

tion. It is used to produce catalysts based on platinum,

palladium, ruthenium, and also of multicomponent systems

based on platinum group metals and various oxides.60 ± 62

Usually, for nucleation and growth of the active phase, a

reducing agent is added to a precursor solution or suspen-

sion brought in contact with the substrate material. The

process is autocatalytic and continues on the emerging

catalyst surface. The size, the specific surface area and the

phase composition of the resulting particles are determined,

to a large extent, by characteristics of the reducing agent.

Particularly, the use of metal borohydrides in the synthesis

of the Pt7Sn system provided more extensive reduction as

compared with the use of alcohols in the polyol method.63

A method of electrochemical formation of catalysts is

based on the deposition of platinum and other transition

metals from solutions of their salts onto various supports. A

version of this method is the galvanic displacement of a `less

noble' element by a `more noble' one. The advantages of the

electrochemical method include more accurate control over

the amount of deposited catalyst and the possibility of

forming layers of metal adatoms on the surface of the

support material and also on the pre-formed sublayer of

the catalyst active phase. At the same time, this method fails

to provide uniform catalyst layers on the surface of porous

supports, which is necessary for the formation of active

layers on the FC electrodes.

The colloid methods of catalyst production, in contrast

to conventional chemical reduction, employ various stabil-

izers, which are added to the reaction mixture to promote

the dispersion of metal particles and prevent them from

agglomeration.

In the polyol process, alcohols perform the functions of

reducing and stabilizing agents and also of the reaction

medium.63 ± 65 The most popular reagent is ethylene glycol,

due to its low cost and low toxicity and also to the

possibility of removing its oxidation products from the

catalyst surface without additional heating (the process is

usually carried out at temperatures from 160 to 190 8C).
The use of the polyol process for the catalyst formation on

carbon supports makes it possible to obtain systems with

rather narrow particle size distribution. The average particle

size can be <2 nm (according to data for the Pt7Sn/C

system 66). For comparison, the reduction of platinum and

tin precursors by a metal borohydride generally produces

coarser particles (>3 nm 63).

When catalysts are prepared by the Bonnemann meth-

ods, the precursors (metal salts) in a dry aprotic solvent are

reduced by tetraalkylammonum triethylborate, which also

serves as the stabilizer.67 According to several reviews,68 ± 70

this method can be used for preparation of all major types

of catalysts for alcohol oxidation with the preset ratio of

active components and the low degree of their alloying.

However, the necessity of using high temperatures for the

removal of the stabilizer after the catalyst preparation

(>300 8C) restricts the use of the Bonnemann method as

the alternative to the polyol method.

In the thermochemical method, metal salts or their

complexes with organic ligands, which, as a rule, are

deposited on the support, are reduced in a hydrogen

atmosphere at elevated temperatures (from 300 to 900 8C).
This method is often employed for deposition of metals the

ions of which have low reducing capacity and also for the

synthesis of multicomponent systems with the aim to attain

a high degree of alloying throughout the metal phase bulk

In some cases, the thermochemical method can provide a

narrower size distribution of catalyst particles than low-

temperature methods. However, high temperatures favour

coarsening of particles which is accompanied by the loss of

some of catalyst active sites.68

2. Structure and electrochemical characteristics of platinum-
based catalysts for ethanol oxidation
As mentioned above (see Section II), one of the main

challenges for the design of anodic platinum-based catalysts

for ethanol FC is the development of highly efficient multi-

component systems. The rate of ethanol electrooxidation in

the acidic medium can be increased by introducing such

elements as Sn, Ru, Rh, Pd, Ni, Mo, W into the platinum

catalyst. The activity of binary systems per unit platinum

weight decreases in the following sequence:56, 66, 71

Pt7Sn>Pt7Ru>Pt7W>Pt7Pd>Pt.

The majority of publications were devoted to the prepara-

tion and investigation of Pt7Sn and Pt7Ru binary cata-

lysts and also of multicomponent systems based on them.72

The bimetallic system Pt7Sn has an extremely low

enthalpy of formation [for example, for intermetallic com-

pound Pt3Sn, this quantity is 750.2 kJ mol71 (Ref. 73)]; in

this system, five intermetallic compounds are formed,

namely, Pt3Sn, PtSn, Pt2Sn3 , PtSn2 , PtSn4 .

The Pt3Sn phase has the fcc lattice and can be consid-

ered as the interstitial tin phase in the platinum lattice.74

Depending of the preparation process, the Pt7Sn sys-

tems used as FC catalysts can form an alloy (as a rule,

Pt3Sn), occur in the non-alloyed state (Pt7SnOx), or form a

partially alloyed state (a mixture of PtxSny alloy and SnOx
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oxide) (Scheme 2).60, 63, 69, 75, 76 A separate type of Pt7Sn

catalysts is formed by systems in which platinum is modified

by tin adatoms.
Scheme 2

There is no general consensus on the optimal relative

content of components in the Pt7Sn system and also on the

required ratio of metallic (alloyed) and oxidized tin. As was

found in many studies, the maximum activity corresponds

to the atomic ratio Pt : Sn* 3 : 1 (Fig. 3), which formally

coincides with the thermodynamically stable Pt3Sn phase

composition. It is known that carbon-containing alcohol

residues do not virtually adsorb on tin;32 hence, the stages

of the electrooxidation remain unchanged when going from

platinum to the Pt7Sn system. At the same time, it was

shown that depending on the catalyst phase composition,

the mechanism of tin promoting action can change.69 For

the Pt7SnOx system, the non-stoichiometric tin oxides

become donors of oxygen species, in particular, at poten-

tials lower than that of the beginning of adsorption of these

species on platinum. As a result, the reaction zone is

supplied with active OH groups, which take part in oxida-

tion of carbon residues of alcohol molecules (first of all

MeCOads) adsorbed on platinum. In connection with this,

the results by Jiang et al.44 deserve attention. According to

their data, in the acidic medium under conditions of

deficiency of OH species on the catalyst surface, the activity

ratio of Pt7Sn to individual Pt calculated per unit true

surface of platinum is substantially higher than in the

alkaline electrolyte.

For Pt7Sn catalysts with a higher degree of alloying,

the increase in the activity of individual platinum is attrib-

uted, as a rule, to the ligand effect. According to the data by

Vigier et al.,43 insertion of tin into the platinum lattice

favours the mobility of adsorbed CO species, which makes

easier their oxidation and desorption. Tin adatoms were

found to exert a positive promoting effect on the faces of

platinum single crystals 46, 79 ± 81 and also on Pt/C and

Pt3Sn/C catalysts.82 Tin atoms deposit preferentially on

the edges of platinum crystal faces (terraces) which are

characterized by high CO coverage. On the one hand, this

favours the adsorption of OH groups and, on the other

hand, this decreases the specific (per unit surface area)

number of platinum active sites, which become blocked by

strongly adsorbed organic species. Several groups of

authors 46, 81 have shown that at low anodic potentials, the

degree of ethanol oxidation can be increased due to partial

decoration of platinum single-crystal steps (sites that are

most active with respect to the C7C bond cleavage) by tin

or ruthenium adatoms.

The variation of the phase composition of the Pt7Sn

system also affects the selectivity of the ethanol electro-

oxidation to CO2 . According to certain data,83, 84 for a

metal oxide catalyst, the yield of CO2 was 2 ± 3 times higher

as compared with the corresponding alloy, because plati-

num with invariable lattice parameter ensures the geometry

favourable for the C7C bond cleavage. The optimal ratio

between the metallic (alloyed) and oxidized (non-alloyed)

tin is determined by the temperature of the experiment and

the potential.85 At low temperatures and low potentials, the

oxidation rate of ethanol chemisorption products increases

with the increase in the tin oxide content. At an elevated

temperature and potential >0.5 V, the electrooxidation

rate increases with the increase in the percentage of alloyed

tin. The highest activity (per unit true surface area) was

exhibited by a catalyst with the maximum content of the

Pt3Sn phase (62% with respect to the total mass of platinum

and tin). It was shown 56 that the increase in the tin content

in the Pt7Sn system induced the increase in the FC power

density to reach the maximum (Pmax) at the total tin content

of 33 at.% and the working temperature of 60 ± 90 8C. The
decrease in Pmax observed at higher tin contents can be

explained by the partial blocking of platinum active sites by

tin-containing components.

It deserves mention that irrespective of the phase com-

position, the fraction of processes that follow pathway C1

(see Scheme 1) is higher for the Pt7Sn system than for

individual platinum.69, 75, 76 The main catalytic effect upon

the introduction of tin into the platinum catalyst consists of

acceleration of the partial reaction along pathway C2 to

afford acetic acid.

The important stage in the development and optimiza-

tion of platinum-containing catalysts for ethanol FC is

comparative analysis of the regularities of ethanol adsorp-

tion on platinum and on multicomponent materials. The

deviations in the rates and selectivities of ethanol electro-
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Figure 3. Activity ratio of Pt7Sn/C and Pt/C catalysts (calcu-
lated per catalyst mass) in ethanol electrooxidation as a function of
the atomic fraction of tin in the Pt7Sn system.
The dashed lines confine the optimal tin content region. Activities
correspond to the first anodic maximum in the potentiodynamic
curve. w=20 mV s71, electrolyte: 0.5M EtOH+0.5M H2SO4 ,
T=40 8C. (1 ± 4) data obtained in Refs 32, 75, 77 and 78,
respectively.
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oxidation on Pt, Pt7Ru and Pt7Sn catalysts are largely

determined by the differences in the binding energy of

ethanol chemisorption products and water with the surface.

At potentials of 0 ± 0.06 V, the surface coverage with

organic species is higher for binary catalytic systems than

for individual platinum, because the bond energy of Hads

with the surface is lower. This agrees with the higher yield of

hydrogenation products of ethanol (both methane and

ethane) on individual platinum as compared with

Pt7Sn.84 As the potential shifts to more positive values,

the platinum surface is freed from strongly bound hydro-

gen, which results in fast accumulation of dissociative

adsorption products of ethanol, particularly, linearly

bound COads . The lower surface coverages with carbon

monoxide for Pt7Ru and Pt7Sn catalysts cannot be

explained by the faster oxidation of one-carbon species on

these catalysts than on platinum, bearing in mind the low

yield of CO2 . Probably, for binary systems, the preferential

adsorption of two-carbon species, which are bound more

weakly to platinum than COads , takes place.

An integrated study of electrochemical properties of

Pt/C, Pt7Ru/C and Pt7Sn/C systems carried out at the

Frumkin Institute of Physical Chemistry and Electrochem-

istry of the Russian Academy of Sciences 75 demonstrated

the relationship between the degree of alcohol oxidation

and regularities of ethanol adsorption and kinetics of

oxidation under both steady-state and non-steady-state

conditions. By using pulsed electrochemical techniques, it

was found that the addition of ruthenium or tin into a

platinum catalyst leads to the preferential adsorption of

weakly bound organic species with enhanced reactivity.75

The main oxidation products of such species, namely,

acetaldehyde and acetic acid, are formed faster (calculated

per unit true surface of the catalyst) as compared with

individual platinum. However, this somewhat decreases

the contribution of the reaction that proceeds with the

C7C bond cleavage and is possible only for strongly

adsorbed species. When alcohol is chemisorbed on individ-

ual platinum and forms strong adsorbates, a larger quantity

of electricity should be consumed in the dehydrogenation

process than in the case of the Pt7Sn system (Fig. 4). At

the same time, the rate of oxidation of organic adsorbates is

higher on the Pt7Sn catalysts.

Acceleration of the ethanol electrooxidation process on

going from Pt to Pt7Sn can be explained in terms of both

the ligand effect and the bifunctional catalysis. Due to

changes in the electronic properties of platinum, the reac-

tivity of adsorbates on platinum within the binary system

increases, resulting in acceleration of the overall reaction.

At the same time, higher affinity of the Pt7Sn catalyst (as

compared with individual platinum) with respect to oxygen

species promotes acceleration of the oxidation of organic

species according to the bifunctional mechanism. Based on

the results obtained, it was concluded 75 that one way to

further advance the catalysts is to find more complex

multicomponent systems with the optimal balance between

the bond energy and reactivity of adsorbed species.

According to the generalization presented in a reviews,86

a promising trend is the development of three-component

systems such as Pt7Sn7Ru, Pt7Ru7W or Pt7Sn7Rh.

According to results of some studies,87, 88 the introduction

of rhodium into platinum-containing catalysts enhances the

selectivity of ethanol electrooxidation with respect to CO2,

while an acceptable level of activity per catalyst unit mass is

retained. Koval et al.88 have synthesized a Pt7Sn7Rh

catalyst by the method of galvanic displacement with the

successive formation of platinum and rhodium monolayers

on the surface of carbon black-supported SnO2 . The

mechanism of polyfunctional catalysis for Pt7Sn7Rh

was interpreted by employing DFT calculations. It was

assumed that in the catalytic system under consideration,

the role of tin oxide consists of formation of sites for

immobilization of oxygen species, which frees platinum

and rhodium for the adsorption and oxidation of ethanol

molecules. Correspondingly, ethanol is dehydrogenated on

platinum, while rhodium provides the cleavage of the C7C

bond and oxidation of COads and tin oxides serve as the

donors of OHads groups.

A series of studies 89 ± 91 devoted to ethanol oxidation on

the Pt7Sn7Ce catalyst reported a higher activity of this

material per platinum unit mass as compared with Pt7Sn

or elemental platinum, which can be explained both in terms

of bifunctional catalysis and based on the assumption that

the Pt7COads bond energy decreases due to the ligand

effect.

3. Non-platinum catalysts in ethanol electrooxidation
Studies on the development of non-platinum anodic cata-

lysts are aimed, on the one hand, to reduce the cost of FC
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and, correspondingly, of the generated power and, on the

other hand, to achieve higher and more stable performance

parameters of alcohol electrooxidation as compared with

platinum catalysts. Attention is paid to problems of using

platinum group metals that are less difficult-to-obtain and

expensive than Pt and to investigation of the alcohol

electrooxidation on catalysts containing no platinum

group metals. The majority of these studies were devoted

to ethanol electrooxidation in the alkaline medium. This is

caused by the following factors:

Ð in acidic electrolytes, platinum is the most active

individual metal; for alkaline media, the activity series is

as follows: Pd>Pt>Ru;

Ð due to acceleration of processes of dissociative chem-

isorption and electrooxidation of ethanol in the alkaline

medium, a higher rate of electrooxidation can be reached

for a low content or even in the absence of platinum group

metal on the electrode;

Ð the range of catalytic systems can be extended due to

lower corrosivity of alkaline electrolytes as compared with

acidic electrolytes.

The first studies on ethanol electrooxidation on catalysts

involving transition metals and their compounds date back

to the 1960 ± 1970s.3, 92 At present, the list of non-platinum

materials used includes, in addition to elements of the iron

triad, compounds of copper, titanium, zirconium, tungsten,

etc.93 ± 95 However, only few non-platinum catalysts provide

a noticeable acceleration of the reaction at low temper-

atures. In particular, nickel oxide electrodes are widely

known to be capable of serving as the mediator of ethanol

oxidation to acetate. The process is accompanied by the

reversible redox transition NiIII>NiII and is accelerated

with the increase in the alkali concentration

4NiOOH+CH3CH2 OH+HO7 CH3COO7+4Ni(OH)2

A review 6 mentions the possibility of C7C bond

cleavage during ethylene glycol oxidation on nickel. The

Italian company Acta has developed efficient nanosized

catalytic systems Ni7Fe7Co for ethanol electrooxida-

tion;96, 97 however, their structural characteristics and the

methods of their synthesis are unavailable.

To date, only binary systems involving palladium and

ruthenium approach platinum catalysts in efficiency. In

view of commercialization of ethanol FC, of special interest

are the studies on the design of ruthenium-containing

catalysts, because ruthenium is 8 ± 9 times less expensive

than platinum.

The majority of palladium-based catalysts used in etha-

nol electrooxidation in the alkaline medium were already

comprehensively surveyed.5 Note the following most typical

characteristics of these systems:

Ð ethanol adsorption on palladium is accompanied by

active dehydrogenation of alcohol molecules, the rate of this

process being limited by oxidation of chemisorption prod-

ucts;

Ð as on platinum, acetic acid (in the acetate form) is the

main product of ethanol electrooxidation on palladium and

the yield of CO2ÿ
3 is <5%;

Ð in terms of the bifunctional mechanism, the rate of

acetate formation can be substantially increased by promot-

ing palladium with various metals and oxides (among these

systems, Pd7NiOx is the most efficient, which can be

explained by the ability of nickel oxide to oxidize organic

compounds and CO 98).

The problem of enhancing the stability of platinum

catalysts was considered in publications 99, 100 devoted to

various phases of the Pd7Au system. Their activity in the

ethanol electrooxidation in the alkaline medium was shown

to decrease in the sequence

Pd/C>Pd3Au/C>Pd7Au/C>PdAu/C;

However, a different sequence was observed for stability of

their characteristics attained, namely,

PdAu/C>Pd3Au/C>Pd7Au/C>Pd/C.

As regards the resistance to the poisoning action of

ethanol oxidation products, the Pd7Au system substan-

tially surpasses the commercial platinum catalyst. The

increased stability can be explained, on the one hand, by a

decrease in the rate of palladium poisoning when the latter

is alloyed with gold and, on the other hand, by the

synergistic effect, i.e., the changes in the electronic structure

of components upon formation of a catalytic material with

new properties. Within the framework of the latter explan-

ation, it was assumed 100 that palladium forms active sites

for alcohol dehydrogenation in the alkaline medium; more-

over, the oxidation, at least, partial of the chemisorption

products proceeds on the gold surface

COads+Au7OHads Au7CO7OH

Au7COOH Au+CO2+H2O

This scheme was confirmed by the results of numerous

studies which demonstrated the high activity of gold in the

CO electrooxidation.101 However, these results disagree

with other data 14 which demonstrated the low activity of

gold with respect to ethanol adsorption and oxidation with

the C7C bond cleavage.

Ruthenium compounds as the active components of

catalysts of ethanol electrooxidation were first considered

by Shieh and Hwang.102 When considering ethanol electro-

oxidation in the alkaline medium on ruthenium oxide, these

authors have found that RuVII/RuVI redox pairs formed on

the RuO2 surface take part in the alcohol electrooxidation.

Later, the RuO27Ni catalyst which surpassed metallic

nickel as regards the activity in the alkaline medium was

developed.103 The next step in this direction was the devel-

opment of the Ni7Co7Ru metal oxide system, which

exhibited the highest activity per catalyst unit mass. At the

same time, the degree and the rate of ethanol electro-

oxidation achieved with the use of catalysts based on

oxidized ruthenium forms give no way of considering these

catalysts as the efficient substitute for platinum-containing

catalysts in the FC anode.

In view of the development of an efficient ethanol FC

with catalysts containing no platinum, the results on new

electrocatalysts based on metallic ruthenium promoted by

transition metal oxides seem to be more encouraging.104 ± 109

With the use of the thermochemical method of formation of

binary systems Ru7MOx (M=Ni, Fe, Co, V, Cr) on the

surface of carbon supports, a series of catalysts were

synthesized which surpassed platinum and palladium as

regards their specific activity in ethanol electrooxidation in

the alkaline medium (Table 3). According to structural

studies by X-ray diffraction, X-ray photoelectron spectro-

scopy, transmission electron microscopy, ruthenium (the
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active component) mainly occurs in the catalytic systems in

the metallic state, while the promoting components are in

their oxidized states; moreover, surface regions of ruthe-

nium are partly covered with the oxide phase. The catalysts

are characterized by a rather narrow particle size distribu-

tion with the average size being 2 to 5 nm.109 An important

advantage of Ru7MOx/C catalysts over the systems based

on platinum and palladium is the high yield of CO2 (in the

carbonate form) upon ethanol electrooxidation (up to 80%

for the Ru7NiOx/C system of the optimal composition).

The catalytic effect of Ru7MOx systems was confirmed by

analyzing the kinetic data on ethanol electrooxidation, the

attained degree of electrooxidation (based on the data of

liquid and gas chromatography) and the specific features of

ethanol adsorption acquired by the methods of adsorption

displacement and fast potentiodynamic pulses.110, 111

It was shown that upon the introduction of a transition

metal into the ruthenium catalyst, the specific surface area

of the catalyst decreases while the rate and degree of ethanol

dehydrogenation increase due to the active feed of the

reaction zone with OH groups generated by the oxide

phase. These factors as well as the longer time needed to

attain the steady-state coverage with organic species as

compared with platinum at the same potentials increase

the probability of the C7C bond cleavage upon adsorption.

A comparison of Fig. 4 and Fig. 5 shows that in contrast to

Pt7Sn, the use of the Ru7VOx system ensures both a

higher degree of ethanol dehydrogenation and a higher rate

of its subsequent oxidation (as compared with character-

istics of individual platinum and ruthenium, respectively).

The Ru :M ratio optimal as regards the degree and rate of

ethanol electrooxidation is *2 : 1 irrespective of the nature

of the promoting component. These studies demonstrated

the prospects of the development of multicomponent cata-

lysts of ethanol oxidation which would provide the high rate

of CO2 formation as a result of changing the energy of

ethanol interaction with the catalyst surface.

4. Catalyst supports
The development of highly efficient supports for catalysts

pertains to the most important routes of optimization of

processes in low-temperature fuel cells. On the one hand,

the support material affects the microstructural properties

of the catalyst active phase (the first group of parameters)

and, on the other hand, it determines the macrokinetics of

the electrode process when the catalyst operates within a FC

electrode (the second group of parameters). The first group

involves parameters developed mainly in the stage of

catalyst formation, i.e., the porosity, the surface area, the

particle size distribution and the phase composition. Param-

eters of the second group describe how the support affects

the catalyst performance depending on conditions of mass

transfer of electrode reaction components and also the

electron conductivity of the active layer as a function of

support characteristics.

Table 3. Activity of various catalysts at potentials of 0.33 and 0.43 V in ethanol electrooxidation.104, 105, 109

Catalyst Potential 0.33 V Potential 0.43 V

mA per mg of mA per mg of mA per mg of mA per mg of
noble mertal the catalyst noble mertal the catalyst

15% Ru68Ni32Ox/XC-72 47.9 5.6 111 13.0

20% Ru70Cr30Ox/XC-72 41.5 6.8 90.2 14.8

20% Ru60V40Ox/XC-72 48.0 7.2 107 16.0

20% Pd (E-TEK) 17.5 3.5 85.0 17.0

20% Pt (E-TEK) 31.0 6.2 57.5 11.5

Note. The activity was determined in the anodic branch of the quasisteady-state curve; w=5 mV s71, electrolyte: 1M EtOH+2M KOH,

T=60 8C.
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Figure 5. Chronoamperograms at the potential of 0.13 V (a) and
pulse curves (w=500 mV s71) recorded after chronoamperograms
(b) on catalysts with 15% Ru/XC-72 (1) and 20% Ru7VOx/XC-72
(2) and also background curve (w=500 mV s71) for 20%
Ru7VOx/XC-72 (3).
Catalyst is applied on a model nickel grid electrode in the amount
of 1 mg cm72, current is normalized to the specific surface area of
ruthenium. The quantity of electricity required for alcohol dehy-
drogenation /C cm72: (1) 0.24, (2) 0.52; electrolyte:
0.2M EtOH+1M KOH, T=60 8C.
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To date, the following main groups of support materials

have been proposed and studied:

Ð carbon materials that embrace various blacks, acti-

vated carbons, graphenes, diamond-like structures includ-

ing those doped with various elements; nanomaterials,

nanotubes, nanocones, nanofibres, etc.;112, 113

Ð oxides, nitrides and carbides of various

elements;93, 114, 115

Ð conducting materials based on organic polymers

(polyaniline, polypyrrole, polythiophene, etc.).116, 117

An increase in the specific surface area of the carbon

support was shown 111 to be accompanied by the increase in

the activity and specific surface area of Ru2Ni/C, a catalyst

of ethanol electrooxidation in the alkaline medium (Fig. 6).

Thus, transition to supports with higher specific surface

areas increases the number of active sites formed; hence, the

catalyst utilization factor also increases. The increase in the

metal phase degree of dispersion upon the increase in the

carbon support specific surface area can be explained by the

stabilizing effect of the support during the catalyst prepa-

ration by the thermochemical method. At the same time, the

kinetics and the mechanism of ethanol oxidation are prob-

ably the same for all supports, as evidenced, on the one

hand, by the invariance of the optimal ratios of catalyst

components and, on the other hand, by similar slopes of the

corresponding polarization curves in the potential range

under consideration (Fig. 7).

Despite the highly developed surface and the high

conductivity of furnace blacks, they contain a small number

of mesopores, which complicates the access of reactants to

the catalyst and the removal of CO2 formed during the FC

operation. Moreover, electrochemical oxidation of a black

can occur, resulting in the detachment of metal catalyst

particles from the support.118 In connection with this,

alternative supports for electrocatalysts, first of all, carbon

nanotubes and nanofibres, are being explored. As regards

their use in electrocatalysis, the carbon nanomaterials

should combine characteristics such as highly developed

surface and mesoporous structure, corrosion resistance and

high conductivity. Physicochemical characteristics and

methods used for synthesis and preliminary treatment of

nanomaterials that serve as catalyst supports have already

been summarized.119, 120 Below, we consider the main

results on their use in ethanol electrooxidation.

The problems associated with the formation of catalysts

for ethanol FC with acidic electrolytes were discussed in

several publications.121 ± 126 The majority of studies were

aimed at the development of multicomponent systems based

on platinum. First of all, we consider the results of our

studies along this line.121, 122 The Pt7Sn catalysts formed

on pyrolytic carbon materials by a modified polyol method

demonstrated the higher performance in ethanol electro-

oxidation as compared with commercial platinum-contain-

ing catalysts and also with similar systems formed on XC-72

black.

Efficient Pd and Pd7Ni catalysts were formed on the

surface of multi-walled nanotubes and carbon nanofibres to

be used in alkaline ethanol FC. 127, 128 An active catalyst was

synthesized by electrodeposition of a monolayer of nickel

particles on multi-walled nanotubes pretreated with nitro-

aniline.129 A positive effect was also obtained when multi-

walled nanotubes were used as the supports for Ru7VOx

catalysts.130, 131 The optimized system Ru7VOx/multi-

walled nanotubes exhibited a higher activity per catalyst

unit mass as compared with Ru7VOx/XC-72.

When developing metal/oxide composite systems, the

possibility of using oxide supports as an alternative to

carbon materials was often considered. One of the main

advantages of oxides over carbon blacks is the combination

of electronic and ionic conductivity, which reduces the

ohmic losses at the formation of considerably thick catalytic

layers. Moreover, in contrast to carbon materials of sup-

ports, oxides exhibit high hydrophilicity, which facilitates

the control over mass exchange processes in the membra-

ne ± electrode assembly of the fuel cell. The use of SnO2 as

the support made it possible to synthesize a platinum

catalyst with the average particle size of * 2.5 nm and the
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Figure 6. Dependence of specific activity of a 20% Ru2Ni/C
catalyst on the specific surface area of the support.111

The catalyst is applied on the model electrode of pyrolytic graphite
in the amount of 100 g cm72. Activity is determined in the anodic
branch of a quasisteady-state curve (w=5 mV s71) at the potential
of 0.5 V; electrolyte: 1M EtOH+2M KOH, T=40 8C.
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Figure 7. Polarization curves characterizing the ethanol oxidation
on 20% Ru2Ni catalysts formed on various supports.111

Catalysts are applied on a model pyrolytic graphite electrode in the
amount of 100 g cm72. Anodic branch, 5 mV s71, electrolyte:
1M EtOH+2M KOH, T=40 8C. Support (black): (1) AD-100,
(2) XC-72, (3 ) HSAG, (4) EC-300, (5) EC-600.
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activity resulting from its bifunctional properties. This

material surpassed the Pt/C catalyst as regards stability

and activity per unit mass or unit surface area of plati-

num.114 The formation of a platinum catalyst for ethanol

oxidation with a support made of the composite SnO2/

carbon nanotubes was reported.132 The stability of plati-

num catalysts was found 133 to be higher on supports based

on TiO2 -promoted carbon materials, because water mole-

cules structurally bound to the oxide could take part in

oxidation of ethanol chemisorption products.

IV. The state-of-the-art of the research of direct
ethanol fuel cells

The main routes in the design of low-temperature FC of

direct ethanol oxidation involve the development of highly

active stable catalysts and also the optimization of the

electrolyte composition. In these works, several peculiarities

of this type of FC, which determine the basic difference of

these investigations from the studies on the development of

hydrogen ± air FC, should be taken into account:

Ð the anodic reaction in an ethanol FC is slow; as a

rule, the faradaic efficiency of ethanol utilization in acidic

solutions is <40% and approaches 80% only in alkaline

solutions;

Ð the anodic reaction rate can be increased by increas-

ing the temperature of the fuel mixture to >80 8C; however,
this is accompanied by an increase in the deactivation rate

of the cathodic catalyst due to acceleration of ethanol cross-

over to the cathode space; and, moreover, the pressure

cannot be varied without limitations determined by the

ethanol solution boiling temperature;

Ð the cathodic reaction rate in acidic solutions

decreases due to catalyst poisoning with ethanol that

penetrates into the cathode space as a result of the crossover

effect, and this also leads to the loss of fuel;

Ð taking into account the low activity of cathodic and

anodic systems in alcohol ± air FC, considerable amounts of

catalysts should be used, which increases the active layer

thickness thus aggravating transport complications; more-

over, when alcohols are used as the fuel, the stability of a

solid polymer electrolyte is lower than in the case of hydro-

gen fuel;

Ð integrated optimization of the cathode, the anode

and the membrane ± electrode assembly as a whole is neces-

sary, which is explained by specific conditions of FC

operation where ethanol solution is fed to the anode; the

anode active layer should have a mesoporous structure to

provide efficient delivery of ethanol solution and the

removal of carbon dioxide. As compared with the hydro-

gen ± air FC, the use of liquid fuel ensures sufficient wetting

of the membrane and eliminates the necessity of preliminary

wetting of the oxidant, because the required humidity at the

cathode is maintained by water formed in oxygen reduction.

The pursuit for the advancement of direct ethanol FC is

stimulated by achievements in the mathematical simulation

of the corresponding processes 134 and also by the develop-

ment of new construction materials and ion-exchange mem-

branes.135, 136 The type of electrolyte used is the decisive

factor which determines the FC architecture and character-

istics and also the choice of catalytic systems and operation

conditions.

The use of solid polymer electrolyte (membrane) pro-

vides spatial separation of the cathode and the anode at a

minimum distance between them, which makes it possible to

minimize ohmic losses (virtually completely determined in

this case by the membrane electric resistance) and forms

prerequisites for FC miniaturization. The main require-

ments to membranes are their chemical and electro-

chemical stability at low permeability to ethanol

(<1076 mol cm72 min71), high ionic conductivity

(>0.08 S cm71) and low cost. An additional requirement

is low crossover of dissolution products of platinum-mod-

ifying metals (M=Ru, Sn, etc. ) from the anode to the

cathode when Pt7M catalysts are used at the anode.137

At the formation of the membrane ± electrode assembly,

as a rule, the `catalytic ink' is prepared, i.e., a suspension of

catalyst powder in a solution of a polymer electrolyte

(ionomer) and a stabilizer of suspension, to be later spread

over the gas-diffusion layer made of graphitized paper or

metal grid. For spreading the catalytic ink, many methods

are used such as brushing,138 spraying,139 screen printing.140

Ink is applied on the gas-diffusion layer and then the

resulting electrodes are pressed to the membrane. The

formed membrane ± electrode assembly is fixed between the

cathodic and anodic current-collector plates which have

channels in the zone of their contact with the gas-diffusion

layer for the delivery of reactants and the removal of

reaction products.

Typically, the membrane ± electrode assemblies for etha-

nol FC use large amounts of platinum at the anode, namely,

3.0 mg cm72 and above. Even for catalysts with 40 mass%

(and more) of metal, the anodic layers are considerably

thick and comparable with the gas-diffusion layer. This

determines the necessity of adding large amounts of ion-

omer into the active layer in order to create acceptable

conditions for ion transport and porosity sufficient for the

delivery of the liquid reactant and the removal of gaseous

products (CO2). One of possible versions is the formation of

active layers both with hydrophobic (gas-outlet network)

and hydrophilic (liquid and electron transport network)

pores.141 Nonetheless, even using special methods for the

anodic active layer formation, it is much more difficult to

provide the access of the liquid fuel to the catalyst as

compared with gaseous fuel. Thus, to overcome the trans-

port limitations is a challenge for development of the active

layer at the anode.

The working conditions of direct ethanol FC are con-

stantly affected by ethanol that has penetrated through the

membrane, which is critical for unloaded FC. The main way

to overcome this difficulty is to develop a membrane with

low permeability to fuel; to enhance the stability of FC

operation, and ethanol-tolerant cathodic catalysts are also

required.122

The working parameters of an ethanol FC have also

certain specific features. The boiling temperature of recti-

fied alcohol (95.57% ethanol) is 78.15 8C and, although FC

use preferentially 1 ± 2M ethanol solutions (at higher con-

centrations, the ethanol crossover to the cathode space

considerably increases), operation of such systems at tem-

peratures >90 8C is only possible at elevated pressures in

the fuel cell (to prevent boiling). This complication can be

overcome by using liquid alkaline electrolytes.

1. Membranes for alcohol ± air fuel cells
Depending on the type of conduction, membranes of direct

alcohol FC can be classified as cation- and anion-exchange

electrolytes; porous membranes filled with liquid electrolyte
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are also being distinguished. The most frequently used

membranes are those of the first type which include first of

all commercial perfluorinated membranes Nafion (manu-

factured by Du Pont), various Nafion-based composite

membranes and non-fluorinated (hydrocarbon) mem-

branes.

Despite their high ionic conductivity (>0.1 S cm71),

commercial membranes Nafion (particularly, Nafion 115

with the thickness of 125 mm) have several drawbacks

when used in direct alcohol FC, namely, high crossover of

alcohol and dissolution products of ruthenium, high cost,

operating temperature limitations (<80 8C) and strict

requirements as regards wetting. These drawbacks are

partly eliminated in the thick membrane Nafion 117 (thick-

ness 175 mm). The use of composite fluorinated membranes

with inorganic additives extends the range of working

temperatures and suppresses the alcohol crossover. The

most popular method for improving direct alcohol FC is

their modification with silicon compounds. For membranes

with silicon additives, the operating temperature increases

to 150 8C. Nafion membranes containing 10%± 20% diphe-

nylsilicon 142 have the nanolayer microstructure, which

prevents the alcohol crossover. The possibilities of forming

a layered structure in order to eliminate the crossover were

studied by several authors (for example, see Ref. 143). The

multilayer structure may involve layers with different pro-

ton conductivity or consist of polymers with different

equivalent masses.

Non-fluorinated polymer membranes for FC for the

direct oxidation of alcohols (first of all, methanol) are also

called `hydrocarbon' membranes and can be subdivided into

three main groups:144

Ð composite membranes with modified organic compo-

nents;

Ð acid-base membranes with modified polymer chains;

Ð acid-base membranes synthesized from monomer

units.

Polyvinyl fluoride films modified with SiO2 and treated

with 60% H2SO4 have nanopores measuring 1.5 ± 3 nm; in

Nafion membranes of similar thickness, the pore size is

3 nm.145 For smaller pores, the alcohol crossover is weaker

(in the case under consideration, it is weaker by almost one

order of magnitude as compared with Nafion membranes).

Membranes can operate in the temperature range of

0 ± 90 8C; they are thermally stable up to 120 8C and

cheap. Membranes based on sulfonated poly(3-methylphe-

noxy)phosphazene are characterized by high conductivity

and low diffusion coefficient of ethanol

(1.661078 cm2 s71);146 moreover, they are chemically sta-

ble and mechanically strong. It was also assumed 147, 148 that

the low permeability of hydrocarbon membranes to ethanol

(as compared with Nafion) is due to the presence of a larger

number of branched narrow water channels with dead ends.

It should be noted that hydrocarbon membranes are, on

average, three times cheaper than fluoropolymer mem-

branes. However, both perfluorinated and hydrocarbon

membranes have insufficiently long service life, first of all,

in units working at elevated temperatures and pressures.

When passing to hydrocarbon membranes, the decrease in

the alcohol crossover to the cathode space is accompanied

by a decrease in the proton conductivity. The corresponding

ionomer solutions have not yet been developed, which

makes it difficult to form active layers based on hydro-

carbon membranes.

Alcohol ± air FC with alkaline electrolytes usually

employ anion-exchange membranes or membrane separa-

tors of the matrix type. The latter membranes separate the

FC electrodes; the conductivity of such membranes is

associated with the presence of the alkaline solution in the

pores. The alcohol ± air FC employ rather often separating

membranes based on alkali-resistant asbestos, polybenzoi-

midazole (PBI), polyvinyl alcohol (PVA) and polypropy-

lene. PBI-based membranes impregnated with alkaline sol-

utions are characterized by the high thermal stability and

chemical resistance.108 Their conductivity increases with the

increase in the alkali concentration and is 561075 to

1071 S cm71 (see Ref. 5), i.e., it approaches characteristics

of Nafion 117 membranes. The permeability of PBI-based

membranes to ethanol is two orders of magnitude lower as

compared with Nafion membranes.149 The rate of ethanol

crossover through a PBI membrane reaches its maximum at

the alkali concentration of 3.5 mol litre71 and then

decreases as the latter increases. A substantial drawback of

separating membranes is the non-uniform distribution of

their conductivity throughout the bulk

In order to achieve the uniform distribution of conduct-

ing zones throughout the membrane bulk, topical is the

development of anion-exchange membranes with incorpo-

rated ionogenic groups (structures 1 ± 6). Yet another

advantage of FC with anion-exchange membranes is weak-

ening of alcohol crossover, because in this case, the alcohol

transfer to the cathode space occurs under conditions of

counter-flow of HO7 ions.

Structures 1 ± 6

Quaternized polysulfone is the basis of most anion-

exchange membranes.150 Such membranes are stable in a

2M NaOH solution up to 40 8C. In 1M KOH, membranes

of quaternized poly(ether sulfone) remain stable up to

70 8C.151 Despite the lower conductivity as compared with

Nafion (0.04 S cm71 at room temperature), the mentioned

membranes are characterized by relatively low permeability

to ethanol. These and other types of anion-exchange mem-

branes were surveyed.5, 136 The alcohol ± air FC with alka-

line electrolytes employ most often commercial anion-

exchange membranes manufactured by Tokuyama and

Solvay S.A. companies. However, the information on their

composition and structure is limited.136

On the whole, the general drawbacks of anion-exchange

membranes include their lower ionic conductivity as com-
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pared with Nafion 117, which is associated with the lower

mobility of OH groups compared with protons, and high

sensitivity of membrane characteristics with respect to the

level of wetting.5 In addition, membrane stability under

conditions of high alkali concentrations at elevated temper-

atures should be increased.

2. Characteristics of direct ethanol fuel cells
The analysis of published results of tests has shown that

irrespective of the electrolyte type used, the functional

characteristics of direct ethanol FC are determined, first of

all, by the electrocatalysis of the anodic reaction. Both in

acidic and alkaline media, on going from individual metal

catalysts to multicomponent catalysts, the power density

and open-circuit voltage increase (Table 4). The observed

increase of these characteristics is usually attributed to

acceleration of the anodic reaction along pathway C2. At

the same time, binary systems in alkaline electro-

lytes 104, 105, 109 (in some cases, in acidic electrolytes 13) can

provide a high yield of CO2 .

On average, the performance characteristics of ethanol

FC with liquid alkaline electrolytes are higher than in the

case of proton-conducting electrolytes. According to model

concepts on the anodic reaction mechanism, the higher

open-circuit voltage observed in alkaline electrolytes points,

first of all, to a greater degree of ethanol dehydrogenation.

The power density increases with the increase in the alkali

concentration, which is most clear in the low potential range

corresponding to the kinetic region of the anodic reaction.5

However, the wider use of alcohol FC with alkaline electro-

lytes is limited by the following factors:

Ð high alkali concentrations induce decomposition of

the majority of polymer membranes and reduce the service

life of components of the FC structure;

Ð in the CO2 formation zone in alkaline solutions, the

carbonization of electrolyte takes place, which is accompa-

nied by deposition of carbonates on electrodes;

Ð when a system contains concentrated alkali solutions,

the estimated overall characteristics of the FC degrade; also,

it is necessary to organize the storage and delivery of

alkaline electrolytes.

Only few studies with results of long-term service-life

tests of direct ethanol FC are published. According to Shen

et al.,162 a 15% power loss of ethanol FC with the mem-

brane ± electrode assembly based on a Nafion 115 mem-

brane and catalysts of Pt (cathode) and Pt7Sn (anode),

which was observed in 60-h tests, is due to catalyst degra-

dation. By the methods of X-ray diffraction and trans-

mission electron microscopy, the coarsening of particles

after the service-life tests was observed preferentially for

the cathodic catalyst. Zhou et al.154 achieved stable oper-

ation of a FC with an anode based on Pt7Sn (9 : 1) catalyst,

while the FC voltage was kept at a level of 0.3 V for at least

14 days. As the load increased, the anode potential also

increased, which resulted in irreversible oxidation of tin and

degradation of FC characteristics.

Long-term (220 h) continuous tests of stability were

carried out at the constant voltage of 0.5 V in full-scale

membrane ± electrode assemblies with the surface area of

50 cm2 (Fig. 8). 75, 76 The results demonstrated stability of

characteristics in time. In the loaded state, the current per

unit geometric surface area of the electrode was

*50 mA cm72, which corresponded to the power of

*1.2 W. For FC with non-platinum catalysts, sufficiently

stable work of the membrane ± electrode assembly was

observed for 150 h at the voltage of 0.55 V (Fig. 9). The

results obtained have shown that even at this stage of

studies, portable ethanol ± air FC can be developed in both

acidic and alkaline electrolytes.

In recent years, studies on modifying conventional direct

ethanol FC were being actively developed with the aim of

enhancing the FC efficiency. In view of this, mention should

be made of the development of a medium-temperature

ethanol FC (up to 145 8C),163 the studies on the prospects

of using mixed-composition fuels [with addition of meth-

anol 164 or metal borohydride (alkaline FC) 165], and also

the attempt to obtain the maximum FC characteristics by

changing the oxidant (O2 by H2O2).166 It should be noted

that the majority of these studies are of interest first of all as

prospecting model investigations because, as a rule, the

practical efficiency of systems proposed was not discussed.
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Figure 8. Current vs. time dependence at the voltage of 0.5 V,
measured during testing a membrane ± electrode assembly with the
surface of 50 cm2 (current is normalized to the geometric surface
area of the anode).76

1M EtOH solution, T=75 8C, pO2
= 2 atm; cathodic catalyst: 40%

Pt (E-TEK) in the amount of 1.5 mg cm72; anodic catalyst: Pt7Sn
(3 : 1, 40% Pt) in the amount of 3.5 mg cm72.
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Figure 9. Current vs. time dependence at voltage of 0.5 V
recorded during testing of a membrane ± electrode assembly with
the surface area of 25 cm2 (current is normalized to the geometric
surface area of the anode).
Electrolyte: 2M EtOH+3M KOH, T=65 8C, air oxygen (without
excess pressure) as oxidant; on the cathode, catalyst PP CoTMPP
in the amount of 7.0 mg cm72; on the anode, catalyst of
40% Ru7VOx/XC-72 in the amount of 9.9 mg cm72; fuel con-
sumption 4.5 ml min71.
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Table 4. Characteristics of ethanol ± oxygen FC with various types of membranes and catalysts.

Membrane ± electrode assembly composition Amount of Testing conditions OCV Pmax Ref.
platinum-group /V /mW cm72

metal /mg cm72

cathode membrane anode a at the at the T ps pa cs ca
cathode anode /8C /atm /atm /mol litre71 /mol litre71

40% Pt/C Nafion 117 Pt7Sn (9 : 1, 30%)/C 2.0 2.0 90 3 2 1 0 0.80 53 32

Nafion 117 Pt7Sn (5 : 1, 30%)/C 2.0 1.0 110 1 1 1 0 0.77 45 152

50% Pt/C Nafion 115 Pt7Sn (5 : 1, 20%)/C 1.0 2.0 90 7 2 1 0 0.78 58 153

20% Pt/C Nafion 115 Pt7Sn (1 : 1, 20%)/C 1.0 1.33 90 7 2 1 0 0.82 52 154

Nafion 115 Pt7Ru (1 : 1, 20%)/C 1.0 1.33 90 7 2 1 0 0.70 28 154

40% Pt/C Nafion 117 Pt7Sn (9 : 1, 60%)/C 2.0 3.0 80 3 1 2 0 0.70 27 155

Nafion 117 Pt7Sn7Ru (86 : 10 : 4, 60%)/C 2.0 3.0 80 3 1 2 0 0.70 50 155

Pt (black) Nafion 115 Pt7Ru (1 : 1, (black) 3.0 3.0 90 2 0 1 0 0.65 30 156

Pt7Ru (black)+Pt7Sn Nafion 115 Pt7Ru (black)+Pt7Sn (3 : 1, 45%)/C 3.7 2.5+1.7 90 0 2 1.5 0 0.85 96 157

40% Pt (E-TEK) Nafion 117 Pt7Sn (3 : 1, 40%)/XC-72 1.2 2.5 75 0 2 2 0 0.77 60 ± 80 75, 76

Nafion 117 Pt7Sn (3 : 1, 40%)/CNT 1.2 2.5 85 0 2 1 0 0.74 52 75, 76

20% Pt/C PBI/KOH Pt7Ru (1 : 1, 45%)/C 1.0 2.0 90 7 7 2 2 0.95 61 158

Pt (black) Tokuyama Pt7Ru (black) 3.0 3.0 20 7 7 4 7 0.88 58 159

3.0 3.0 20 7 7 4 0 0.67 6 159

Fe7Co Tokuyama Pd (4%)7(Ni7Zn)/C 0 1.0 25 7 0 *2.2 2 0.80 61 160

HYPERMECTM 0 1.0 80 7 0 *2.2 2 0.90 170 160

Tokuyama Pd (30%)/C 0 3.0 40 7 7 3 5 0.85 58; 42 b 99

PdAu (3 : 1, 30%)/C 0 3.0 40 7 7 3 5 0.85 58; 52 b 99

Pd (3.8%)/MWNT 0 1.0 25 7 7 *2.2 2 0.70 25 161

0 1.0 80 7 7 *2.2 2 0.83 73 161

Pd (20%)/C 0 1.0 60 7 7 3 5 0.80 66 162

PdNi (2 : 3, 20%)/C 0.90 90 162

Ni7Fe7Co HYPERMECTM 0 0 40 7 7 3 7 0.74 60 97

PP CoTMPP/XC-72 Nafion 117 Ru7VOx (3 : 2, 20%)/XC-72 0 1.5 60 0 0 4 6 0.95 56 108, 109

PBI/KOH Ru7VOx (3 : 2, 20%)/XC-72 0 3.4 80 0 0 2 3 0.92 125 108, 109

PBI/KOH Ru7VOx (3 : 2, 20%)/XC-72 0 4.4 80 0 0 2 4.5 0.89 167 108, 109

Note. The following designations are used: ps is ethanol pressure; pa is alkali pressure; cs is ethanol concentration; ca is alkali concentration, OCV is the open circuit voltage, CNT is carbon nanotubes;

PP CoTMPP/XC-72 is the pyropolymer of cobalt tetra(p-methoxyphenyl)porphyrin of carbon black;MWNT are multi-walled nanotubes. a in parentheses, the ratios of components and the contents of Pt, Pd,

Ru in the overall catalytic systems are shown and also, for Ru ± VOx catalysts, the sum of mass fractions of ruthenium and vanadium is given; bPmax values before (the first value) and after (the second value)

288-h tests of stability.
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V. Conclusion

Direct ethanol fuel cells pertain to the most promising

electrochemical current generators. Numerous studies were

devoted to the following aspects of the development of

ethanol FC: the synthesis of highly active electrocatalysts,

the formation of chemically stable polymer membranes, and

the optimization of the structure of the membrane ± elec-

trode assembly and FC as a whole. At the same time, the

main problem in designing direct ethanol FC, namely, the

achievement of stably high rates of ethanol electrooxidation

for the maximum reaction selectivity with respect to CO2, is

still unsolved. This problem is of special importance for fuel

cells with proton-conducting polymer electrolytes, which

are most often considered as the alternative to chargeable

batteries used as power sources in portable electronic

devices.

At present, there are no catalysts capable of providing a

sufficient degree of conversion at room temperature.14 To

keep operating a medium-temperature FC that provides the

necessary degree of ethanol oxidation, additional equip-

ment should be used, which reduces the efficiency of the

system as a whole. In a low-temperature (80 ± 90 8C) etha-
nol FC with a liquid alkaline electrolyte, the yield of CO2

can reach 80%. In alkaline ethanol FC, due to acceleration

of ethanol dissociative adsorption and oxidation in the

reaction layers containing OH groups and also due to the

lower corrosive resistance as compared with acidic electro-

lytes, the successful use of non-platinum metal oxide cata-

lysts is possible. However, the high rate of CO2 formation in

the presence of alkali leads to irreversible accumulation of

carbonates in the fuel mixture. Moreover, the high rate and

the acceptable degree of the anodic process are attained, as

a rule, only in concentrated alkaline solutions. This deter-

mines the enhanced requirements to chemical stability of

membranes used and also to mechanical strength of FC

structural elements.

To solve the above problems, further upgrading of

structural materials for ethanol FC is necessary, which is

possible only based on further detailed elaboration of views

on the mechanisms of ethanol adsorption and electrooxida-

tion in various media and the properties of polymer mem-

branes and also on the microscopic structure of potential

catalysts.

References

1. W Vielstich Brennstoff Elemente (Weinheim: Verlag Chemie,
1965)

2. B B Damaskin, O A Petrii, V V Batrakov Adsorbtsiya Organ-
icheskikh Soedinenii na Elektrodakh (Adsorption of Organic
Compounds on Electrodes) (Moscow: Nauka, 1968)

3. G V Vitvitskaya, V S Daniel'-Bek Zh. Prikl. Khim. 38 1043
(1965) a

4. E Antolini Appl. Catal., B 74 337 (2007)
5. E Antolini, E R Gonzalez J. Power Sources 195 3431 (2010)
6. O A Petrii, inHandbook of Fuel Cells Vol. 2 (London: Wiley,

2003)
7. B I Podlovchenko, O A Petrii, A N Frumkin, Hira Lal

J. Electroanal. Chem. 11 12 (1966)
8. B I Podlovchenko, T D Gladysheva, V F Stenin, V I Levina

Elektrokhimiya 9 1680 (1973) b

9. H Hitmi, M Belgsir, J-M Leger, C Lamy, R O Lezna
Electrochim. Acta 39 407 (1994)

10. J Shin, W J Tornquist, C Korzeniewski, C S Hoaglund
Surf. Sci. 364 122 (1996)

11. G A Camara, T J Iwasita Electroanal. Chem. 578 315 (2005)
12. M J S Farias, G A Camara, A A Tanaka J. Solid State

Electrochem. 11 1465 (2007)
13. V Rao, C Cremers, U Stimming, L Cao, S G Sun, S Y Yan,

G Q Sun, Q Xin J.Electrochem. Soc. 154 B1138 (2007)
14. S C S Lai, S E F Kleijn, F T Z OÈ ztuÈ rk,

V C van Rees Vellinga, J Koning, P Rodriguez,
M T M Koper Catal. Today 154 92 (2010)

15. A F Lee, D E Gawthrope, N J Hart, K Wilson Surf. Sci. 548
200 (2004)

16. J F Gomes, B Busson, A Tadjeddine, G Tremiliosi-Filho
Electrochim. Acta 53 6899 (2008)

17. M H Shao, R R Adzic Electrochim. Acta 50 2415 (2005)
18. Yu B Vasil'ev, V S Bagotskii Russ. Chem. Rev. 44 913 (1975)
19. O A Petrii, N Lokhanyan Elektrokhimiya 4 514 (1968) b

20. B B Damaskin, L NNekrasov, O A Petrii, B I Podlovchenko
Elektrodnye Protsessy v Rastvorakh Organicheskikh Soedinenii
(Electrode Processes in Organic Compound Solutions)
(Moscow: Moscow State University, 1985)

21. B I Podlovchenko, O A Petrii, A N Frumkin Dokl. Akad.
Nauk SSSR 153 379 (1963) c

22. S C S Lai, S E F Kleyn, V Rosca, M T M Koper J. Phys.
Chem. C 112 19080 (2008)

23. F Colmati, G Tremiliosi-Filho, E R Gonzalez Faraday
Discuss. 140 379 (2008)

24. H Wang, Z Jusys, R J Behm J. Power Sources 154 351 (2006)
25. T Iwasita, E Pastor Electrochim. Acta 39 531 (1994)
26. R B Kutz, B Braunschweig, P Mukherjee, D D Dlott,

A Wieckowski J. Phys. Chem. Lett. 2 2236 (2011)
27. R B Kutz, B Braunschweig, P Mukherjee, R L Behrens,

D D Dlott, A Wieckowski J. Catal. 278 181 (2011)
28. J L Davis, M A Barteau Surf. Sci. 235 235 (1990)
29. J Willsau, J Heitbaum J. Electroanal. Chem. 194 27 (1985)
30. S S Beskorovainaya, Yu B Vasil'ev, V S Bagotskii

Elektrokhimiya 1 691 (1965) b

31. B Beden, M-C Morin, F Hahn, C Lamy J. Electroanal.
Chem. 229 353 (1987)

32. F C SimoÄ es, D M Anjos, F Vigier, J-M Leger, F Hahn,
C Coutanceau, E R Gonzalez, G Tremiliosi-Filho,
A R de Andrade, P Olivi, K B Kokoh J. Power Sources 167 1
(2007)

33. B Beden, S Bilmes, C Lamy, J M Leger J. Electroanal. Chem.
149 295 (1983)

34. X H Xia, H-D Liess, T Iwasita J. Electroanal. Chem. 437 233
(1997)

35. D Bayer, S Berenger, M Joos, C Cremers, J TuÈ bke
Int. J. Hydrogen Energy 35 12660 (2010)

36. Yu B Vasil'ev, V S Bagotskii Dokl. Akad. Nauk SSSR 148
132 (1963) c

37. A V Tripkovic', K Dj Popovic', J D Lovic' Electrochim. Acta
46 3163 (2001)

38. K D Snell, A G Keenan Electrochim. Acta 26 1339 (1981)
39. K D Snell, A G Keenan Electrochim. Acta 27 1683 (1982)
40. R Manohara, J B Goodenough J. Mater. Chem. 2 875 (1992)
41. Q Wang, G Q Sun, L H Jiang, Q Xin, S G Sun, Y X Jiang,

S P Chen, Z Jusys, R J Behm Phys. Chem. Chem. Phys. 9
2686 (2007)

42. J Wang, S Wasmus, R F Savinell J. Electrochem. Soc. 142
4218 (1995)

43. F Vigier, C Coutanceau, F Hahn, E M Belgsir, C Lamy
J. Electroanal. Chem. 563 81 (2004)

44. L Jiang, A Hsu, D Chu, R Chen Int. J. Hydrogen Energy 35
365 (2010)

45. M Heinen, Z Jusys, R J Behm J. Phys. Chem. C 114 9850
(2010)

46. V Del Colle, J Souza-Garcia, G Tremiliosi-Filho, E Herrero,
J M Feliu Phys. Chem. Chem. Phys. 13 12163 (2011)

M R Tarasevich, O V Korchagin, A V Kuzov Russ. Chem. Rev. 82 (11) 1047 ± 1065 (2013) 1063



47. J M PeÂ rez, E MunÄ oz, E MoralloÂ n, F Cases, J L VaÂ zquez,
A Aldaz J. Electroanal. Chem. 368 285 (1994)

48. V S Entina, O A Petrii, Yu N Zhitnev Elektrokhimiya 3 344
(1967) b

49. V Rao, Hariyanto, C Cremers, U Stimming Fuel Cells 7 417
(2007)

50. S C S Lai, M T M Koper Phys. Chem. Chem. Phys. 11 10446
(2009)

51. J S Spendelow, J D Goodpaster, P J A Kenis, A Wieckowski
J. Phys. Chem. B 110 9545 (2006)

52. M Watanabe, S Motoo J. Electroanal. Chem 60 267 (1975)
53. P Liu, A Logadottir, J K Norskov Electrochim. Acta 48 3737

(2003)
54. M T M Koper Surf. Sci. 548 1 (2004)
55. Y Wang, Y Mi, N Redmon, J Holiday J. Phys. Chem. C 114

317 (2010)
56. P E Tsiakaras J. Power Sources 171 107 (2007)
57. J C M Silva, R F B De Souza, L S Parreira, E Teixeira Neto,

M L Calegaro, M C Santos Appl. Catal., B 99 265 (2010)
58. M T M Koper J. Electroanal. Chem. 574 375 (2005)
59. U B Demirchi J. Power Sources 173 11 (2007)
60. Y Guo, Y Zheng, M H Guo Electrochim. Acta 53 3102 (2008)
61. C Xu, Z Tian, P K Shen, S P Jiang Electrochim. Acta 53 2610

(2008)
62. C R K Rao, D C Trivedi Coord. Chem. Rev. 249 613 (2005)
63. M Zhu, G Sun, Q Xin Electrochim. Acta 54 1511 (2009)
64. G Viau, F Flevet-Vincent, F Flevet Solid State Ionics 84 259

(1996)
65. G Wu, S Raja, G Cui J. Power Sources 172 180 (2007)
66. W Zhon, Z Zhon, S Song, W Li, G Sun, P Tsiakaras, Q Xin

J. Appl. Catal. B 46 273 (2003)
67. H Bonneman, R Ryan, in Catalysis and Electrocatalysis at

Nanoparticle Surfaces (Basel, New York: Marcel Dekker, 2003)
68. C Bock, H Halvorsen, B MacDougall, in PEM Fuel Cell

Electrocatalysts and Catalyst Layers: Fundamentals and
Applications (London: Springer, 2008) p 447

69. E Antolini, E R Gonzalez Catal. Today 160 28 (2011)
70. C Coutanceau, S Brimaud, C Lamy, J-M LeÂ ger, L Dubau,

S Rousseau, F Vigier Electrochim. Acta 53 6865 (2008)
71. W J Zhou, W Z Li, Z H Zhou J. Power Sources 131 217 (2004)
72. E Antolini J. Power Sources 170 1 (2007)
73. P Anres, M Gaune-Escard, J P Bros, E Hayer J. Alloys

Compd. 280 158 (1998)
74. V I Kuznetsov, A S Belyi, E N Yurchenko, M D Smolikov,

M T Protasova, E V Zatolokina, V K Duplayakin J. Catal. 99
159 (1986)

75. A V Kuzov, Candidate Thesis in Chemical Sciences,
A N Frumkin Institute of Physical Chemistry and
Electrochemistry, Russian Academy of Sciences, Moscow, 2010

76. A V Kuzov, M R Tarasevich, V A Bogdanovskaya
Elektrokhimiya 46 444 (2010) b

77. L Jiang, L Colmenares, Z Jusys, G Q Sun, R J Behm
Electrochim. Acta 53 377 (2007)

78. J H Kim, S M Choi, S H Nam, M H Seo, S H Choi,
W B Kim Appl. Catal. B 82 89 (2008)

79. Q-W Zheng, C-J Fan, C-H Zhen, Z-Y Zhou, S-G Sun
Electrochim. Acta 53 6081 (2008)

80. S A Campbell, R Parsona J. Chem. Soc., Faraday Trans. 88 833
(1992)

81. J Souza-Garcia, E Herrero, J M Feliu Chem. Phys. Chem. 11
1391 (2010)

82. A V Tripkovic', K Dj Popovic', J D Lovic', V M Jovanovic',
S I Stevanovic', D V Tripkovic', A Kowal Electrochem.
Commun. 11 1030 (2009)

83. L Colmenares, H Wang, Z Jusys, L Jiang, S Yan, G Q Sun,
R J Behm Electrochim. Acta 52 221 (2006)

84. H Wang, Z Jusys, R J Behm Fuel Cells 4 113 (2004)
85. F Colmati, E Antolini, E R Gonzalez J. Electrochem. Soc. 154

B39 (2007)

86. E Antolini Appl. Catal., B 74 337 (2007)
87. F H B Lima, D Profeti, W H Lizcano-Valbuena,

E A Ticianelli, E R Gonzalez J. Electroanal. Chem. 617 121
(2008)

88. A Kowal, M Li, M Shao, K Sasaki, M B Vukmirovic,
J Zhang, N S Marinkovic, P Liu, A I Frenkel, R R Adzic
Nat. Mater. 8 325 (2009)

89. A O Neto, M Linardi, D M dos Anjos, G Tremiliosi,
E V Spinace J. Appl. Electrochem. 39 1153 (2009)

90. R F B De Souza, M M Tusi, M Brandalise, R R Dias,
M Linardi, E V Spinace, A O Neto Int. J. Electrochem. Sci. 5
895 (2010)

91. R F B De Souza, L S Parreira, J C M Silva, F C SimoKhes,
M L Calegaro, M J Giz, G A Camara, A O Neto,
M C Santos Int. J. Hydrogen Energy 36 11519 (2011)

92. M Fleshmann, K Korinek, D Pletcher J. Electroanal. Chem.
31 39 (1971)

93. E Gyenge, in PEM Fuel Cell Electrocatalysts and Catalyst
Layers: Fundamentals and Applications (London: Springer,
2008) p. 165

94. A Serov, C Kwak Appl. Catal., B 90 313 (2009)
95. S Gupta, J Datta J. Power Sources 145 124 (2005)
96. J S Spendelow, A Wieckowski Phys. Chem. Chem. Phys. 9

2654 (2007)
97. Y S Li, T S Zhao, Z X Liang J. Power Sources 190 223 (2009)
98. Y-F Yu Yao, J T Kummer J. Catal. 28 124 (1973)
99. J B Xu, T S Zhao, S Y Shen, Y S Li Int. J. Hydrogen Energe

35 6490 (2010)
100. F Cheng, X Dai, H Wang, S P Jiang, M Zhang, C Xu

Electrochim. Acta 55 2295 (2010)
101. H Kita, H Nakajima, K Hayashi J. Electroanal. Chem. 190

141 (1985)
102. D T Shieh, B J Hwang J. Electrochem. Soc. 142 816 (1995)
103. J-W Kim, S-M Park J. Electrochem. Soc. 146 1075 (1999)
104. M R Tarasevich, V N Titova, A A Yavich, N V Petrova,

V A Bogdanovskaya Zh. Fiz. Khim. 83 2039 (2009) d

105. M R Tarasevich, V A Bogdanovskaya, P V Mazin
Elektrokhimiya 46 574 (2010) b

106. M R Tarasevich, Z R Karichev, V A Bogdanovskaya,
E N Lubnin, A V Kapustin Electrochem. Commun. 7 141
(2005)

107. M R Tarasevich, Z R Karichev, V A Bogdanovskaya,
A V Kapustin, E N Lubnin, M A Osina Elektrokhimiya 41
829 (2005) b

108. A D Modestov, M R Tarasevich, A Yu Leykin,
V Ya Filimonov J. Power Sources 188 502 (2009)

109. M R Tarasevich, V N Titova, A A Yavich, P V Mazin,
O A Terent'eva, N V Petrova Al'ternativ. Energ. Ekol. (10)
141 (2008) e

110. O V Korchagin,M R Tarasevich, V T NovikovRuss. Chem.
Bull. 60 42 (2011) [Izv. Akad. Nauk, Ser. Khim. 42 (2011)]

111. O V Korchagin, M R Tarasevich, E S Davydova,
A D Modestov, V T Novikov Al'ternativ. Energ. Ekol. (10)
117 (2011) e

112. E Antolini Appl. Catal., B 88 1 (2009)
113. A L Dicks J. Power Sources 156 128 (2006)
114. K-S Lee, I-S Park, Y-H Cho, D-S Jung J. Catal. 258 143

(2008)
115. M M Ottakam Thotiyl, T Ravi Kumar, S Sampath J. Phys.

Chem. C 114 17934 (2010)
116. J Yano, Y Takatsuka, Y Harima, A Kitani ECS Trans. 33 71

(2011)
117. E Antolini, E R Gonzalez Appl. Catal., A 365 1 (2009)
118. M S Saha, R Li, X Sun J. Power Sources 177 314 (2008)
119. E G Rakov Nanotrubki i Fullereny (Nanotubes and

Fullerenes) (Moscow: Fizmatkniga, 2006)
120. X Sun, M S Saha, in PEM Fuel Cell Electrocatalysts and

Catalyst Layers: Fundamentals and Applications (London:
Springer, 2008) p. 655

1064 M R Tarasevich, O V Korchagin, A V Kuzov Russ. Chem. Rev. 82 (11) 1047 ± 1065 (2013)



121. OV Korchagin, V T Novikov, E G Rakov, V V Kuznetsov,
M R Tarasevich Elektrokhimiya 46 939 (2010) b

122. O V Korchagin, A V Kuzov, V T Novikov,
V ABogdanovskaya,M R TarasevichElektrokhim. Energ. 10
11 (2010)

123. Z Zhu, J Wang, A Munir, H S Zhou Electrochim. Acta 55
8517 (2010)

124. J E Thomas, A R Bonesi, M S Moreno, A Visintin,
A M Castro Luna, W E Triaca Int. J. Hydrogen Energy 35
11681 (2010)

125. D Wang, S Lu, S P Jiang Electrochim. Acta 55 2964 (2010)
126. X Zhao,W Li, L Jiang,W Zhou,Q Xin, B Yi,G SunCarbon

42 3262 (2004)
127. X-M Chen, Z-J Lin, T-T Jia, Z-M Cai, X-L Huang,

Y-Q Jiang, X Chen, G-N Chen Anal. Chim. Acta 650 54
(2009)

128. Y-H Qin, H-H Yang, X-S Zhang, P Li, C-A Ma Int. J.
Hydrogen Energy 35 7667 (2010)

129. G-P Jin, Y-F Ding, P-P Zheng J. Power Sources 166 80 (2007)
130. O V Korchagin, V T Novikov Al'ternativ. Energ. Ekol. (6)

136 (2010) e

131. O V Korchagin, Candidate Thesis in Chemical Sciences,
D I Mendeleev University of Chemical Technology of Russia,
Moscow, 2011

132. H L Pang, J P Lu, J H Chen, C T Huang B Liu, X H Zhang
Electrochim. Acta 54 2610 (2008)

133. H Song, X Qiu, D Guo, F Li J. Power Sources 178 97 (2008)
134. H Pramanik, S Basu Chem. Eng. Proc. 49 635 (2010)
135. A Kirubakaran, S Jain, R K Nema Renew. Sustain. Energy

Rev. 13 2430 (2009)
136. G Merle, M Wessling, K Nijmeijer J. Membr. Sci. 377 1

(2011)
137. P Piela, C Eiores, E Brosha, F Garson, P Zelenay

J. Electrochem Soc. 151 2053 (2004)
138. H S Liu, C J Song, L Zhang, J J Zhang, H J Wang,

D P Wilkinson J. Power Sources 155 95 (2006)
139. G S Kumar, M Raja, S Parthasarathy Electrochim. Acta 40

280 (1995)
140. T R Ralph, G A Hards, J E Keating, S A Campbell,

D P Wilkinson, H Davis, J St-Pierre, M C Johnson
J. Electrochem. Sci. 144 3845 (1997)

141. Appl. EP 1519433A1 (2005)
142. Z X Liang, T S Zhao, J Prabhuram J. Membr. Sci. 283 219

(2006)
143. C Pu, W Huang, K L Ley, E S Smotkin J. Electrochem. Soc.

142 L119 (1995)
144. V Neburchilov, J Martin, H Wong, J Zhang J. Power Sources

169 221 (2007)
145. E Peled, T Duvdevani, A Aharon, H Melman Electrochem.

Solid-State Lett. 3 525 (2000)
146. J Roziere, D J Jones Annu. Rev. Mater. Res. 33 505 (2003)
147. V S Silva, B Ruffmann, S Vetter, M Boaventura,

A M Mendes, L M Madeira, S P NunesElectrochim. Acta 51
3699 (2006)

148. J A Kerres J. Membr. Sci. 185 3 (2001)
149. A Y Leykin, O A Shkrebko, M R Tarasevich J. Membr. Sci.

328 86 (2009)
150. B Bauer, H Strathmann, F Effenberger Desalination 79 125

(1990)
151. L Li, Y Wang J. Membr. Sci. 262 1 (2005)
152. F Vigier, C Contanceau, A Perrad, E M Belgsir, C Lamy

J. Appl. Electrochem. 43 439 (2004)
153. J Lihua, S Gongquan, W Suli Electrochem. Commun. 7 663

(2005)
154. W Zhou, Z Zhou, S Song, W Li, G Sun, P Tsiakaras, Q Xin

Appl. Catal., B 46 273 (2003)
155. S Rousseau, C Coutanceau, C Lamy, J-M LeÂ ger J. Power

Sources 158 18 (2006)

156. S Song, GWang,WZhou, X Zhao,G Sun, Q Xin, S Kontou,
P Tsiakaras J. Power Sources 140 103 (2005)

157. Q Wang, G Q Sun, L Cao J. Power Sources 177 142 (2008)
158. H Hou, G Sun, R He, Z Wu, B Sun J. Power Sources 182 95

(2008)
159. N Fujiwara, Z Siroma, S-I Yamazaki, T Ioroi, H Senoh,

K Yasuda J. Power Sources 185 621 (2008)
160. C Bianchini, V Bambagioni, J Filippi, A Marchionni,

F Vizza, P Bert, A Tampucci Electrochem. Commun. 11 1077
(2009)

161. V Bambagioni, C Bianchini, A Marchionni, J Filippi,
F Vizza, J Teddy, P Serp, M Zhiani J. Power Sources 190 241
(2009)

162. S Y Shen, T S Zhao, J B Xu, Y S Li J. Power Sources 195
1001 (2010)

163. I Shimada, Y Oshima, J Otomo J. Electrochem. Soc. 158
B369 (2011)

164. N Wongyao, A Therdthianwong, S Therdthianwong Energy
Convers. Manag. 52 2676 (2011)

165. LWang, V Bambagioni,MBevilacqua, C Bianchini, J Filippi,
A Lavacchi, A Marchionni, F Vizza, X Fang, P-K Shen
J. Power Sources 195 8036 (2010)

166. L An, T S Zhao, R Chen, Q X Wu J. Power Sources 196 6219
(2011)

a Ð Russ. J. Appl. Chem. (Engl. Transl.)
b Ð Russ. J. Electrochem. (Engl. Transl.)
c Ð Dokl. Phys. Chem. (Engl. Transl. )
d Ð Russ. J. Phys. Chem., Ser. A (Engl. Transl.)
e Ð Int. Sci. J. Altern. Energ. Ecol. (Engl. Transl.)

MR Tarasevich, O V Korchagin, A V Kuzov Russ. Chem. Rev. 82 (11) 1047 ± 1065 (2013) 1065


	Introduction
	Specific features of the mechanism of ethanol electrooxidation
	Synthesis and properties of catalysts of ethanol electrooxidation
	Methods of the preparation of catalysts
	Structure and electrochemical characteristics of platinum-based catalysts for ethanol oxidation
	Non-platinum catalysts in ethanol electrooxidation
	Catalyst supports

	The state-of-the-art of the research of direct ethanol fuel cells
	Membranes for alcohol-air fuel cells
	Characteristics of direct ethanol fuel cells

	Conclusion
	References

