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a  b  s  t  r  a  c  t

Fuel  cells  are  considered  a possible  option  for future  automotive  applications.  They  chemically  convert
a  multitude  of  different  energy  carriers  to electricity  and  are  not  limited  by  the Carnot-efficiency.  This
review  investigates  the ethanol  oxidation  reaction  which  takes  place  at the  anode  of  a  direct  ethanol
fuel  cell  (DEFC).  Reaction  pathways  under  different  conditions,  in acid and  alkaline  media,  are  reported.
Special  focus  lies  on the CO2 current  efficiency  (CCE)  which  is important  for the  overall  efficiency  of  the
fuel  cell.  The  present  C  C bond  is  the  biggest  challenge  for achieving  a total  oxidation  from  ethanol  to
CO2. Reported  results  are  promising,  with  CCEs  higher  than  80%. In order  to  further  enhance  reaction
kinetics  the  DEFC  can be operated  at  higher  temperatures,  e.g.  200–400 ◦C. This requires  a new  and  more
temperature  resilient  membrane.  Ammonium  polyphosphate  composites  are  suitable  materials  which
show good  conductivity  and  high  thermal  stability  up to approximately  250 ◦C.  As a  benchmark  system
for  catalyst  research  this  review  discusses  achievements  of  model  catalyst  studies  on  nanostructured  sur-
irect ethanol fuel cell faces  for  hydrogen  related  reactions.  By  carefully  designing  support  and  catalyst  nanoparticles  specific
exchange  current  densities  more  than  four  orders  of  magnitude  higher  than  for  bulk  platinum  were  real-
ized.  For  ethanol  oxidation  model  catalyst  studies  were  performed  too.  Studies  aiming  at  understanding
the  influence  of  coordination,  particle  size,  substrate,  composition  and  alloying  of  catalyst  particles  on
the  ethanol  oxidation  are  presented.  Catalysts  at elevated  temperatures  are  also  within  the  scope  of  this
review.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

At the moment mankind is facing two major boundary condi-

tions in conjunction with the use of energy: resources and climate.
In terms of resources there is a discrepancy between demand and
supply of some primary energy carriers. For the climate it is the fact

dx.doi.org/10.1016/j.electacta.2012.12.130
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b) Trend of global cumulative oil demand growth in million barrels per day (mb/d).
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Table 1
Enacted and proposed standards for vehicle fuel economy for new private light duty
vehicles (PLDVs) in terms of emission of gCO2/km. The data for the United States and
Canada comprises light-commercial vehicles, SUVs and passenger vehicles. Values
are  extracted from [2].

Average new PLDV fuel economy/(gCO2/km)

2010 2015 2020 2025

Japan 125 127 103 n.a.
EU  142 132 113 95
Canada 178 158 n.a. n.a.
China 183 165 n.a. n.a.
Korea 183 142 n.a. n.a.

R

Fig. 1. (a) Extrapolated total oil product demand in 2014 by type of product. (
eprinted from [1].

hat the release of green-house gases increases the temperature of
ur planet’s atmosphere.

According to an extrapolation calculated by the International
nergy Agency (IEA) the growing demand for oil is spearheaded by
he need for transportation fuel in the nearest future [1]. While in
EDC countries the hunger for gasoline, diesel and jet fuel can be

omewhat cushioned by a structural decline in burning fuels and
ndustrial feedstock, non-OECD countries will combust more prod-
cts made from crude oil. This will lead to a global cumulative oil
emand growth as depicted in Fig. 1(b). Transportation will account
or 61% percent of the total demand for oil products in 2014; details
re given in Fig. 1(a).

As it is questionable how long the oil producing countries can
atisfy growing demands, leaving aside political instabilities and
ising prices, it seems necessary to look for an alternative source
f fuel. Ideally this fuel would be renewable, could be produced
ithout interfering with the food chain, combines high energy den-

ity with non-toxicity, is easy to transport and could be distributed
aking use of existing infrastructure.
The other boundary for the future of transportation is the

limate of our planet. In Energy Technology Perspectives 2012 (ETP
012) the IEA presents several scenarios for the future. The 2 ◦C
cenario (2DS) requires a reduction of more than 50% for all energy
elated CO2 emissions in the year 2050 compared to CO2 emissions
n 2009. Latest climate research indicates that this would limit the
lobal temperature rise to 2 ◦C with a high probability (80%) [2]. In
ig. 2 the target point of the globally emitted mass of CO2 to reach
his benign scenario 2DS is compared to the emissions leading to

cenario 6DS. Scenario 6DS comprises a rise in global temperature
f 6 ◦C in the year 2050. In order to achieve ETP 2012 2DS all
ectors, including transportation, must reduce their emissions
rastically. For transport the emitted gram of CO2 per driven

Fig. 2. Global emissions and derrived future emission of C
eprinted from [2].
USA 192 165 133 102
Australia 217 n.a. n.a. n.a.

kilometer for private light duty vehicles (PLDVs) is given in Table 1.
Simply improving efficiency of internal combustion engines (ICE)
will not suffice to reach the 2DS objectives [2]. Therefore, another
property of future fuel, dictated by the boundary climate, has to
be low CO2 emissions per driven kilometer.

One of the few options for this new fuel is ethanol oxidized in a
fuel cell (FC). FCs are not limited by the Carnot efficiency which ICEs
cannot overcome [3]; they can convert chemical energy with fewer
losses. As ethanol is a liquid hydrocarbon, just like gasoline, it could
be disseminated via existing infrastructure. Furthermore it is non-
toxic and does not require advanced mobile storage containers as
it is the case with compressed or liquefied H2. In addition it can be
produced by sustainable routes [2]. Compared to other energy vec-

tors converted in FCs the energy density of ethanol is high. Fig. 3
depicts how favorably ethanol compares to other energy carriers
which can be converted in FCs [4,5]. Only metal hydrides lead to
higher stored volumetric H2 density. However, those solid-state

O2 in gigatonnes (Gt) listed by contributing sectors.
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Fig. 3. Volumetric electrical energy density in kWh/l for different fuels multiplied by
the  thermodynamic efficiency of a fuel cell. Numbers for hydrogen atoms per cm−3

for compressed gaseous hydrogen (CGH2) and liquid hydrogen (LH2) are taken from
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published an extensive chart showing the electrochemical reaction
6]. Thermodynamic efficiencies of 83% for hydrogen/oxygen conversion and 96%
or methanol/oxygen and ethanol/oxygen conversion are assumed [19].

bsorbers suffer not only from heavy weight but also influence the
C with their kinetics and they are still far from meeting the aimed
arget for their transport applications [6–9]. In addition, generation
f hydrogen from electricity via electrolysis of water suffers from
he low system efficiency (60–73%) of commercial electrolyzers
10].

On the other hand hydrogen could be reformed from hydro-
arbons and alcohols (e.g. ethanol) on board. While hydrogen
roduction is common place in the chemical industry and some

nteresting biotechnological advances were made [11,12], it is
ore demanding for mobile applications because of issues such as
eight, size, transient operation and consumer safety [13]. More-

ver, proton exchange membrane fuel cells (PEMFCs) require a
upply of almost pure H2. Especially the CO content in the fuel has
o be low (<20 ppm), to avoid poisoning of the anode catalyst [14].
n order to obtain hydrogen with such purity selective processing
hat involves multiple reforming steps and cleaning are necessary,
f it is reformed on-board [15]. While demonstrator vehicles with
n-board reforming were realized, Daimler Chrysler’s Necar 5 for
xample featured a very sophisticated methanol reformer [16], the
equired high degree of integration is demanding and also leads to
igh costs [17,18]. The array of fuel processors which is necessary
o extract hydrogen from hydrocarbons was referred to as a mobile
small chemical plant’ [17].

Therefore, we would like to focus on direct ethanol fuel cells
DEFCs). These oxidize ethanol directly at the anode which allows
or a simpler design. PEMFCs as well as anion exchange membrane
uel cells (AEMFCs) yield promising CO2 current efficiencies (CCEs)
hen fed with ethanol as will be shown in Section 2. However,

he reaction mechanism of the ethanol oxidation reaction (EOR)
s not straightforward and we will review the current knowledge
f the reaction pathway both in acidic and alkaline media. The
elated question of a suitable membrane for intermediate temper-
tures will be addressed in this section too. To motivate the quest
or an advanced catalyst material, which can effectively cleave the

 C bond of ethanol, we present in Section 3 how experimental
ealization of model catalysts in interplay with extensive theoret-
cal work broadened fundamental understanding of the hydrogen

volution reaction (HER) and hydrogen oxidation reaction (HOR).
ection 4 applies the methods of model catalyst studies to the EOR
oth in alkaline and acid media to take stock what has been done
ica Acta 101 (2013) 41– 58 43

so far to improve the catalytic activity toward the total oxidation of
ethanol.

2. Direct ethanol fuel cell

Instead of converting ethanol to hydrogen in a reforming step
it is possible to directly feed ethanol to the anode of a DEFC. This
adds the benefit of a simple design for mobile applications to the
benign properties of ethanol as energy carrier. Fig. 4 shows a sketch
of a DEFC working at elevated temperatures in acidic conditions.
However, the C C bond in ethanol leads to a rather complicated
reaction mechanism and formation of intermediates like acetalde-
hyde and acetic acid [20–24]. Since the ultimate challenge for DEFC
is to speed up the sluggish kinetics and to increase the CCE of the
EOR, a detailed understanding of the reaction pathway is essential.
Besides intensive studies in acidic media the EOR  was also stud-
ied in alkaline environments, which show a high concentration of
OHads groups. These assist in the removal of electrode poisoning
species COads [25].

A brief glance at one of the experimental results described in
Section 2.1 allows validating the DEFC sketch shown in Fig. 4. Shi-
mada et al. obtained a current efficiency of total oxidation of ethanol
of more than 80% in their membrane electrode assembly, while
feeding an anolyte with a molar water to ethanol mixture of 3:1
at a temperature of 250 ◦C [26]. At the cathode of a DEFC 6 mol of
water are produced per mole of ethanol under uptake of 3 mol  of
H2O. This allows recuperating the H2O needed in the anode reac-
tion from the exhaust gas. The overall chemical reaction for a DEFC
is given in Eq. (1):

CH3CH2OH + 3O2 → 2CO2 + 3H2O (1)

2.1. Ethanol oxidation reaction in acidic media

It is known that the EOR follows a multistep mechanism with
a number of adsorbed reaction intermediates and a possible for-
mation of by-products which diminish electron yield and lead to
undesired substances [21,22]. To elucidate the exact mechanism
the EOR in acid environment was  investigated by means of dif-
ferential electrochemical mass spectroscopy (DEMS) [24,27–31],
Fourier transform infrared spectroscopy (FTIR) [22,31–35], gas
chromatography (GC), high performance liquid chromatography
(HPLC) [23,26,36,37] or, more recently, liquid state nuclear mag-
netic resonance spectroscopy (NMR) [20].

Eq. (2) gives the main reaction how electrical energy stored in
ethanol providing 12 electrons is extracted:

CH3CH2OH + 3H2O → 2CO2 + 12H+ + 12e− (2)

In order to achieve a high activity for the EOR the C C and C H
bonds need to be cleaved [28]. Otherwise one of the partial oxida-
tions given in Eqs. (3–5) takes place:

CH3CH2OH → CH3CHO + 2H+ + 2e− (3)

CH3CH2OH + H2O → CH3CH(OH)2 + 2H+ + 2e− (4)

CH3CH2OH + H2O → CH3CHOOH + 4H+ + 4e− (5)

The oxidations to acetaldehyde (AAL) described in Eq. (3) and the
one to ethane-1,1-diol (ED), shown in Eq. (4), release two electrons.
Acetic acid (AA) is formed from ethanol with water under exchange
of four electrons with an electrode (Eq. (5)). Formation of any of
these unwanted by-products results in a significant decrease of the
exploitable energy content of 8 kWh/kg [24]. Recently, Kim et al.
pathways of ethanol on 40 wt.% Pt/C catalysts based on their own
13C liquid-state NMR  experimental work as well as publications
by several other groups [20]. The authors reported that the first
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ig. 4. Possible design for a DEFC system in acid medium. No reforming is necess
otted arrows stand for heat flow. The dashed line depicts an additional feed of etha
f  the fuel cell.

tep of ethanol adsorption and oxidation on Pt is the formation of
t OCH2 CH3 and Pt CHOH CH3 which confirms earlier findings
32,38]. When these species are transformed to Pt CO CH3 and
t CO they can be oxidized to CH3COOH or CO2. Oxygen contain-
ng species, such as OHads, play a key role in the various oxidation
eactions [20,39,40].

What fraction of the gaseous ethanol is ultimately converted
o CO2 is influenced by a multitude of different parameters such
s ethanol concentration, pressure, temperature, applied potential
nd choice of catalyst.

Studies performed within the last two decades reported a wide
pectrum of CO2 yields for the EOR. Some representative publica-
ions and their key findings are briefly presented in Table 2.

In their studies at polycrystalline Pt conducted at room-
emperature Camara and Iwasita found that the concentration of
thanol supplied to the anode has a major influence on the reac-
ion pathway of the EOR, whether AA or AAL is the main by-product
34]. High yields for the four electrons releasing oxidation to AA and
he total oxidation to CO2 were only observed at ethanol concentra-
ions below 0.1 M.  With increasing ethanol concentration oxidation
o AAL becomes the main reaction. This change in product was also
eported by other groups [22,28] and Camara and Iwasita proposed
hat the inhibition of CO2 and AA is caused by reduction of reaction
ites for water adsorption by adsorbed ethanol [34].

The highest CO2 yields of Table 2 are reported for mem-
rane electrode assemblies (MEAs) and not for model electrodes
26,36,41]. Rao et al. proposed that the intrinsic anodic oxidation
onditions within a PEMFC anode, mainly residence time and cat-
lyst loading, enhance the C C cleavage rate [41]. As shown in
ig. 5(a), which depicts the CCE as a function of temperature and
pplied potential, they could achieve almost total oxidation of EtOH
o CO2 in their setup. The right graph, Fig. 5(b), depicts the suggested
eaction mechanism according to their DEMS study. At a tempera-
ure of T = 90 ◦C and a catalyst Pt/C loading of 8 mg  cm−2 86% of the
upplied 0.1 M EtOH were eventually oxidized to CO2. Acetic acid
as identified as a dead end which could not be further oxidized
hen it was supplied as anolyte to the MEA, as also reported by

nother study [42].
A MEA  operating at intermediate temperatures (235–260 ◦C)

as presented by Shimada et al. [26]. The EOR was  studied on
arbon-supported platinum catalyst (2 mg  cm−2) and CsH2PO4

erved as proton conducting solid electrolyte. The C C bond dis-
ociation ratio was reported to be as high as 90% at 250 ◦C, almost
ndependent of the applied potential, while the CCE reached more
han 80% even with a water/ethanol molar ratio of 3:1. Other
ich makes a compact design feasible. Solid arrows represent material flow while
 the catalytic burner which can be activated, if required by the operation conditions

products were CH4 and an almost negligible amount of AAL. H2
was produced and oxidized in parallel to ethanol oxidation. As CH4
formation reduces the CO2 yield it is necessary to suppress this
reaction pathway by an accelerated OH formation.

2.2. Ethanol oxidation reaction in alkaline media

Tripković et al. found that the kinetics of methanol oxidation
on Pt and PtRu are one order of magnitude higher in alkaline media
than in acid solutions [25]. This is mainly attributed to the increased
adsorption of OHads which can help to oxidize the adsorbed COads.
As this oxygen containing group is also of great importance for the
EOR [20,39,40,43], enhanced kinetics are expected for the anode
reaction of alkaline direct ethanol fuel cells (ADEFCs). This notion is
backed up by density functional theory (DFT)-studies that indicate
that oxidation of ethanol is pH dependent because of its sensitivity
to the amount of adsorbed OH [44].

Similar to the EOR in acid media the oxidation of ethanol in
alkaline media was  studied by electrochemical methods [45,46]
or electrochemistry in combination with FTIR [47,48], DEMS
[41,49,50] or chromatography [51,52].

Eq. (6) gives the full oxidation of ethanol to CO2 in alkaline
media:

CH3CH2OH + 12OH− → 2CO2 + 9H2O + 12e− (6)

The challenge remains to fully oxidize the ethanol which releases
12 electrons and not to end up with AAL or AA (or rather the acetate
ion), because both diminish the faradaic efficiency [52]. Table 3 lists
work performed to determine the products of ethanol oxidation in
alkaline media under various parameters.

The reaction scheme proposed in most studies listed in Table 3
resembles the one shown in Fig. 5(b). AAL is seen as an active reac-
tion intermediate that can be oxidized further while acetic acid
(acetate ion) is thought to be a final product [45,46,52]. Among the
listed publications two  DEFC setups show the highest CO2 yield
[41,52]. For their measurements under fuel cell conditions Shen
et al. named the operating temperature as the most important
parameter to influence CO2 selectivity [52]. While increasing the
temperature from 60 to 100 ◦C they simultaneously observed an
increase in the CCE from 6.0% to 30.6% on a Pd/C anode. Fujiwara
et al. attributed their lower findings for the CO2 yield (see Table 3),

as compared to the work of Rao et al. [41], to a lower tempera-
ture (25 ◦C compared to 60 ◦C) and a lower potential (0.5 V vs. RHE
compared to 0.8 V vs. RHE) [46]. Whether the higher potential sig-
nificantly attributes to the found difference in selectivity for CO2
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Table 2
Overview about some publications dealing with the EOR of ethanol in acidic media. When there are multiple parameters given for one CO2 yield then the parameters for which that specific value was obtained are printed in bold
format.  AA is acetic acid, AAL is acetaldehyde and EtOH is ethanol. CCE stands for CO2 current efficiency.

Setup Conc. EtOH Temp (◦C) Catalyst Spectroscopy Main product CO2 yield Remarks Source

DEFC H2O:EtOH
2:1–5:1

150–190 PtRu, Pt-black MS  AAL 40% Results independent of
temperature in inv. range.

[29]

3-Electrode cell 5 mM–0.2 M 10 Polyc. Pt FTIR AAL, AA n.a. AA dominant at low EtOH
conc., AAL at conc. > 0.1 M.

[22]

DEFC 1.0 M 145 PtRu/C, Pt GC CO2 >95% Cell pressurized (anode at
4 atm, cathode at 5.5 atm).

[36]

3-Electrode cell 1.0 M 5–40 PtxRu(1−x) , (1.0 < x < 0.5) DEMS CO2 n.a. Highest selectivity at x = 0.85
and T = 40 ◦C.

[30]

3-Electrode cell 0.01–1 M 25 Polyc. Pt FTIR AA, AAL ∼10% Above 0.1 M EtOH, AA and CO2

generation inhibited.
[34]

3-Electrode cell 0.001–0.01–0.5 M 23–30-60 Pt/Vulcan, polyc. Pt DEMS AAL, AA 7.5% AA dominant at low EtOH
conc., AAL at conc. > 0.5 M.

[29]

Thin layer flow cell 0.01, 0.1 M 23 Pt/Vulcan, Pt3Sn/Vulcan,
PtRu/Vulcan

DEMS AA 1% Addition of Ru or Sn lowers
onset potential for EOR,
selectivity not increased.

[28]

3-Electrode cell, DEFC 0.1 M 50–110 Pt/C, PtRu/C, PtSn(9:1)/C, In situ IR reflec. AA, AAL n.a. For tin modification CO
adsorbs easier, dissociation of
EtOH is faster.

[35]

DEFC 2.0 M 80 Pt/C, PtSn/C, PtSnRu/C HPLC AA 20% Addition of Ru or Sn lowers
onset potential for EOR,
selectivity not increased

[37]

DEFC 0.01, 0.1, 1.0 M 30, 60, 90 Pt/C, PtRu/C, PtSn(7:3)/C DEMS CO2 86% AAL can be further oxidized to
CO2, AA not.

[24]

DEFC 1.0 M 90 PtSn/C, PtRu/C GC AA n.a. Catalytic activity toward AA
higher for PtSn/C than for
PtRu/C.

[23]

DEFC H2O:EtOH
3:1

235–260 Pt/C GC CO2, H2, CH4 CCE ∼ 80% C C bond dissociation > 90%. [26]
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Fig. 5. (a) CCE over Potential vs. RHE at the anode of a membrane electrode assembly featuring a metal loading of 5 mg cm−2 of Pt/C at different temperatures. The concentration
of  ethanol was 0.1 M.  (b) Scheme of Ethanol oxidation in fuel cell conditions.
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eprinted with permission from [41], Copyright 2007, The Electrochemical Society.

xidation is dubious however, as CO2 is mainly generated from
Oads which is formed by associative adsorption of ethanol at low
otentials [52]. Bayer et al. claimed that CO2 can only be formed
rom adsorbed ethanol and not through bulk oxidation [50]. Inter-
reting results obtained from stripping voltammetry with coupled
EMS on a Pt electrode, it was proposed that ethanol adsorbs at
otentials between 0.2 and 0.4 V vs. RHE. It can be oxidized to CO2
rom COads at potentials lower than 0.9 V vs. RHE and from CHx or
OxHy at potentials higher than 0.9 V vs. RHE, although potentials
igher than 0.4 V vs. RHE are not relevant for fuel cell operation
53].

By investigating the EOR on a Pd electrode in various concen-
rations of NaOH the dependence of ethanol electro-oxidation on
he pH value was determined [47]. While the highest current den-
ities were detected in 1 M NaOH, CO2 evolution was only detected
elow pH 13. These findings stress the significance of large amounts
f OHads to achieve high oxidation activity. However, abundance of
Hads seems to impede ethanol adsorption which is prejudicial to
O2 formation.

.3. Intermediate temperature direct ethanol fuel cells
embranes

There is some agreement within the DEFC community that
n order to accelerate the kinetics of the EOR, thus to make
ower precious metal catalyst loads and higher EtOH concentra-
ion feasible, the temperature of the fuel cell needs to be increased
26,31,35,37,46,51,54,55]. This requires an electrolyte suitable for
hese temperatures. Mechanical, thermal and cycle stability as well
s high ionic conductivity have to be met  by the membrane mate-
ial.

Perfluorosulfonic membranes of the Nafion® type are usually
onsidered as first choice for PEMFCs. They are not suitable for

 DEFC working at intermediate temperatures, however, because
hey release water at temperatures higher than 373 K, which dete-
iorates their conductivity, and the glass transition temperature lies
round 403 K [56].

Modifications of Nafion® membranes with metal oxides MO2
M = Zr, Si, Ti) improve their thermo-mechanical stability. Nafion®-
rO2 outperforms unmodified Nafion®-membranes in terms of
ater uptake and conductivity, but this modification can raise the

aximum operation temperature only to 393 K [57].
Other oxygen ion and proton conductors which do not con-

ain water and can operate in the intermediate temperature range
00–800 K for FC applications are still in a development stage [58].
Proton conductors made either from salts of inorganic oxygen acids
[59] or inorganic materials without water [60] as well as ionic lat-
tice conduction of oxide ceramics suitable for operation at 773 K
[61,62] were intensively investigated.

As shown in Table 2 and reported in Section 2.1, Shimada et al.
presented a DEFC working in a temperature range of 508–533 K
[26]. They employed a CsH2PO4/SiO2 (SiO2: 1 wt.%) electrolyte to
prepare their MEA. CsH2PO4 is a hydrogen-bonded oxyacid proton
conductor which exhibits a reversible phase transition at Tc = 503 K
[63,64]. The high temperature cubic phase is stable and shows
a high conductivity of >10−2 S cm−1 under appropriate humid-
ity conditions [63]. Added SiO2 enhances conductivity due to its
hydrophilicity and the introduction of point defects. However, it
seems as if the high conductivity of CsH2PO4 can only be main-
tained in the relatively narrow temperature range from 508 to
533 K, requiring high pressure or humidity [65].

Another possible candidate for a membrane material for inter-
mediate DEFCs is ammonium polyphosphate (NH4PO3) [65–68].
When a framework material is added the melting point can be
increased and the conductivity is high [66]. Haufe et al. studied the
polyphosphate composite [NH4PO3]6[(NH4)2SiP4O13] by chemical
analysis, X-ray diffraction, thermal gravimetry, impedance spec-
troscopy and NMR  techniques at temperatures up to 573 K [67].
They found that the material is stable after an initial weight loss
due to ammonia release and showcases a high conductivity of
0.1 S cm−1, as it can be seen in Fig. 6. Matsui et al. from the Kyoto
University also reported high conductivities for the composites
[NH4PO3]6[(NH4)2MP4O13] (M = Ti and Si) with activation ener-
gies as low as 0.39 eV and 0.21 eV, respectively, in ambient air
[69,70]. They reported structural changes at intermediate tem-
peratures which resulted in peculiar ionic-conducting properties
and could not assign the observed effect to either the matrix or
the decomposed species. This was later clearly answered by Wang
et al. who  investigated a series of six composites with the structure
[NH4PO3]6[(NH4)2Si1−xTixP4O13] (0 ≤ x ≤ 1) and concluded that the
contribution of the metal cations to the transport properties is
minor [71]. Once more, they confirmed high conductivities in a
temperature range of 400–550 K.

In general, it was shown that the ammonium polyphosphate
materials could prove to be a good candidate for intermedi-
ate temperature FCs as they feature high conductivity in the

desired temperature range (423–473 K) [72,73]. This is associated
with small activation energies providing sufficient conductivity
down to room temperature. Recently, the preparation of a flex-
ible membrane was  achieved making the fabrication of a MEA
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Fig. 6. (a) Arrhenius plot of conductivity �T determined in various atmospheres by AC conductivity measurements. Only three values, denoted by +, are determined by DC
m eating
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size [87–89], their dispersion [90,91], the coordination of surface
atoms [92–94] and the influence of the substrate material [95–99].
Enhanced mass transport due to spherical diffusion toward 0D par-
ticles also has to be considered [100–102].

Fig. 7. Top part shows experimentally measured exchange current densities for
easurements in a H2 H2 cell. (b) Mass loss of [NH4PO3]6[(NH4)2SiP4O13] at a h

eprinted from [67], Copyright 2005, with permission from Elsevier.

ore straightforward [74]. Future work should be aimed at either
mproving mechanical stability or at gaining a deeper under-
tanding of the adsorption/desorption process of water which is
orrelated with the mechanism of ion transport.

A review on the status of alkaline anion-exchange membranes
AAEMs) for alkaline fuel cells [75] or reviews on alkaline fuel cells
ith a section dedicated to AAEMs [76,77] were published recently.

t is stated that besides considerable efforts commercial AEMs are
n an early stage of development. Key issues are to explain the
ransport mechanism of hydroxide anions and to increase the con-
uctivity [75]. Another constraint is the precipitation of carbonates
rom the CO2 generated at the anode on the electrode which can
estroy the active layer [77,78].

. Model catalyst research

As shown in Tables 2 and 3 much work was performed in order to
nvestigate the reaction pathways of the EOR on various electrodes.
olycrystalline platinum and compounds of platinum with admix-
ures of other metals such as tin, ruthenium or rhodium supported
n carbon materials served as electrodes.

However, ultimate goal of catalyst research is to design and tune
he activity of catalysts by careful control of their compositional and
tructural properties, down to the level of atoms. This would lay
he foundation for an ‘atomistic engineering’ of surfaces [79]. The
ctivity toward a certain reaction is a measure for how well the
atalyst promotes the process by enabling the four single functions
f a catalyst: Firstly, the catalyst adsorbs the target molecule and
leaves its bonds. It then keeps the reactants at close proximity to
he boundary surface. By definition, the catalyst facilitates the tar-
eted reaction or even enables new pathways. And lastly, when the
esired reaction took place, the catalyst has to release the products
o that the catalyst site can become active again.
The exchange current density j0 is a good measure for the elec-
rocatalytic activity. Fig. 7 shows an example of the Volcano plot for
he HOR/HER, giving log(j0) vs. the free adsorption energy �GH∗ of
ydrogen on the respective metal [80]. It can be seen as pivotal
 rate of 10 K/min in a dry H2 atmosphere.

achievement of catalyst research. Based on work which started as
early as the 1950s [81,82], theoretical and experimental research
culminated in the understanding of the trends and that the maximal
rate for HOR and HER can be achieved when �GH∗ ≈ 0 [83–85].

As real catalyst systems are rather complex one has to develop
a model to correlate the different parameters. These parameters
are, besides the composition of the supported nanoparticles, their
HER/HOR as a function of calculated hydrogen chemisorption energy per atom, �EH.
Bottom part shows a simple kinetic model plotted as a function of the free energy
for  hydrogen adsorption �GH∗ . �GH∗ = �EH + 0.24 eV.

Reproduced with permission from [86], Copyright 2005, The Electrochemical
Society.
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3.1. Creating nanostructured model surfaces

Well defined electrode surfaces are of utmost importance for
the understanding of reactions at interfaces. Therefore, mostly sin-
gle crystals or highly oriented pyrolytic graphite (HOPG), which is
a sp-2 hybridized carbon and shows a very high degree of three-
dimensional ordering, are employed either as electrode themselves
or as support for dispersed particles [103–106].

For single crystals the orientation of the crystal face
can influence the kinetics. Marković et al. showed that the
exchange current density of the HER increases in the order
Pt(1 1 1) < Pt(1 0 0) < Pt(1 1 0) for platinum low-index single crystal
surfaces. They attribute this effect to structure-sensitive heats of
adsorption of the reaction intermediate Hads [103,107,108]. Fig. 8
shows results from these investigations. Similar studies were for
example performed for gold [109], palladium [110–113] or ruthe-
nium [114,115].

As support for foreign metals especially Au(1 1 1), HOPG and,
to some extent, Ru are important. These materials are quite inert
and show a low activity themselves [116]. HOPG is often used as
carbon support model due to its high overpotentials for HOR  and
HER and because its surface is an almost smooth graphite basal
plane [105,106,117].

Second step in the creation of a model catalyst system, after
creating a suitable surface, is deposition of single particles or small
clusters onto the substrate. Besides others [118–120], two  possi-
ble ways to form nanostructured modifications are electrochemical
metal deposition or top-down lithography methods.

Kolb and Simeone reviewed different methods how nanolithog-
raphy can be performed by either a scanning tunneling microscope
(STM) or a electrochemical scanning tunneling microscope (EC-
STM) [121,122]. Techniques which can be performed by a STM
tip are for example the creation of nucleation centers by mechan-
ical interaction between tip and substrate [123,124] or the local
removal of a tarnishing film with the tip which makes metal depo-
sition at the freshly uncovered sites possible [125]. Conceptually
different is the so-called jump-to-contact method [126–128]. As
laid out in [129], metal ions from the solution are deposited on the
tip. Upon successful loading the tip is brought so close to the sur-
face that the jump-to-contact occurs which leads to the formation
of a metal bridge, the connective neck, between substrate and tip. A
successive retreat of the tip leaves a small metal cluster on the sur-
face. Main advantages of this method are that it can be performed at
kHz rates, the STM tip can ‘read’ the produced pattern after ‘writing’
it and that the cluster size can be varied within certain range [122].

Electrochemical metal deposition is a fast and convenient way
to decorate surfaces with a well-defined amount of foreign metals
from solution [106]. While the actual mechanism of the particle
growth is still subject of scientific debate [130,131], electrodeposi-
tion is an important method to synthesize supported nanoparticles.
It was shown that pulse deposition can form a relatively uniform
distribution of particles, for example Pt on HOPG [132]. However,
the deposition reaction may  run into mass-transport limitation
when high overpotentials are applied or particles are in close prox-
imity on the surface. As the depletion zones overlap more for
particles with close and many neighbors they grow slower and
therefore single pulses lead to increasing size dispersion [133,134].
This diffusional coupling effect can be mitigated by applying a
short (≈ms), high-overpotential nucleation pulse followed by a
low-overpotential growth pulse. The longer (≈100 s), second pulse
leads to steady growth of metal particles without further nuclea-
tion [135,136]. Recently Brülle et al. demonstrated that using the

double-pulse technique they can tune the size of platinum particles
on a boron-doped diamond (1 0 0)-surface between 1 and 15 nm
in height and 5 and 50 nm in apparent radius while keeping the
particle density constant [137].
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Fig. 8. (a) Cyclic voltammograms on a Pt(h k l) rotating disk electrode (RDE) in oxygen-free 0.1 M KOH. The disk was  rotated at 1600 rpm while employing a potential sweep
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ith  a rate of 50 mV/s. Reproduced from [103] with permission from The Royal Socie
ere  immersed in a 0.05 M H2SO4 solution. Reproduced from [108] with permissio

.2. Reactivity measurements

Creating a suitable nanostructured model system is the first step
hich needs to be performed in order to experimentally identify
arameters which influence reactivity. Second and third step are
o measure the reactivity of created nanostructures and to com-
ine these findings, often assisted by theoretical calculations and
odels, to a valid theory.
Such a holistic approach was demonstrated by a joint project

f the Technical Universities Denmark and Munich [138]. They
nvestigated the catalytic activity of single palladium particles on

 gold surface toward the HER. To resolve the influence of every
ingle layer of Pd on the substrate they employed an STM tip
or the proton reduction reactivity measurement. Fig. 9(a) shows
he working principle of this method and details can be found in
ef. [139]. It was shown that a decrease in particle height from
00 nm to 6 nm enhances the reactivity by more than two orders
f magnitude, while it approaches the theoretical value for bulk
d(1 1 1) at a thickness of roughly ten monolayers. Using cal-
ulations and molecular dynamics simulations these results, as
resented in Fig. 9(b), could be explained by the support induced
train [138]. The Au(1 1 1) substrate causes an expansion of the Pd
attice which in turn shifts up the electrode d-band and leads to
n increased overlap with the orbitals of the adsorbed hydrogen
113,140,141].

This work points toward an important method for a system-
tic engineering of nano-catalysts, as lattice mismatch leads to a
ariation of surface strain for different particles sizes. This in turn
hanges activation energies and adsorption energies not only for
ydrogen but for other relevant molecules too [142]. What differ-
ntiates this work from other work on the catalytic activity of Pd

ayers on Au(1 1 1), like [110,112], is the fact, that the high local res-
lution of the STM tip makes sure that the actual observable is not
he average activity of multiple particles with different thicknesses
aused by the size distribution of deposited materials.
hemistry. (b) Arrhenius plots of exchange current densities j0 for Pt(h k l). Electrodes
 the American Chemical Society.

In our group the influence of palladium coverage on Au(1 1 1) on
the specific reactivity of the HER [84,143] and the HOR [144] was
investigated in the range of sub-monolayers to several monolayers.
For coverages larger than one monolayer a behavior similar to the
one discussed in [138] was  found, however, with a much smaller
dependence on the number of Pd layer.

Decreasing the amount of deposited Pd to sub-monolayers leads
to a further increase (Fig. 10). This cannot be explained by the lattice
distortion.

A possible explanation is spillover of reaction-intermediates.
During this effect, described by Eikerling et al. for the HER [145],
hydrated protons diffuse from the bulk onto the Pd islands on which
they are reduced and form strongly adsorbed atomic hydrogen Hads.
The generated Hads diffuses on the particle and spills over to the sur-
rounding Au-substrate. There recombination of adsorbed atomic to
adsorbed molecular hydrogen (2Hads → H2,ads) takes place. Finally
the H2,ads desorbs, forming molecular hydrogen. As this mechanism
frees active sites on the catalyst particle it accelerates the fourth
function of a catalyst, release of generated product, increasing the
rate at which hydrogen is formed. A spillover may  not be favorable
from an energetic point of view when looking at Pd particles with
low (� � 1) Hads coverage [146], but for hydrogen evolution the cov-
erage is � close to 1. This direct influence of the Au(1 1 1) support
can also be responsible for increased rates of the HOR [116].

Löffler et al. suggest that step-sites increase catalytic activity
[147], but no significant dependence of the current density on the
number of terrace atoms was  found by either Pandelov et al. [84]
or by single particle measurements [138].

Enhanced mass-transport due to hemispherical diffusion
toward small catalyst islands [100–102] is another explanation but
cannot be the sole reason as lower currents were measured in a

similar experiment with Pt sub-monolayers on HOPG [137] and
the type of diffusion should be independent on the substrate.

A combination of these three reasons is the most probable expla-
nation for the enhanced activity of sub-monolayers. The effect is so
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Fig. 9. (a) Illustration of single particle reactivity measurement with a STM-tip. The particle was also created with the STM-tip (see [126]). (b) Semi-logarithmic plot showing
the  relative reaction rate vs. number of Pd layers. Full circles were experimentally obtained, open triangles are calculated using DFT for pseudomorphic layers. Full squares
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eprinted from [138], Copyright 2004, with permission from Elsevier.

trong that even the current density per geometric area increases
ith decreasing coverage of Pd.

Wolfschmidt et al. also investigated the HER, HOR and oxygen
eduction reaction (ORR) for mono-atomic layers of Pt on Au(1 1 1)
100]. While the ORR shows a decrease in reactivity with decreasing
mounts of deposited Pt, HOR and HER feature a strong increase in
pecific activity when the coverage � is smaller than 1.

Refining these experiments specific exchange current densities
er Pt-surface from hydrogen related reactions as high as several
00 mA  cm−2 for coverages below 0.0025 monolayers platinum on
u(1 1 1) were reported [100]. For single Pt particles the specific
xchange current densities are even higher, several A cm−2 to sev-
ral 10 A cm−2, depending on the number of atomic layers (AL) of
he particle. These results can be seen in Fig. 11.

Similar values in the order of 1 A cm−2 were also reported by
asteiger and co-workers [90,91]. Comparison of these values with

he maximum specific exchange current densities given in the vol-
ano plot, see Fig. 7 and Refs. [83,86], indicates that either some
ffects of nano-structured surfaces need to be implemented in a
evised volcano-model or too low current densities were measured

n the past [100]. Since structural effects can increase the specific
ctivity of catalyst surfaces by orders of magnitude, an expansion of
he volcano plot by another dimension, to incorporate such effects,

ight have to be considered.

ig. 10. (a) Exchange current density normalized to Palladium area jPd area
0 over Pd cove

mployed to obtain data points. Reprinted with permission from [144]. (b) Exchange c
overage � for some MLs  for the HER. Galvanostatic pulses were employed to obtain data
lecular dynamics.

Further studies clearly showed that these high observed cur-
rent densities are correlated with the choice of substrate. When
depositing platinum nanoparticles on HOPG [106] or highly boron-
doped and 1 0 0-oriented epitaxial diamond [137], no influence of
the particle size or the coverage on the activity for HER and HOR was
observed. The obtained values were always close to the exchange
current densities for bulk platinum.

4. Model catalyst research for the ethanol oxidation
reaction

Model catalyst research encompasses investigations which
make use of carefully designed structures in order to investigate
the influence of one single parameter such as particle size, sup-
port material, catalyst dispersion, coordination surface atoms or
influences of mass transport, as discussed earlier. It is of utmost
importance to keep the multidimensional parameter space influ-
encing the activity constant except for the one observable under
investigation to test a specific hypothesis.

In the following, we  will review the status of model catalyst

research performed for the EOR, both in acidic and alkaline media.
We will elaborate on the influence of coordination, composition,
substrate, particle size and dispersion, provided that there are
reports in the literature. As it is of significance for the EOR we will

rage � as fraction of one monolayer (ML) for the HOR. Potentiostatic pulses were
urrent density normalized to geometrical electrode area jgeom. area

0 over palladium
 points. Reprinted from [84], Copyright 2007, with permission from Elsevier.
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CH3CO (see Ref. [20]). In order to facilitate those two  reaction
steps a high bonding ability of surface atoms with unsaturated C-
containing fragments and high stability of OHads is required. Both
properties are influenced by the surface coordination.
ig. 11. Exchange current density normalized to Platinum area j0 for hydrogen
ingle  Pt paprticles on Au(1 1 1) given as mulitples of an atomic layer (AL).

eprinted with permission from [100], Copyright 2010, John Wiley and Sons.

reat the degree of alloying of bi-metallic catalysts as an additional
arameter. In addition, we will discuss experiments dealing with
emperature dependence of some catalysts for the EOR.

.1. Acid media

Starting from non-poisoned Pt(1 1 1), Pt(1 1 0) and Pt(1 0 0) elec-
rode surfaces the adsorption of COads and evolution of CO2 was

onitored with FTIR while applying potentials steps in 0.1 M or
 M EtOH solution in a flow cell [148]. Correlation of these spectra
ith CV data of the three Pt basal planes allows drawing conclusions

oward potential dependence of COads coverage and capability of
he planes to cleave the C C bond. Pt(1 1 1) not only shows the low-
st intensity of COads, it also exhibits the lowest activity toward C C
ond splitting. Both the Pt(1 0 0) and the Pt(1 1 0) basal plane are
ore active for C C bond cleavage than Pt(1 1 1), which one of the

wo shows the highest activity could not explicitly be answered
y the authors. Also, when comparing the C C splitting rate on
t(1 1 1) with polycrystalline and stepped (Pt(3 5 5)) platinum, the
t(1 1 1) basal plane shows a lower activity, producing less CO2
149].

Colmati et al. confirmed that on Pt(1 1 1) mostly AA is formed as
t shows little or no COads coverage [150]. They were able to detect

 difference in activity for Pt(1 0 0) and Pt(1 1 0), and assigned the
igher C C splitting activity to the Pt(1 1 0) electrode. Looking at
1 1 0) and (1 0 0) steps on Pt(1 1 1) terraces Colmati et al. further
efined the understanding of the influence of the different crys-
al planes [151]. Following the trends for basal planes [148,150],
t(1 1 0) steps are very active for C C splitting. To enable the oxi-
ation of COads, however, an adsorbed OHads species is required
20,39,40], which is not readily supplied when the entire surface
s covered with COads. Therefore, an intermediate C C cleavage
ate, as obtained for the Pt(5 5 4) surface, combining Pt(1 1 1) with
t(1 1 0) properties, is found to produce optimal catalytic con-
itions. The same trend was reported by Lai and Koper when

nvestigating terraces larger than 10 atoms [152]. Fig. 12 shows
he maximum current density and the peak potential vs. RHE of
ulk ethanol oxidation on Pt(1 1 1), Pt(15 15 14), Pt(5 5 4), Pt(5 5 3)
nd Pt(1 1 0) electrodes in H2SO4 and HClO4. The highest current
ensities were achieved on Pt(5 5 4) in HClO4 and on Pt(5 5 3) in
2SO4. The influence of the supporting electrolyte can be explained
y preferential adsorption of bi(sulfate) which takes place on terra-

es rather than on steps [152,153]. A first theoretical attempt to
xplain the reaction mechanism on different model catalyst sur-
aces was performed by Wang and Liu [154]. The authors employed
FT-studies to locate transition states and saddle points of the EOR
ons vs (a) Pt coverage � given in monolayers on Au(1 1 1) and (b) particle height of

on Pt(1 1 1), Pt(2 1 1) and Pt(1 0 0). In accordance with the exper-
imental studies they calculated that the Pt(1 0 0) surface shows
higher activity for total oxidation of EtOH than the two other sur-
faces under investigation. The surface sensitivity of the EOR  was
attributed to initial dehydrogenation of ethanol and oxidation of
Fig. 12. (a) Maximum current density and (b) peak potential vs. RHE of bulk ethanol
oxidation over step density in 0.5 M H2SO4 and 0.1 M HClO4 on different Pt model
electrodes.

Reprinted with permission from [152], Copyright, 2008, Royal Society of Chemistry.
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Besides looking at the coordination of Pt another approach is
o change the composition of the catalyst, combining the Pt with a
econd metal to obtain a binary catalyst. This can lead to an elec-
ronic effect, e.g. changes in the adsorption energy, on the one hand,
nd, on the other hand, allows for a bi-functional mechanism [155].
xamples for added metals are Ru, Ni, Mo  or Sn [156].

The reasoning behind this bi-functional mechanism is similar
o the superiority of Pt(5 5 4) over Pt(1 1 0), although the latter is

ore active toward C C bond cleavage [151,152]. Pt by itself shows
he highest activity for the C C bond cleavage. High coverage of
Oads on platinum, however, blocks sites for OHads, which impedes
he oxidation to CO2 [32]. The required surface oxygen groups can
e supplied by the adjacent co-catalyst atom, allowing for higher
ctivity [55].

Tsiakaras investigated the influence of additions of Ru, Pd, W
nd Sn on the platinum lattice parameter [55]. While addition Ru
r Pd decreases the lattice parameter it is increased by Sn or W.
he activity of the prepared binary catalysts for the EOR increased
n the order PtPd < PtW < PtRu < PtSn and to further investigate the
est catalyst, ratios ranging from Pt1Sn1 to Pt4Sn1 were prepared.
his resulted in an almost volcano-formed shape, when plotting
eak power of a DEFC with the respective catalysts over atomic
ercentage of Sn. The apex of the volcano forms due to interplay
f enhanced activity with expanding lattice and decreased conduc-
ivity with higher amounts of semiconducting tin oxide [157]. The
ptimal Sn content for temperatures from 60 to 90 ◦C was found
o be 30–40% [55]. A slightly higher value of 50% was reported by
im et al. for EOR at room temperature, showing a similar volcano
lot [158]. It was alleged that the operating temperature has an

nfluence on the optimal composition [155]. The increase in lattice
arameter might lead to an electronic effect, shifting the d-band of
he Pt down, as reported for Pt3Sn [159,160].

The oxidation state of the Sn in the bimetallic catalyst, whether
t is alloyed as PtSn or in the oxide form PtSnOx, has been reported
o be of importance for the reaction mechanism [161–163]. Godoi
t al. were able to investigate the activity of PtSnOx catalysts with
ifferent amounts of alloyed and oxidized forms of Sn while keep-

ng the same overall composition (Pt:Sn = 7:3, particle size ≈ 3 nm)
161]. The obtained ethanol oxidation currents were higher for cat-
lysts which were treated in hydrogen atmosphere and therefore
howed a higher degree of alloying than for catalysts with a higher
mount of oxidized Sn. The authors assign this enhancement to an
lectronic effect which is caused by increased filling of the Pt 5d
and when the amount of alloy increases.

Antolini and Gonzalez reviewed the current status of PtSn
atalysts for EOR, the effect of synthesis method and structural
haracteristics recently [155].

Besides the catalyst itself also the support might play a cru-
ial role, as exemplified by the HER spill-over effect [100,145].
ulti-walled carbon nanotubes (MWCNTs) were compared to com-
ercial Vulcan as support for PtSn catalyst [164]. CO stripping

oltammograms and electrochemical impedance spectroscopy
ndicate higher exchange currents on the MWCNT support. How-
ver, as the authors do not factor in the increased surface area of
he MWCNTs to normalize their results, it remains dubious if they
eally observe an effect caused by superior qualitative properties
f the MWCNT support. They hypothesize that the higher observed
urrents are due to oxygenated surface functional groups acting as
uclei to anchor the PtSn particles, the improved electronic con-
uctivity of the MWCNTs and improved metal-support interaction.

n a similar fashion Pt and PtRu nanoparticles were investigated on
raphene support and compared to graphite and Vulcan substrate

165]. While higher activity was asserted to catalysts on graphene,
he actual surface area was  not considered in that study.

While well-defined substrates like HOPG were employed for
tudies on the deposition of DEFC relevant catalysts like PtSn [166],
ica Acta 101 (2013) 41– 58

there are few reports of the influence of model substrates on the
EOR. One such work was performed by El-Shafei and Eiswirth
[167]. They deposited Sn submonolayers on Pt(1 0 0), Pt(1 1 0) and
Pt(1 1 1) single crystal electrodes and investigated what coverage
of Sn shows the highest rate of EOR. For all the three investigated
basal planes the addition of Sn enhanced the activity, the highest
increase was  found for Pt(1 1 0) on which it lead to a more than ten-
fold increase in oxidation current. The optimum in coverage varied
for different basal planes, they were 0.2, 0.25 and 0.52 of a mono-
layer for Pt(1 0 0), Pt(1 1 1) and Pt(1 1 0), respectively. Zheng et al.
performed similar work and found that Sn adsorbs preferably on
the hollow sites of the low-index basal planes Pt(1 1 1) and Pt(1 0 0).
However, they were not able to achieve significant adsorption of Sn
on Pt(1 1 0) single crystals [168].

Attempts to identify the influence of particle size were per-
formed by comparing the activity of catalysts synthesized via the
polyol-route with commercial ones, whereas the synthesized Pt/C,
PtRu/C and Pt3Sn/C catalysts particles were significantly smaller
as compared to the commercial catalysts [169]. However, no size
induced effects could be observed as a lower degree of alloy for-
mation for the synthesized particles led to a decrease in activity
which overlaid other effects (compare [161]). Another examina-
tion of Pt particles on carbon support for EOR in a half-cell revealed
a maximum specific activity for a particle size of 2.5 nm. This
was attributed to a compromise between structural effects and
oxophilicity of the Pt surface [170].

4.2. Alkaline media

Due to challenges with the membrane material and carbona-
tion which leads to membrane deactivation the EOR  was  much less
studied in alkaline than in acidic media [171]. However, the activ-
ity for oxidation of organic molecules is higher in alkaline media as
compared to acidic media [172].

Analogous to their work in acidic media [152] Lai and Koper
investigated the EOR in alkaline media on Pt single crystal elec-
trodes [171]. As it can be immediately seen in Fig. 13, which shows
current over time transients for EtOH in HClO4 (Fig. 13(a)) and
NaOH (Fig. 13(b)), the initial current for the oxidation of ethanol
is higher in alkaline media than it is in acid media. However, deac-
tivation of the electrodes is more prominent in the alkaline solution
and especially strong for surfaces with wide terraces, (Pt(1 1 1) and
Pt(15 15 14)). This deactivation was related to CHx,ads species which
cannot be stripped as easily as in acid media [152] and of which a
higher amount was detected on Pt(1 1 1) than on Pt(5 5 4) surfaces.
As they detect only COads on surfaces with many low-coordination
sites the authors suggest that CHx,ads is only stable on terrace sites,
while it is quickly oxidized to COads on (1 1 0) sites. Also, the onset
potential for oxidation currents was  found to be as low as 0.35 V
vs. RHE for Pt(1 1 0) in alkaline media [172]. Tian et al. grew tetra-
hexahedral Pd Nanocrystals from electrodeposited Pd nuclei [173].
These nanocrystals predominantly feature {7 3 0} facets which are
composed of two  (2 1 0) steps followed by one (3 1 0) step. The
authors assume that this high concentration of surface atomic steps
may  cause the measured 4–6-fold increase in EOR current when
comparing it to commercial Pd-black in 0.1 M EtOH and 0.1 M
NaOH. Furthermore the nanoparticles exhibited high stability.

For the composition of the catalyst it was found that in alkaline
media the activity of Pd is slightly higher than that of Pt [49,174].
However, as for Pt in acidic media, the C C bond cleavage is rather
difficult and acetate ions are the main product [45]. Activities of
Au and Ni electrodes toward the EOR were asserted to be very

low, with acetate being the main product [49]. As in acidic media
the addition of Sn to the catalyst was  investigated for the EOR in
alkaline environment [175–177]. Templated PtSn (80:20) catalysts
showed a slight improvement over templated Pt catalysts [175]. As
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ig. 13. Current over time transients for potential steps to 0.7 V vs. RHE. (a) Oxida
tep  density. Reprinted with permission from [152], Copyright, 2008, Royal Society o
171], Copyright, 2009, Royal Society of Chemistry.

he observed current densities at lower potentials are higher for
he PtSn catalyst it was hypothesized that that the presence of tin
xides facilitates the oxidation of adsorbed intermediates.

Antolini and Gonzalez gave an overview about studies investi-
ating the different catalyst systems which were investigated for
he EOR in alkaline media [77]. In addition to bimetallic PtMx and
dMx they list additions of various oxides to Pt/C and Pd/C and also
atalyst systems such as RuNi without any Pd or Pt content.

Zhu et al. reported the observation of a substrate and com-
osition effect when growing Pd on carbon-supported gold
anoparticles [178]. While the absolute EOR current is highest for
ure Pd on Vulcan the current per �g Pd is highest when mea-
ured for Pd:Au ratio of 1:4. The authors attribute this to an Au
nduced shift of the Pd3d binding energy which weakens the bond-
ng interaction between the adsorbed species and Pd and therefore
nhances the anti-poison capabilities of the catalyst [179].

Studies on the influence of the size or dispersion of catalyst
anoparticles on their activity toward EOR in alkaline media are
are. One recent publication investigates the activity of spherical
d nanopoarticles with varying size on Ni-foil [180]. To correct
or the size-dependent catalyst loading the authors converted

easured currents to currents per mmol  of Pd and found that
anoparticles with a diameter of 12.0 nm show a 359 times higher

oading-normalized current during CV measurements than catalyst
articles with a diameter of 28.8 nm.  Particles with intermediate
iameters (14.0 nm and 18.9 nm)  followed the same trend. The
uthors stated that enhancement of intrinsic catalytic activity of the
lectrodes with smaller particles is due to an increase in ‘true sur-
ace area and the availability of more energized surface Pd atoms’
180].
.3. Catalysts at elevated temperatures

As studies coupled with spectroscopic methods, presented
n Section 2, show a significant benign influence of elevated
 0.5 M EtOH in 0.1 M HClO4. Inset shows the current density after 15 min  over the
mistry. (b) Oxidation of 0.5 M EtOH in 0.1 M NaOH. Reprinted with permission from

temperatures toward the total oxidation of ethanol to CO2 the
temperature effect was also studied for some model electrodes.

Jiang et al. obtained CVs for the EOR of 0.01 M EtOH in 0.1 M
NaOH on Pt/C and PtSn/C at temperatures ranging from 22 to
60 ◦C [177]. The current density increased by a factor of 3.8 on
Pt and by a factor of 1.9 on PtSn/C at 0.4 V vs. RHE for a temper-
ature increase from 22 to 60 ◦C. In potentiostatic measurements
the authors observed a faster deactivation of the catalyst at higher
temperatures. They assume that at elevated temperatures the
poisoning species (COads) is produced faster; however, the temper-
ature (60 ◦C) is not high enough to sufficiently form OHads which
could oxidize the COads.

In another study Pt/C and Pt0.30Pd0.38Au0.32/C were investi-
gated as electrodes in 0.5 M NaOH and 1.0 M EtOH [181]. Applied
temperatures ranged from 20 to 80 ◦C and during potentiostatic
experiments a similar rapid deactivation for Pt/C was observed.
Pt0.30Pd0.38Au0.32/C fared better with higher initial as well as higher
long-time current densities. In Fig. 14(a) the current response
to the potential steps can be seen. From the change in current
density over time a long term poisoning constant ı [%/s] was
calculated and the result is shown in Fig. 14(b). In contrast to
Ref. [177] the poisoning rate for Pt/C decreases with increas-
ing temperature. For Pt0.30Pd0.38Au0.32/C ı is generally lower and
also decreases with increasing temperature from 40 to 80 ◦C.
The charge density over square root of time, as depicted in
Fig. 14(c), is higher for Pt0.30Pd0.38Au0.32/C than for Pt/C and
increases with temperature. An analysis of the ratio of the reac-
tion products carbonate to acetate yielded a ratio of 1.6 for Pt/C
and a ratio of 1.4 for Pt0.30Pd0.38Au0.32/C at 80 ◦C after oxida-
tion at a constant potential for one hour. The amount of these
products was  significantly larger for the ternary catalyst and the

yield increased roughly linearly with temperature. The authors
explain the better performance of Pt0.30Pd0.38Au0.32/C by a reduc-
tion of the activation energies by the incorporation of Pd and
Au.
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Fig. 14. (a) Potentiostatic measurement of current densities on Pt/C and
Pt0.30Pd0.38Au0.32/C. (b) Long term poisoning rate ı for the two  catalyst systems and
different temperatures. (c) Charge density over square root of time for the two cat-
alyst systems at 40 and 80 ◦C. All measurements are performed in 1.0 M EtOH and
0.5  M NaOH.

Reprinted with permission from [181], Copyright 2011, American Chemical Society.
ica Acta 101 (2013) 41– 58

In acid solution Colmati et al. compared the performance of
Pt/C, PtRu/C and Pt3Sn/C at room temperature and in the range of
70–100 ◦C [182]. While both binary catalysts generated higher cur-
rent densities than Pt/C, the authors demonstrated that PtRu and
Pt3Sn show a different temperature behavior. At low temperatures
PtRu showed higher activity for the EOR than Pt3Sn, while the oppo-
site was true at higher temperatures. Colmati et al. reasoned that
at low temperatures the bi-functional mechanism at PtRu supports
the oxidation of COads and CH3COads. At higher temperatures the
electronic effect caused by the described expansion of the Pt lattice
by the Sn [55] allows for faster C C bond cleavage.

Comparing these temperature dependent studies with observa-
tions under FC conditions confirms the good activity of bimetallic
PtSn catalysts [24]. With a platinum loading of 2 mg  cm−2,
a temperature of 90 ◦C and an EtOH concentration of 0.1 M
Pt0.7Sn0.3/Vulcan shows a CCE of approximately 74%. However,
under the same conditions, Pt/Vulcan yields a CCE of roughly 72%
and, as depicted in Fig. 5, at a higher catalyst loading of 8 mg  cm−2

the CCE can be as high as 86% for Pt/Vulcan. In contrast the CCE
for bimetallic PtRu catalysts was very low (<5% for 2.4 mg  cm−2 Pt
loading, T = 70 ◦C, EtOH concentration is 0.1 M),  while the measured
faradaic current densities and onset potentials are comparable to
PtSn. DEMS measurements confirm that mostly AA and AAL were
generated at PtRu [24,30].

Therefore, one can conclude that the oxidation of COads, which is
especially promoted by PtRu [183], is a minor challenge at elevated
temperatures. To ensure a high CCE, and therefore good fuel uti-
lization, the C C bond scission is pivotal and can be achieved by Pt
and PtSn catalysts. Apparent activation energies were determined
(Ea = 53 kJ/mol for the formation of CO2 at 0.1 M EtOH, 0.6 V vs.
RHE, 5 mg  cm−2 Pt/C [24]; Ea = 21–33 kJ/Mol for the EOR at 0.01 M
EtOH, PtSn/C [177]) which in turn means that the total oxidation
to CO2 becomes more facile with higher temperatures, eventually
enabling a lower load of precious metal and efficient fuel utilization.

5. Conclusions

In this present article we reviewed what is understood about
the EOR reaction both in acid and alkaline media. The reaction
is fairly complicated but great efforts were undertaken by many
work-groups to elucidate the EOR pathways. Under fuel cell con-
ditions CO2 current efficiencies higher than 80% were reported
in acid media [24,26,36] and higher than 50% in alkaline media
[41]. A high rate of total oxidation is not only important for a high
efficiency and fuel utilization but also suppresses formation of pos-
sibly toxic, undesired products such as acetaldehyde. The presented
studies indicate that a DEFC should be operated at elevated temper-
atures to increase the kinetics of C C bond scission. The poisonous
adsorption of CO is also mitigated at higher temperatures and
therefore catalysts should be mainly selected for their C C bond
splitting abilities. Membranes made from ammonium polyphos-
phates which can operate at intermediate temperatures seem to be
promising candidates for the electrolyte due to their high ionic con-
ductivity. In addition to increased temperature advanced catalysts
could facilitate the reaction rate. For the HOR and HER fruitful inter-
play of theoretical and experimental work led to current densities
as high as several Amperes per platinum surface on model cata-
lysts. Comparing the model catalyst studies performed for HER and
HOR to the reports for the EOR and emulating aspects which were
neglected so far might lead to higher CO2 efficiencies and enable
lower loadings of precious metals. For example, the dependence

of the reaction products and overall performance of the EOR, both
in acid [152] and alkaline [171] media, on the different Pt basal
planes Pt(1 0 0), Pt(1 1 0) and Pt(1 1 1) is understood to an extent,
which is comparable to the HER/HOR [108]. Another well studied
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arameter is the composition of catalysts. Especially in acid media
i-metallic PtSn was identified as catalyst with high C C splitting
ctivity [159]. This enhanced activity is assigned to an electronic
ffect which is caused by an extension of the Pt lattice parame-
er, similar to the increased activity of strained single Pd particles
n gold surfaces toward the HER [138,139]. In addition an influ-
nce of the operation temperature on the ideal ratio of Pt: Sn was
etected [155] and it was proved that only alloyed Sn shifts the Pt
-band causing an electronic effect [161]. In terms of particle size,

nfluence of the substrate and particle dispersion results were pub-
ished, however, the range of these reports is smaller than for the
OR/HER and can certainly be extended.

Apart from technical challenges for the DEFC, four key issues
ill decide if conversion of ethanol in a FC can emerge as one of

he possible future transportation technologies: Safety, emissions,
conomics and sustainability [184].

In terms of safety ethanol is very benign. The liquid is non-toxic
nd can easily be handled. Compared to other fuels the flammability
one of ethanol is larger, 2.4–19.0 vol.% as compared to 0.6–5.6 vol.%
nd 1.4–7.6 vol.% for diesel fuel or gasoline, respectively. However,
he flashpoint of ethanol is higher than for gasoline (286–233 K)
hereas the auto-ignition temperature of ethanol is higher than

he one for diesel fuel (639–503 K) [185].
When fully converting ethanol to CO2, 2 mol  of CO2 are gen-

rated for every mole of ethanol. Simulations showed that a
ercedes-Benz A-class, a common compact car with a weight of

150 kg, would require 3.25 l of gasoline for driving 100 km either
n the new European driving cycle (NEDC) or in the city traffic of
achen, Germany, when powered with a 50 kW FC stack with an
n-board gasoline reformer [186]. The calculated system efficiency
as 44%, which is partially caused by losses due to the reforming
rocess. Assuming a system efficiency of 50% for a DEFC, 2.5 l of
thanol could propel the Mercedes-Benz A class through 100 km
f one the drive cycles. This fuel consumption corresponds to an
mission of 53 gCO2 per driven kilometer. This value, which com-
ares favorably with the emission values given in Table 1, is valid
or ethanol derived from fossil fuel. In case of bio-ethanol extracted
rom lignocellulosic biomass the released CO2 per driven kilometer
ould be as low as 3 gCO2/km.

According to the IEA the production costs of 1 l of gasoline will
ise from 0.55 USD in 2010 to 0.7 USD in 2020. For the same time
nterval production costs for 1 l of gasoline equivalent (LGE) for cane
thanol will stay constant at roughly 0.65 USD [2]. Addressing sus-
ainability concerns and introducing internationally harmonized
ustainability certificates should lead to a sustainable production,
tates the IEA in the same report. Ethanol, as a liquid fuel just like
asoline, could be distributed via the existing infrastructure. There-
ore no huge investments, as for example the switch to a hydrogen
conomy would require, have to be put into a new supply system.
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[25] A. Tripković, K. Popović, B. Grgur, B. Blizanac, P. Ross, N. Marković, Methanol
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