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Controlling product distributions from ethanol electrolysis 
Peter G. Pickup*a 

Electrolysis of bioethanol in proton exchange fuel cells has the potential to become an important technology for sustainable 
production of green hydrogen and platform chemicals. However, the economic competitiveness of the process relative to 
water electrolysis is uncertain and will depend strongly on the demand for acetic acid, acetaldehyde, and other by-products. 
Controlling the product distribution is consequently a crucial element for development of ethanol electrolysis technology. 
This review focuses on the factors that determine product distributions and mechanistic models of the reaction pathways.  
Most research on catalysts for electrochemical oxidation of ethanol has focused on increasing current densities and 
selectivity for the complete oxidation to carbon dioxide. However, a viable technology will require valorization of other 
products to offset the cost of ethanol. It is therefore important to evaluate and compare catalysts based on the net cost of 
hydrogen production. Fundamental studies of ethanol oxidation in aqueous electrolytes combined with density functional 
theory models have provided a comprehensive view of pathways and mechanisms, and of the factors that control product 
distributions. This provides a background for understanding product distributions obtained from electrolysis cells, and 
ethanol fuel cells. Generally, it has been found that lower ethanol concentrations and higher temperatures favour the 
complete oxidation of ethanol to carbon dioxide. Production of acetic acid peaks at intermediate concentrations, and 
exclusive production of acetaldehyde can be obtained at high concentrations. Pure Pt and PtRh catalysts provide the highest 
selectivity for complete oxidation. Current densities at low potentials can be increased by combining Pt with oxyphilic metals 
such as Ru and Sn, although this leads to low selectivity for complete oxidation.     

1. Introduction
Ethanol is currently the most important renewable fuel and is 
widely used globally as an additive to gasoline.1 However, 
ethanol comprises only a small fraction of total transportation 
fuel and liquid fuel markets, and its use in combustion engines 
is inefficient. Electrochemical oxidation of ethanol has the 
potential to increase efficiencies and provide technologies for 
sustainable production of power and materials.2, 3 

Direct ethanol fuel cells (DEFC), which have a theoretical 
efficiency of 97%, have been under development for more than 
30 years.4, 5 However, progress has been impeded by low 
performances, low voltage efficiencies, and the production of 
acetaldehyde and acetic acid by-products.3, 6 Consequently, the 
focus for development of ethanol based power technologies 
has shifted to electrolysis of ethanol to produce green 
hydrogen, with valorisation of the by-products to offset costs.2, 

7 
There are three distinct types of ethanol electrolysis cell  

(EEC) and DEFC that are based on proton exchange membranes 
(PEM), anion exchange membranes or high-temperature solid 
oxide separators.3, 6, 8 This review is focused on PEM cells 
because they operate at moderate temperatures and, unlike 
alkaline cells, do not require a consumable source of OH−. The 
primary difference between an EEC and DEFC is that electrical 

energy is used to generate hydrogen at the cathode instead of 
reduction of oxygen at a fuel cell cathode to produce electrical 
power (Figure 1).9 

From a practical perspective, stationary production of 

hydrogen and commodity chemicals at an EEC plant is much 
more feasible than collecting by-products from mobile DEFC 
applications,10 although valorisation of by-products from 
stationary DEFC applications will also be crucial. The 
dependence of the cost of hydrogen on commodity prices will 
make it necessary to vary the product distribution as prices 

a.Department of Chemistry, Memorial University of Newfoundland, St. John’s, NL, 
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Figure 1. Schematic diagrams of an ethanol electrolysis cell and direct ethanol fuel cell.
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change. This can be achieved by varying the operating 
conditions (ethanol concentration, cell potential, temperature) 
and changing the anode catalyst if necessary.11  

For ethanol electrolysis, the cost of the hydrogen produced 
will determine economic viability, and will need to be 
competitive with water electrolysis.7, 11 Figure 2 shows a 
comparison of projected hydrogen costs, based on two 
difference pricing scenarios, for various catalysts, ethanol 
concentrations, and current densities.11 In scenario A, based on 
Jan 2025 prices, the lowest ethanol concentration (0.1 M) with 
a Pt or PtRu catalyst provides the lowest cost of hydrogen at the 
lowest current density (and lowest potential). However, a PtRu 
catalyst with 4 M ethanol provides the best balance between 
cost and current density, due to the high yield and high price of 
acetaldehyde. For equal prices of ethanol, acetic acid and 
acetaldehyde (scenario B) lower ethanol concentrations 
provide the lowest hydrogen cost and a PtRhRu catalyst 
provides the optimum performance. Although this cost analysis 
is conceptual, and lacks a detailed techno-economic model, it 
provides a crucial framework for comparing catalysts and 
operating conditions.  

 
Since the cost of hydrogen depends strongly on the value of 

each product, the selectivity of the process will need to be 
varied as market prices change.11 This review is therefore 
focussed on the factors that determine product distributions 

from electrochemical oxidation of ethanol, with an emphasis on 
products from ethanol electrolysis in PEM cells. In addition, 
electrochemical and computational models developed from the 
extensive body of work on the electrochemical oxidation of 
ethanol in aqueous acid electrolytes are reviewed to provide a 
framework for optimization of catalysts and operating 
condition. 

2. Reactions and Products
Complete oxidation of ethanol to carbon dioxide (eq. 1) generates 
12 electrons (n = 12), which provides the maximum faradaic 
efficiency (and fuel efficiency) for a fuel cell12 and maximum yield of 
hydrogen in an electrolysis cell.11, 13 

CH3CH2OH + 3 H2O  2 CO2 + 12 H+ + 12 e− (1)

Although high faradaic efficiencies for CO2 are obtained at high 
temperatures in solid oxide cells, and at moderate temperatures in 
alkaline cells, complete oxidation to CO2 has not been achieved, and 
PEM cells predominantly produce acetic acid and acetaldehyde 
(eqs. 2 and 3). 

CH3CH2OH + H2O  CH3CO2H + 4 H+ + 4 e− (2)

CH3CH2OH + H2O  CH3CHO + 2 H+ + 2 e− (3)

The lower number of electrons transferred (i.e. lower 
stoichiometry) decreases fuel efficiency in fuel cells, and selectivity 
for hydrogen production from ethanol electrolysis. However, the 
value of these products, and lower CO2 emissions, can make the 
overall process more economical. 

A number of other products from electrochemical oxidation of 
ethanol have been reported, including ethyl acetate,14, 15 
ethane,16 methane,16 ethane-1,1-diol,17 and 
ethoxyhydroxyethane.17 Ethyl acetate is formed by the chemical 
reaction (condensation) of acetic acid with ethanol15, 17 and so 
is treated as electrochemical formation of acetic acid where 
relevant.  Methane and ethane are formed by reduction of 
adsorbed hydrocarbon residues during potential cycling,16 and 
so would not normally be formed during ethanol electrolysis. 

3. Measurements of product distributions from 
ethanol oxidation in aqueous acid electrolytes 

The most widely used techniques for analysis of product 
distributions from electrochemical oxidation of ethanol are 
Fourier transform infrared spectroscopy (FTIR) and differential 
electrochemical mass spectrometry (DEMS).18 These methods 
have generally been applied at ambient temperature in 
aqueous electrolytes in order to provide mechanistic 
information, and so are only briefly reviewed here. However, 
they have been instrumental in the development of the 
reaction pathways and mechanisms discussed in Section 8. 

Figure 2. Comparison of the projected cost of hydrogen from electrolysis of 
ethanol at various catalysts, ethanol concentrations and current densities. 
Scenario A is based on Jan 2025 prices of 0.53 USD kg-1 for ethanol, 0.50 USD kg-1 
for acetic acid and 0.98 USD kg-1 for acetaldehyde, while scenario B is based on 
equal prices of 0.50 USD kg-1 for these commodities.  Reproduced from ref. 11. 
Copyright © 2025 American Chemical Society
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FTIR methods have been used to identify and quantify both 
adsorbed intermediates and products.19-21 Iwasita and Pastor22 
quantified adsorbed -C(OH)CH3, -OCH2CH3, -COCH3, and -CO 
species from ethanol on a Pt electrode, and the number of 
electrons required to oxidize each species to CO2. They 
proposed that -CO is formed from -C(OH)CH3 via the -COCH3 
intermediate. Wang and Abruña23 have detected adsorbed 
enolate, ketene, and vinyl/vinylidene, and proposed a 
mechanism in which CO2 is derived from the adsorbed enolate 
(CH2=CHO−ads) intermediate. In an FTIR study of ethanol 
oxidation at stepped platinum single crystal electrodes, 
Colmati et al. found that (110) steps on (111) terraces promote 
both C–C bond cleavage and oxidation of adsorbed CO (COads) 
at low potentials. In contrast, (100) steps were only effective 
at high potentials. 

DEMS, in which the electrochemical cell is interfaced to a 
mass spectrometer, provides quantitative analysis of volatile 
products from ethanol oxidation, and has been employed with 
both liquid and solid electrolytes. Behm and coworker 16, 24 
reported product distributions for both potentiodynamic and 
potentiostatic oxidation of ethanol in aqueous 0.5 M sulphuric 
acid at Pt, PtRu and Pt2Sn catalysts. The main products were 
acetaldehyde and acetic acid, with CO2 representing only 1% 
or the detected products. In contrast, Bergamaski et al.25 
found that Rh and PtRh catalysts were much more efficient 
than Pt for the CO2 formation from 0.1 M ethanol in 0.1 M 
DClO4(aq) during potential cycling, but not at constant 
potential. More recent studies have further elucidated the 
important roles that Rh can play in ethanol oxidation.26-30

Most FTIR and DEMS studies of ethanol oxidation have 
been performed at ambient temperature, and so have limited 
relevance to ethanol electrolysis in PEM cells, which are 
usually operated at 80 °C. However, a notable study by Sun et 
al.31 employed a high temperature and pressure DEMS cell 
over a range of temperatures and ethanol concentrations.  
Oxidation of ethanol to CO2 in aqueous H2SO4 was enhanced at 
higher temperatures, lower ethanol concentrations and lower 
potentials, with ca. 90% current efficiency for CO2 formation at 
100 °C, 0.01 M, and 0.48 V vs RHE.

4. Influence of the timescale employed for 
measurement of product distributions 

Although FTIR and DEMS studies have been instrumental in 
developing our understanding of ethanol oxidation and 
reaction mechanisms, their relevance to ethanol electrolysis 
must be scrutinized. In addition to the effects of temperature, 
and the use of a solid polymer electrolyte in PEM electrolysis 
cells, the timescale of the measurements has a huge influence 
on the measured product distribution. This was clearly 
demonstrated by online measurement of acetic acid and CO2 
concentrations exiting a EEC (referred to as a DEFC with H2 at 
the cathode at the time) at constant current and ambient 
temperature, using a conductivity cell and non-dispersive 

infrared (NDIR) CO2 monitor, respectively.32 The measured CO2 
concentration increased rapidly to a peak, and then rapidly 
decreased, while the acetic acid concentration increased to a 
steady state. The average faradaic efficiency for CO2 over 1 h 
was only 1.7% while acetic acid and acetaldehyde were 
produced with 45% and ca. 50% efficiency, respectively. The 
peak in the apparent efficiency for CO2 formation at the 
beginning of the electrolysis was due stripping of COads formed 
before the current was applied.33 

Piwowar and Lewera28 have reported a thorough analysis 
of how stripping of pre-adsorbed CO has influenced reports on 
the apparent promotion of CO2 formation by Rh containing 
catalyst. Their DEMS study employed Pt, Rh, and various PtRh 
alloy catalysts with 1.2 M ethanol in 0.5 M H2SO4(aq), at 
ambient temperature. Integrated ionic current densities for 
CO2 production from ethanol during a single potential cycle 
were 10-20% lower than those obtained for a pre-adsorbed 
monolayer of CO in the absence of ethanol and did not vary 
significantly for the different catalysts. Furthermore, their 
analysis of data from a DEMS and FTIR study by Delpeuch et. al 
27 revealed that the amount of CO2 detected corresponded to 
less than 50% of a monolayer of COads. The clear conclusion is 
that the whole amount of CO2 detected during ethanol 
oxidation can come exclusively from COads produced through 
dissociative adsorption of ethanol before the potential (or 
current) scan (or step) is applied. Consequently, it is essential 
that data is corrected to account for this source of CO2, or 
steady state data is collected after the effect of the initial COads 
has dissipated. Unless otherwise stated, product distributions 
in the following sections were obtained during steady state 
operation of the cell. 

5. Measurements of product distributions from 
ethanol oxidation in DEFC 

Since the use of PEM cells for ethanol electrolysis is a relatively 
new (2010) concept,34-36  much of the pertinent data on 
product distributions from ethanol oxidation in PEM cells is 
from DEFC studies. Anode catalyst overpotentials and product 
distributions are similar for DEFC and EEC, and so data from 
DEFC provides good estimates of EEC performance (and vice 
versa) when the difference in cathode potential is accounted 
for.37

Rousseau et al.12 reported the first full, charge balanced 
analysis of products from a DEFC. Acetic acid, acetaldehyde 
and CO2 exiting the cell were collected in a series of traps and 
analysed by high performance liquid chromatography. For 4 h 
of electrolysis at 80 °C, a Pt catalyst produced chemical yields 
(percentage of the ethanol consumed that is converted to 
each product) of 32.5% acetic acid, 47.5% acetaldehyde and 
20% CO2, while a PtSn catalyst produced 76.9% acetic acid, 
15.2% acetaldehyde and 7.7% CO2. Although, the 
electrochemical performance (current and power vs potential) 
was much higher for the PtSn catalyst, it was offset by the 
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lower selectivity for the complete oxidation to CO2, and this 
has generally been observed for catalysts in which Pt is 
combined with other elements. In another example, Wnuk and 
Lewera38 reported that a Pt catalyst was much more selective 
for CO2 formation than PtRu and that decreasing the ethanol 
concentration from 0.5 M to 0.25 M significantly increased 
selectivity towards CO2 at the Pt catalyst.

Studies of product distributions from DEFC have also 
shown that it is essential to account for diffusion of reactants 
and products through the PEM (crossover).38-40 This is an acute 
problem in DEFC because it allows ethanol to react chemically 
with oxygen, and this is impossible to distinguish from 
electrochemical formation of products. It has been 
circumvented by supplying N2+H2 or just N2 to the cathode to 
run the cell as a EEC,39 and this has been shown to be the best 
way to evaluate catalysts for DEFC.37, 41 Nonetheless, crossover 
of ethanol and products from the anode to the cathode must 
be accounted for in EEC by analyses of both the anode and 
cathode exhaust streams.37 

Wang et al.14 compared performances and product 
distributions for DEFC (1.5 M ethanol at 90 °C) with PtRu and 
PtSn catalysts, and with a bilayer anode in which a PtRu layer 
adjacent to the Nafion membrane was coated with a PtSn 
layer. Although the bilayer anode provided much higher 
current and power densities than the single layer anodes, 
chemical yields for CO2 and acetic acid formation were < 0.7% 
and > 73%, respectively, in all cases. Andreadis et al.42 
reported much higher CO2 selectivity and lower acetic acid 
selectivity for a PtRu catalyst at 90 °C with 1 M ethanol, with 
chemical yields from 8-15% and ca. 35%, respectively. 
Acetaldehyde yields ranged from 49% to 57% and increased at 
lower temperatures and higher current densities. The CO2 
yield was highest at the highest temperature and lowest 
current density. 

6. Measurements of product distributions from 
ethanol electrolysis in PEM cells 

Table 1 shows a summary of reports that provide full product 
distributions from PEM EEC. Although differences in conditions 
make direct comparisons difficult, this data provides an 
important guide to the effects of the catalyst, temperature and 
cell potential on the current density and product distribution.  

Lamy et al.36 measured acetic acid and acetaldehyde from 
EEC with Pt, PtSn, and PtSnRh catalysts by chromatography, 
and calculated the CO2 yield from the charge balance. The 
presence of Sn increased CO2 production and decreased 
acetaldehyde. Adding Ru decreased acetic acid production.

We developed a methodology in which products from the 
anode and cathode were collected and analysed separately,39, 

41 which was subsequently simplified by combining the anode 
and cathode exhausts prior to analysis.37 Acetic acid, 
acetaldehyde, and residue ethanol were determined by proton 
nuclear magnetic resonance spectroscopy, while CO2 was 

monitored during electrolysis with a NDIR detector. The sum 
of ethanol plus products exiting the cell was 99.3% of the 
ethanol entering the cell, indicating that no other products 
were formed in significant quantities. A comparison of 
commercial Pt, PtRu, and PtSn catalysts for electrolysis of 0.1 
M ethanol at 80 °C showed that selectivity for formation of 
CO2 was Pt > PtSn > PtRu, with a maximum of 50% for Pt at 0.5 
V. The order was reversed for acetic acid, with a maximum of 
93% at 0.7 V. Acetaldehyde yields were highest (57% for Pt and 
52% for PtRu) at the lowest potential (0.2 V).  

Since PtRu catalysts are much more active than Pt alone for 
ethanol oxidation at low potentials, but Pt is more selective for 
the complete oxidation, various combinations of PtRu and Pt 
catalysts have been employed.43 A mixture and two bilayer 
configurations provided higher current densities at potentials 
from 0.35 V to 0.45 V than each catalyst alone. CO2 selectivity 
for the membrane/Pt/PtRu configuration was not significantly 
different from the selectivity of Pt over this potential range, 
and therefore provided higher overall efficiency.   

De la Osa and coworkers 44 studied the effect of the Pt:Ru 
mass ratio on electrolysis of 4 M ethanol at 80 °C. A 2:1 ratio 
provided the lowest and most stable operating potentials over 
a range of current densities from 40-160 mA cm-2. While 
acetaldehyde was the only product detected by gas 
chromatography at 40 mA cm-2, increasing amounts of acetic 
acid were detected at higher current densities. There was 
good agreement between the rates of production of hydrogen 
and the detected products, indicating that there was 
insignificant production of CO2. 

In a subsequent paper using a commercial PtRu catalyst, 
the de la Osa group varied the ethanol concentration (from 0.5 
to 6 M) and studied the formation of ethyl acetate.15 In all 
cases (from 40-280 mA cm-2) acetaldehyde was the major 
product (≥ 75%) and no CO2 was detected. Yields of acetic acid 
peaked at 25% for 1 M ethanol at 120 mA cm-2 and decreased 
at higher concentrations and current densities. Yields of ethyl 
acetate increased with increasing concentration and current 
density, reaching ca. 4% for 6 M ethanol at 280 mA cm-2. 

PtCu, PtCo and PtNi catalysts have been reported to 
provide 100% yields of acetaldehyde from 4 M ethanol at 80 ° 
at 40 mA cm-2.45 The PtCo catalyst provided stable operation 
over a 75 min period as the current density was stepped from 
200 to 360 mA cm-2. Yields of ethyl acetate were ≤ 3.3% for 
these catalysts.

Modification of a PtRu catalyst by deposition of a Pt layer 
onto the surface of the PtRu nanoparticles to form PtRu@Pt 
core-shell structures provided control over its activity and 
selectivity.46 Product distributions for a series of catalysts with 
different Pt shell thicknesses were determined by operating a 
PEM electrolysis cell in crossover mode, where ethanol is 
supplied to the cathode and oxidized at the anode. Diffusion of 
ethanol through the membrane provides control of the mass 
transport rate and allows the stoichiometry of the ethanol 
oxidation reaction to be determined. Combining this with NDIR 
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measurement of the CO2 yield provides the product 
distribution. It was found that increasing the Pt coverage 
decreased activity at low potentials and increased CO2 yields. A 
PtRu@Pt1.7 catalyst provided a 28% yield of CO2 (vs. 7% for 
PtRu) from electrolysis of 0.1 M ethanol at 0.5 V and 80 °C. 
Ru@Pt catalysts also provide enhanced CO2 selectivity over 
PtRu and higher current densities than Pt at low potentials.47

PtRh alloy 48 and core-shell (Rh@Pt)49 catalysts are 
particularly active and provide high CO2 selectivity. Yields of 
56% and 47%, respectively, were obtained in crossover mode 
for a Pt2Rh alloy catalyst and a Rh@Pt catalyst with a 2 
monolayer (ML) Pt shell. Activity and selectivity were 
manipulated by varying the Pt:Rh ratio, as illustrated in Figure 
3. The current density at potentials above ca. 0.35 V is mass 
transport controlled, and is proportional to the stoichiometry 
of ethanol oxidation. Higher currents in this region generally 
indicate a higher yield of CO2.  

Incorporation of a third metal into PtRh alloy catalysts 
provides further control over activity and selectivity.50 A 
PtRhNi catalyst with a 3:1 Pt:Rh ratio provided a higher current 

density at 0.5 V than the corresponding Pt3Rh catalyst and the 
highest CO2 selectivity (64%) that has been reported to date. 

Table 1. Chemical yields of products from selected reports on ethanol electrolysis in PEM cells. Data reported as faradaic efficiencies has been converted to chemical yields.

Footnotes:

a. The yield of ethyl acetate has been added to the acetic acid yield. 

b. The cell was operated in crossover mode

Chemical yield (%)Catalyst T (°C) [ethanol] 
(M)

Potential 
(V)

Current 
density 

(mA cm-2)
CO2 Acetic 

acid
Acetaldehyde

Ref.

Pt 20 2 0.92-0.97 100 12 42 46 36

Pt0.9Sn0.1 20 2 0.92-0.97 100 29 41 30 36

Pt0.86Sn0.1Ru0.04 20 2 0.80-0.96 100 29 32 39 36

Pt 80 0.1 0.50 35 50 46 3 37

PtRu 80 0.1 0.50 23 7 90 4 37

PtSn 80 0.1 0.50 17 26 65 9 37

Pt 80 0.1 0.40 18 27 41 32 37

Pt/PtRu bilayer 80 0.1 0.40 28 31 65 4 43

PtRu 2:1 80 4 0.64 80 0 7a 93 44

PtRu 80 0.5 0.64 40 0 9 91 15

PtCu 80 4 0.65 40 0 0 100 45

PtCo 80 4 0.62 40 0 0 100 45

PtCo 80 4 1.05 360 0 16a 84 45

PtNi 80 4 0.61 40 0 0 100 45

PtRu@Pt1.7
b 80 0.1 0.50 16 28 51 21 46

Ru@Pt1.0
b 80 0.1 0.50 14 21 56 23 47

Pt2.0Rh b 80 0.1 0.50 18 56 44 0 48

Rh@Pt(2 ML)b 80 0.1 0.5 14 47 53 0 49

PtRhNi b 80 0.1 0.5 17 64 36 0 50

PtRhRu b 80 0.1 0.5 21 42 57 0 50

PtRuRu 80 0.6 0.5 54 15 80 5 11

Figure 3. Polarization curves for electrolysis of 0.1 M ethanol at Rh, PtRh, and Pt 
catalysts at 80 °C in a PEM electrolysis cell operated in crossover mode. Reproduced 
from ref. 48. Copyright © 2025 American Chemical Society.
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The activity of a PtRhRu catalyst was much higher at low 
potentials than either PtRh or PtRhNi, and more selective for 
production of acetic acid.50 This PtRhRu catalyst is very effective 
for production of hydrogen and acetic acid in a conventional 
EEC (Figures 2 and 4).11 

Ju et al.51 have reported product distributions from 
experiments in which the ethanol solution was recycled through 
the cell. After 4 h of electrolysis of 2 M ethanol at a PtSn catalyst 
at 70 °C, the main product was acetic acid, with a relatively small 
amount of acetaldehyde. After 8 h, the concentrations of both 
had increased significantly and there was a high concentration 
of ethane-1,1-diol (acetaldehyde hydrate). After 24 h, chemical 
yields of acetic acid, acetaldehyde, ethane-1,1-diol, and CO2 
were 73%, 6%, 19%, and < 2%, respectively.  

Product distributions have also been recently reported for 
PtRu supported on adenine-based noble carbons 52 and 
Ketjenblack (KB) carbon,13 PtRu catalysts with varied particle 
sizes, alloying degree and surface oxidation,53 and a PtRuSn0.3 
catalyst.54

7. Factors that determine product distributions 
It is clear from the data summarised in Table 1, and data from 
DEFC and aqueous acid electrolytes, that product distributions 
are determined primarily by the temperature, ethanol 
concentration, cell potential and anode catalyst. However, 
unravelling how these factors combine and interact is complex. 
Generally, higher temperatures favour CO2 formation.31, 35, 38, 42, 

55, 56 Most of the data available for PEM ECC has been obtained 
at 80 °C in order to maximize CO2 formation, while minimizing 
membrane and catalyst degradation. 

The influence of ethanol concentration is more complex, 
and is strongly influenced by the cell potential. This is illustrated 
in Figure 4 where chemical yields of acetic acid, acetaldehyde, 
and CO2 from selected studies are plotted as a function of 
ethanol concentration. Trends with increasing cell potential are 
indicated by the arrows and labels. In all cases, except for the 
PtRhRu catalyst at 0.4-0.5 V, the yield of acetic acid (measured 
as acetic acid plus ethyl acetate) increased with increasing 
potential. CO2 yields increased with potential for 0.1 M ethanol, 
but generally decreased with potential at higher 
concentrations. These trends are reversed for acetaldehyde.

It can be seen from the data in Figure 4 that acetic acid and 
CO2 yields generally decrease with increasing ethanol 
concentration while acetaldehyde yields increase. The notable 
exceptions are for the PtRhRu catalyst from 0.2-0.6 M ethanol, 
where acetic acid yields increase and acetaldehyde yields 
decrease or are variable. 

Regarding the effect of the catalyst, it can be seen that PtRu 
produces very low yields of CO2 at all concentrations and 
potentials and very high yields of acetaldehyde at high 
concentrations. In contrast, the Pt catalyst produced high yields 
of CO2 with 0.1 M ethanol, which is the only data available for 
Pt. PtRuRh approximately follows the trends between the 
behaviour of Pt at low concentrations and PtRu at high 

Figure 4. Chemical yields of acetic acid, carbon dioxide, and acetaldehyde vs. 
ethanol concentration from selected studies (refs. 11, 15, 37, 52) on product 
distributions from ethanol electrolysis in PEM cells. Trends with increasing cell 
potential are indicated by the arrows and labels.
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concentrations, but with an anomalously high acetic 
acid/acetaldehyde selectivity at intermediate concentrations.   

Figure 4 provides an important guide for the selection of 
catalysts and operating conditions for controlling product 
distributions. Although the data is limited, understanding the 
trends with concentration and potential will provide a basis for 
designing catalysts that can be used to minimize the cost of 
hydrogen as market conditions evolve. 

8. Reaction pathways and mechanisms
8.1. Pt catalysts

Our understanding of the reaction pathways and mechanisms 
for electrochemical oxidation of ethanol at Pt based surfaces 
has been developed over more than four decades.18, 57 Figure 5 
shows the main pathways to CO2, acetaldehyde (A), and acetic 
acid (AA), and the oxidation of water to produce adsorbed -OH 
required for oxidation of COads to CO2 and CH3COads to acetic 
acid.58 Although there are more detailed reaction schemes and 
mechanisms,17, 59, 60 and some variants (e.g. for 
potentiodynamic conditions),23, 61 Figure 5 provides a suitable 
summary for this discussion. Sánchez-Monreal et al.58, 62 have 
developed a kinetic model based on this reaction mechanism 
that provides a link between theoretical models and 
experimental data. 

Understanding of the factors that determing the relative 
rates of the many processes involved in ethanol oxidation has 
been developed from computational studies based on density 

functionional theory (DTF). In 2008, Wang and Liu63 reported a 
DFT study of ethanol oxidation at Pt(111), Pt(211), and Pt(100) 
surfaces using a transition-state searching technique. Adsorbed 
acetyl (CH3COads), formed via CH3CHOHads or CH3CHO, was found 
to be the key intermediate for breaking the C-C bond to produce 
CO2 and other one carbon (C1) products. As long as 
acetaldehyde produced in the initial step readsorbs onto the 
surface, it can easily dehydrogenate to CH3COads. A Pt(100) 
surface provided the most favourable pathway (lowest 
calculated reaction bariers) from CH3COads to CO2, which was 
much more favorable than the hydroxylation to acetic acid. In 
contrast, acetaldehyde and acetic acid are the dominant 
products on Pt(111).

Kavanagh et al.64 calculated reaction barriers for Pt(211) 
(Figure 6) that were similar to those reported by Wang and 
Liu.63 However, they indicate that CO2 formation should be 
competitive with acetic acid formation, which is not consistent 
with experimental data. To address this, and the effect of 
potential on selectivity, they calculated the effects of surface 
OHads and/or Oads species that are required for both pathways. 
It was found that the rate of C-C bond cleavage would be 
decreased by two and six orders of magnitude by the presence 
of OHads or Oads, respectively, although this would be mitigated 
by the presence of water.

Further understanding of the role of stepped Pt surfaces in 
the compete oxidation of ethanol to CO2, demonstrated by 
previous experimental and computational studies, was 
developed by Ferre-Vilaplana et al.65 FTIR and DFT results for 
Pt(111), Pt(553), and Pt(533) surfaces indicated that ethanol 

Figure 5. Proposed reaction mechanism for the ethanol oxidation reaction on Pt 
based catalysts. Species adsorbed at Pt sites are indicated by a dashed box. Used 
with permission of Elsevier Science & Technology Journals, from A Genetically 
Optimized Kinetic Model for Ethanol Electro-oxidation on Pt-based Binary Catalysts 
used in Direct Ethanol Fuel Cells, Sanchez-Monreal, P. A. Garcia-Salaberri and M. 
Vera, J. Power Sources, 2017, 363, 341-355; permission conveyed through Copyright 
Clearance Center, Inc.

Figure 6. Energy profiles for the minimum energy pathways for formation of acetic acid 
and COads from ethanol at a Pt(211) surface. A = CH3CH2OHads, B = CH3CHOHads C = 
CH3COHads, D = CH3COads, E = CH3C(O)OHads, F = CH3CO2H, G = CH2COads, H = CH2 ads + 
COads. Used with permission of John Wiley & Sons – Books, Origin of Low CO2 Selectivity 
on Platinum in the Direct Ethanol Fuel Cell, R. Kavanagh, X. M. Cao, W. F. Lin, C. 
Hardacre and P. Hu, Angew. Chem. Int. Ed. Engl., 2012, 51, 1572-1575; permission 
conveyed through Copyright Clearance Center, Inc.
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should be adsorbed in a bidentate arrangement through the 
carbons and that the Pt step should be free from other 
adsorbates. 

Rizo et al.66 have shown that oxidation of 1 mM ethanol at 
Pt(111) and Pt(100) requires the presence of OHads. Although 
the Pt(111) surface provided high currents, formation of COads 
was not detected in voltammograms, indicating that there was 
not significant cleavage of the C-C bond. In contrast, Pt(100) was 
less active for ethanol oxidation but produced a stripping peak 
for oxidation of COads. DFT calulations elucidate the role of OHads 
and provide a mechanism in which OHads is involved in the 
formation of CH3CH2Oads, which then evolves to CH3COads.

In addition to developing computational models of ethanol 
oxidation at Pt surfaces, understanding how temperature, 
ethanol concentration, and anode potential influence the 
relative rates of the reactions in Figure 5 is crucial for controlling 
product distributions. Sun et al.31 have presented a detailed 
analysis and discussion of the these effects. Since the activation 
energies for the complete oxidation of ethanol to CO2 at Pt are 
higher than for the overall reaction (due to a higher barrier for 
breaking the C-C bond), selectivity for CO2 increases with 
temperature. Extrapolation of their experimental data at 0.48 V 
to higher temperatures implies that complete conversion of 0.1 
M ethanol to CO2 would have occurred ca. 140 °C. A higher CO2 
selectivity observed for 0.01 M vs. 0.1 M ethanol was attributed 
to slower mass transport, which allows acetaldehyde to re-
adsorb and react further to CO2, and possibly chemical reactions 
of acetaldehyde.  Cantane et al.67 have suggested that there are 
dual pathways to CO2 and acetic acid, and that adsorbed acetate 
may influence the effects of ethanol concentration on the 
product distribution. 

Over the potential range most relevant to ethanol 
electrolysis (up to ca. 0.8 V), there is a complex dependence of 
the current on ethanol concentration, with higher currents at 
lower concentrations in some cases.11, 15, 51, 68 Accounting for 
changes in the product distribution with concentration, to 
calculate the ethanol oxidation rate, provides more reasonable 
dependencies, although apparent reaction orders vary greatly 
with concentration and potential.11 This has been attributed to 
blocking of Pt surface sites by adsorbed intermediates.68     

Yields of CO2 generally decrease with increasing potential, 
which has been attributed to blocking of Pt sites by OHads and 
Oads. This reduces the number adjacent sites available for 
breaking the C–C bond.31 Evarts et al.69 have shown by CO 
stripping experiments in an operating DEFC, and DFT 
calculations, that oxidative adsorption of ethanol onto a Pt(100) 
surface requires an ensemble of three adjacent Pt atoms. 
Consequently, oxidation of an increasing fraction of surface Pt 
sites as the potential is increased inhibits formation of COads 
(ensemble effect). However, these oxidized sites promote 
oxidation of COads to CO2 and CH3COads to acetic acid, which 
increases to overall rate of ethanol oxidation. The more 
restrictive site requirements for breaking the C-C bond result in 
increasing selectivity for formation of acetic acid.

8.2. Pt alloy catalysts 

For Pt based alloy catalysts (PtM), understanding how the bulk 
and surface compositions influence the rates of the reactions in 
Figure 5 is a key challenge for the development of ethanol 
electrolysis technology.60 The bulk composition influences the 
adsorption strength of reactants, intermediates and products 
primarily by electronic/ligand/charge transfer effects arising 
from the difference in electronegativity between Pt and M, and 
strain effects due to the difference in atomic radii. Both effects 
influence the energy of the d-band centre and adsorption 
energies. Higher energy d-states (relative to the Fermi level) 
strengthen bonding of adsorbates.60, 70-72 Combinations of more 
electropositive elements with Pt, and compressive strain 
caused by elements with smaller atomic radii than Pt, decrease 
the energy of the d-band centre and weaken the binding of 
adsorbates at Pt sites.72

Since CO binds strongly to Pt, weakening its adsorption by 
decreasing the energy of the d-band centre is a central theme 
in the development of more active catalysts. COads can also be 
more effectively removed by oxidized surface sites of the 
second metal (such of Ru, Sn, Ni) through a Langmuir–
Hinshelwood mechanism (eq. 4) that is usually referred to as the 
bifunctional mechanism.

Pt-CO + M-OH → Pt + M + CO2 + H+ + e− (4)

Cyclic voltammetry of catalysts in aqueous acid shows the 
formation and reduction of surface -hydroxy and -oxy species as 
well as the effects of the bulk and surface composition on 
hydrogen adsorption and desorption. These detailed 
“fingerprints”73 of catalysts can then be correlated with their 
activities and selectivity for ethanol electrolysis. 

8.2.1. PtRu catalysts
PtRu alloy catalysts74 have been widely used in anodes for 
ethanol electrolysis and DEFC.75 Ru decreases the energy of the 
d-band centre though both electronic and compressive strain 
effects, and is the most effective element for oxidation of COads 
through the bifunctional mechanism.72 It provides the highest 
currents at low potentials. However, accumulation of OHads and 
Oads leads to lower currents than for Pt at higher potentials. In 
addition, PtRu alloys provide low selectivity for complete 
oxidation of ethanol to CO2 and Ru dissolution is a significant 
concern.76

The differences between the electrochemical activities of 
PtRu and Pt for ethanol electrolysis are illustrated by the 
polarization curves shown in Figure 7.46 The PtRu catalyst 
provided much higher currents than Pt at potentials below 0.5 
V, while currents where higher at the Pt catalyst in the mass 
transport limited region at higher potentials. The higher 
apparent mass transport rate at Pt is due to its higher selectivity 
for formation of CO2 which provides a higher stoichiometry 
(number of electrons per ethanol molecule). Deposition of Pt 
onto the surface of a PtRu catalyst to form PtRu@Pt core-shell 
particles allows the balance between activity and selectivity to 
be controlled (Figure 7).46 The electronic and strain effects of Ru 
in the PtRu core are maintained, while the detrimental effects 
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of surface Ru-OHads and Ru-Oads groups at higher potentials can 
be mitigated. 

8.2.2. PtSn catalysts
PtSn alloy catalysts have also been widely used in anodes for 
ethanol electrolysis and DEFC.75, 77 Although the mechanistic 
roles of Sn are similar to those of Ru,78, 79 controlling the activity 
of PtSn catalysts has been much more complex due to the 
formation of alloys, partially alloyed structures, and/or non-
alloyed Pt–SnOx materials, depending on the synthesis 
method.77 Where comparisons are available for ethanol 
electrolysis, PtSn catalysts provide similar36, 80 or inferior37 
electrochemical performances to PtRu, and selectivity for 
complete oxidation of ethanol to CO2 was higher than for 
PtRu.36, 37 However, the CO2 selectivity of PtSn is much lower 
than for Pt.55 

The low CO2 selectivity of PtSn catalysts has been attributed 
to the combined effects of OHads and blocking of step edge sites 
by Sn.55 DFT calculations show that Sn increases the barrier for 
C–C bond breaking at the step edge of Pt(211). In addition, Sn 
facilitates ethanol dehydrogenation and partial oxidation to 
acetaldehyde on Pt(111) and the formation of OHads for 
production of acetic acid.

8.2.3. PtRh catalysts
The low selectivity of PtRu and PtSn catalysts for complete 
oxidation of ethanol to CO2 has led to growing interest in 
alloying Pt with Rh, which in contrast to Ru and Sn promotes C-
C bond breaking.28, 48 PtRh catalysts have generally been found 
to be more active for ethanol oxidation than Pt, although this 
has not always been the case and depends on the composition 
and synthesis method.25, 81 The higher activity has been 
attributed to the bifunctional effect and a decrease in the 

energy of the d-band centre due to lattice compression.25, 82 The 
effects of the composition of the catalyst on activity and 
selectivity in aqueous electrolytes vary greatly between studies. 
For electrolysis of 0.1 M ethanol in a PEM cell, increasing the Rh 
content of the alloy was found to increase electrochemical 
activity and decrease selectivity for CO2.48 Increases in activity 
measured in aqueous sulphuric acid correlated with the 
increasing lattice strain,48 and a similar correlation has been 
reported for 0.5 M ethanol.29

A DFT study of the effects of Ru, Sn and Rh (as well as Re and 
Pd) on the adsorption energy of ethanol on Pt4M clusters 
through an α-hydrogen (R1 left in Figure 5) vs. the O atom (R1 
right) found that only Sn enhanced the α-hydrogen pathway.83  
Since adsorption through the α-hydrogen is generally the rate-
determining-step, PtSn can provide higher activities for ethanol 
oxidation. 

Sheng et al.84 also found that the key intermediate was 
produced by α-dehydrogenation, and addressed the formation 
of  OHads. They highlighted the significance of the subsequent β- 
dehydrogenation and found that the most active metals 
increase the rate of β-dehydrogenation but lower the potential 
for blocking of active sites by OHads. Rh was calculated to 
increase selectivity for CO2, while Ru, Os, and Ir would decrease 
selectivity. 

Based on FTIR and DEMS data, Galiote et al.29 have proposed 
a reaction mechanism for ethanol oxidation at Rh rich PtRu 
alloys in which the presence of surface Rh atoms influences the 
initial ethanol dehydrogenation step. Contrary to most other 
models for the main pathway, ethanol is adsorbed through the 
oxygen atom and forms adsorbed ethoxide species. 

8.2.4. Other Pt alloy catalysts

Many other Pt alloy catalysts have been shown to provide 
higher activities for ethanol oxidation, and in some cases higher 
selectivity for CO2. Pertinent examples are provided in Table 1. 
Combinations of the best binary alloys with other elements 
provide further control of activity and selectivity. PtNi alloys are 
more active than Pt for ethanol oxidation due to strain, 
electronic and bifunctional effects, and are effective for ethanol 
electrolysis.85 However, Ni is more often employed in ternary 
alloys such as PtRuNi, PtSnNi, and PtRhNi.85-88 Notably, a PtRhNi 
catalyst has provided higher activity and selectivity for CO2 than 
Pt or PtRh.50 Fourth and fifth elements have also been 
employed,89-91 with a PtRhFeNiCu intermetallic catalyst 
providing high performance and CO2 selectivity in a DEFC at 
200°C.92  

8.3. Core@shell catalysts

Further control over ethanol oxidation can be obtained by 
segregation of different components into different regions of 
the catalyst. Use of core@shell structures in which a second 
material is deposited onto the catalyst particles allows the 
effect of the core material to be combined with different effects 
from the shell, as illustrated in Figure 7. In that example, the Pt 
shell provides high selectivity for breaking the C-C bond, while 
the effects of the PtRu core provide higher activities than for Pt 

Figure 7. Polarization curves for electrolysis of 0.1 M ethanol at PtRu, Pt and 
PtRu@Pt catalysts at 80 ° C in crossover mode. The number of Pt monolayers (Pt 
ML) deposited onto the PtRh core is indicated in the legend. Adapted from ref. 
46 under a Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/). 
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alone. Similar effects have been induced by using Ru or Rh 
cores.47, 49, 82 Core@shell structures can also be employed to 
improve the durability of the catalyst.93 

8.4. Other catalysts with controlled structures

A wide variety of catalysts with controlled structures have been 
employed for ethanol oxidation including controlled shapes,94 
porous structures,95 and single crystals to elucidate 
mechanisms.96  For example, monodispersed Ga atoms on a 
Pt3Mn catalyst have shown high activity and CO2 selectivity,97 
and Pt−Sn nanosheets with preferentially exposed (100) facets 
have shown enhanced CO2 selectivity.78

8.5. Support materials 

Additional control over activity and product distribution can be 
provided by the material used to support the catalyst nanoparticles. 
Generally, the Pt-based catalysts reviewed here consist of metal 
nanoparticles on a high surface area carbon support such as carbon 
black. However, many other types of support material have been 
employed in order to improve activity, selectivity, and/or 
durability.94 The role of the support material is an important factor 
in the development of advanced catalysts systems because it can 
provide bifunctional and/or electronic effects that complement the 
effects of alloying and structure control of the metal nanoparticles. 

Metal oxide supports can enhance activity via both electronic 
and bifunctional effects.30, 98, 99 Kowal et al.30 combined PtRh 
nanoparticles with a Sn oxide support to produce a particularly 
active and selective catalyst for ethanol oxidation in aqueous 
perchloric acid. DFT calculations indicate that the Sn oxide support 
provides OH species for oxidation of COads and inhibits OHads 
formation on Pt and Rh sites. This system has been developed 
further by a number of groups,99 and a Pt catalyst supported on a 
mixed Sn-Ru oxide has been shown to provide enhanced activity 
and CO2 selectivity in a DEFC.100 

9. Evaluation and comparison of anode catalysts 
for ethanol electrolysis 

Whereas catalysts for water electrolysis and hydrogen fuel cells 
can be evaluated and compared directly by using polarization 
curves, this is much more complex for ethanol electrolysis and 
DEFC because of the mixture of products that are produced. For 
these ethanol energy technologies, the electricity 
required/produced and current density are relatively minor 
considerations compared to the cost of ethanol, value of the 
products, and complexity and cost of the overall process.11 For 
ethanol electrolysis, meaningful comparisons between catalysts 
therefore require estimates of the cost of the hydrogen 
produced. Although this is difficult because of the absence of a 
complete process model in the literature,101, 102 an approximate 
method for evaluating and comparing catalysts and operating 
conditions in this way has been used to estimate the viability of 
ethanol electrolysis technology.11  

Figure 8 shows polarization curves and cost of hydrogen 
plots for ethanol electrolysis at a PtRhRu catalyst based on data 

from ref.11 and using a scenario in which the prices of ethanol, 
acetic acid, and acetaldehyde are equal. Under this scenario, 
low ethanol concentrations and low potentials provide the 
lowest hydrogen costs, which is opposite to the electrochemical 
performance represented by the polarization curves. However, 
use of Jan 2025 commodity prices (which are unlikely to 
represent future prices) provides a very different scenario in 
which there is a significant corelation between the cost of 
hydrogen and current densities.11 This is due primarily to the 
high price of acetaldehyde resulting from high production costs 
and limited availability. Clearly, the optimum catalyst and 
operating conditions will change over time as commodity prices 

fluctuate, and this will require a flexible process design and a 
variety of catalysts that can be used to optimize cell 
performance and product distribution.   

Although many different catalysts have been developed for 
ethanol oxidation, data for ethanol electrolysis is relatively 
limited, and in many cases product distributions are not 
reported. However, there is sufficient data available to provide 
adequate control of product distributions for the development 
of prototype processes. PtCu, PtCo, and PtNi catalyst can be 
used to produce acetaldehyde exclusively from 4 M ethanol 
(Table 1) at high current densities.45 This would provide the best 
performance, and lowest cost of hydrogen based on Jan 2025 
prices. However, demand for acetaldehyde is much lower than 
for acetic acid, and its price is volatile and uncertain.7 PtRu at 
low ethanol concentrations (e.g. 0.1 M) and PtRhRu at 
moderate concentrations (0.2-1.0 M) provide high yields of 
acetic acid, while PtRh and PtRhNi at 0.1 M ethanol produce the 
highest yields of CO2 (Table 1 and Figure 4). Although CO2 has 
little value, oxidation of ethanol to CO2 produces the highest 
amount of hydrogen per ethanol molecule and so reduces the 
cost of ethanol. The CO2 produced can be captured or recycled 
through production of ethanol from biomass.

Figure 8. Polarisation curves (bottom) and cost of hydrogen (top; scenario B in Figure 2) 
vs. potential for electrolysis of ethanol at various concentrations at a PtRhRu catalyst. 
Based on data from ref. 11. 
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10. Challenges and perspectives
Although development of an economically competitive ethanol 
electrolysis technology appears to be feasible,11 progress is 
hampered by the lack of a complete model for the overall 
process and uncertainty in the prices of ethanol, acetic acid, and 
acetaldehyde. Development of a techno-economic model is 
essential for reliable assessment of the cost of hydrogen and its 
dependence on the anode catalyst and operating conditions. 
This will guide catalyst development and provide a 
methodology for objective evaluation and comparison of 
catalysts. Then the wealth of knowledge on catalyst synthesis, 
performance, and selectivity can be used to increase current 
densities and refine product distributions.

In addition, catalysts that have been shown or claimed to be 
superior for ethanol oxidation should be rigorously tested in 
electrolysis cells with complete and long-term product analysis. 
There is little data available on catalyst durability which will 
become a crucial factor in the implementation of ethanol 
electrolysis technology. Current densities generally decrease 
during operation of ethanol electrolysis cells at constant 
potential (or potential increases at constant current) due to 
reversible deactivation by adsorbed intermediates,35, 103 and 
irreversible degradation of the catalyst over longer timescales.

Caravaca et al.35 reported a ca. 60% decrease in current over 
8 h for electrolysis of 6 M ethanol at a PtRu catalyst, at 0.8 V and 
80 °C. However, the original activity was regained by cycling the 
potential between 0.4 and 1.1 V under the same conditions.  
Rodriguez-Gomez et al,44 reported more stable performance 
over 8 h for a PtRu catalyst at a constant current density of 100 
mA cm-2, with 4 M ethanol at 80°C. Ju et al.51 operated a PtSn 
catalyst at 0.9 V with 2 M ethanol at 70° C for 125 h, with 
periodic regeneration by replacing the ethanol solution that 
was being recycled through the cell. The largely reversible loss 
of activity was attributed to the effects of acetic acid and 
acetaldehyde accumulation. This is a problem that will need to 
be addressed during process design. Post-mortem analysis of 
the anode catalyst layer indicated that it remained structurally 
stable and that there was some reduction of Sn oxides during 
operation of the cell.  

In other PEM cell applications, Ru@Pt core-shell catalysts 
have been shown to be more stable than PtRu alloys because of 
the resistance to oxidation of Pt.104-106 M@Pt catalysts, and 
particularly Rh@Pt,93 would therefore be expected to provide 
improved durability relative to PtM alloys for ethanol 
electrolysis.

The effects of ethanol concentration on the oxidation rate 
and products are still not understood, and this is a fundamental 
problem. Separation and analysis of the rates of formation of 
each product6, 11, 43 is required for modelling the multi-step, 
multi-pathway reaction mechanism.58, 62, 107-109 Sánchez-
Monreal et al.62 have presented a comprehensive mathematical 
model of ethanol oxidation in a DEFC that simulates the effects 
of ethanol concentration. The optimum concentration of 1 M 
was similar to experimental values. De Oliveira et al.108 
modelled experimental data from DEFC with various PtSn anode 
catalyst compositions. Simulated surface coverages of 

CH3CHOads, CH3COads, and OHads were similar to values 
measured experimentally. Pittayaporn et al.109 have developed 
a dynamic kinetic DEFC model that includes reversible 
deactivation of the anode catalyst. 

These models provide a crucial link between DFT 
calculations and experimental data, and can be adapted for 
optimization of catalysts108 and operating conditions for 
ethanol electrolysis. However, further development is required 
to address the differences in mechanisms, activities and 
product distributions for different catalysts and catalyst 
compositions.62  

Catalyst development and theoretical studies of ethanol 
oxidation have focused on complete oxidation of ethanol to 
CO2, which has remained elusive for PEM cells. It is also 
debatable whether CO2 will be the most economical product, 
since valorisation of acetic acid and acetic acid is necessary to 
offset the cost of ethanol.11 Since 100% selectivity for 
acetaldehyde has already been achieved (Table 1), increasing 
acetic acid yields and current densities at low potentials appear 
to be the key challenges.       

11. Conclusions 
Production of green hydrogen from electrolysis of ethanol 
requires a process for separation and valorisation of by-
products that allows product distributions to be optimized in 
response to changes in market conditions. This can be achieved 
by varying the ethanol concentration, cell potential, and 
temperature, and changing the catalyst if necessary. A wide 
range of catalysts have been developed and theoretical DFT and 
kinetic models provide a guide for optimization of product 
distributions. Catalysts and operating conditions should be 
compared and evaluated by using a cost of hydrogen analysis.

Generally, high selectivity for complete oxidation of ethanol 
to CO2 is only achieved at pure Pt (or Pt rich PtRh) surfaces with 
low ethanol concentrations, relatively high potentials, and high 
temperatures. Acetic acid formation peaks at intermediate 
concentrations and high potentials, while acetaldehyde is the 
main product at high concentrations and intermediate 
potentials. Alloying Pt with Ru, Sn, or other oxophilic metals 
increases electrochemical activity (current density) but 
decreases selectivity for CO2. In contrast, PtRh alloys provide 
high activity and CO2 selectivity. Core-shell structures allow the 
benefits of an oxophilic metal to be combined with the activity, 
selectivity and durability of a Pt shell. Additional control of 
activity and selectivity can be obtained with metal oxide 
support materials, catalyst particles with controlled shapes and 
porous catalysts.

Advanced modelling of the pathways and mechanisms for 
electrochemical oxidation of ethanol, and anode reactions in 
direct ethanol fuel cells, provide a firm foundation for the 
development of ethanol electrolysis technology. However, 
process models are lacking, mitigation of the effects of recycling 
products though the cell has not been addressed, and the long-
term durability of catalysts is unknown.

Future directions should be based on a techno-economic 
model that includes product separation and recycling of 
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ethanol. They should focus on catalysts that can provide long-
term stable performance and product distributions. 
Consequently, understanding reversible deactivation and 
irreversible degradation is a critical requirement. DFT 
calculations combined with dynamic kinetic modelling can 

guide the development of catalysts that are more resistant to 
deactivation.
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