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Electrochemical Ethanol Oxidation using RuO,-Based
Catalysts: Suppressing OER and Tailored Switching
between Water Oxidation and Ethanol Oxidation

Ina Kohlhaas,” Nils Kurig,” and Regina Palkovits

For an efficient hydrogen production, electrochemical ethanol
oxidation is a great alternative to the oxygen evolution reaction
(OER) due to the generation of value-added products. In this
electrosynthetic contribution, the properties of ethanol oxida-
tion are investigated with regard to the influence of pH,
temperature and potential using RuO,-based catalysts. Results
show acetic acid as main reaction product with yields of up to
29% and Faraday efficiencies of >71 %. Increasing the potential

Introduction

Global warming has led to a change in our look on fossil energy
sources within the last few decades. Alternative energy
resources like wind, water, or solar energy enable emission-free
power production but undergo daily, seasonal, and location-
dependent fluctuations. To make those renewable energy
sources applicable to daily needs, storage and alternative
application methods must be found.!” H, is now an often
considered opportunity to store energy utilizing electrochem-
ical water splitting.”™ Currently, the oxygen evolution reaction
(OER) is the main challenge in achieving an economical process
due its high thermodynamic potential of 1.23 V vs. reversible
hydrogen electrode (RHE) and the low commercial value of
oxygen.*® Coupling hydrogen evolution reaction (HER) with
alternative anode reactions, like ethanol oxidation, with lower
thermodynamic potentials could increase the economic value
of the reaction.®® Furthermore, ethanol can be derived from
biomass by hydrolysis of carbohydrate polymers and subse-
quent fermentation and thus represents a sustainable
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marginally from 140V vs. RHE to 145V vs. RHE promoted
parasitic OER and, therefore, yield (>10%) and Faraday
efficiency (>56%) of the organic products decreased. Doping
RuO, electrodes with TiO, shows promising results in suppress-
ing OER during ethanol oxidation. Additionally, the catalyst
allows moderate OER potentials in water electrolysis, making
the catalyst a switchable material.

substrate.?” Products of electrochemical ethanol oxidation are
acetaldehyde, acetic acid, and CO,.”!

Many publications have reported a wide variety of catalyst
materials for electrochemical ethanol oxidation.”'” Most are
based on Pt and Pd.®'"" Pt is used in ethanol oxidation due to
its high stability in organic media as well as its ability to
catalyze both oxidation and C—C bond cleavage mechanisms,
respectively."? Pd shows a high selectivity towards oxidation
mechanisms. In addition to its intrinsic catalytic activity, Pd was
observed to enhance the performance of other metallic
elements due to synergic effects.” The selectivity towards C,-
products is usually increased by formation of bimetallic alloys
which in addition also show improved resistance towards CO
poisoning seen for pure Pt and Pd."® Here, many combinations
using precious and non-precious metals are reported in
literature spanning from Ru and Rh to Ni and Sn.®™ Alloy
nanoparticles are usually deposited onto support materials like
carbon, TiO, or SnO, providing high stability of the system and
decreasing cost compared to pure alloy catalysts.”' In this
research, we utilized TiO, doped RuO, on Ti. RuO, is widely
known as a catalyst with high electrochemical activity, corrosion
resistance and thermal stability.">® It is a popular catalyst in
the chloralkali industry and a benchmark for OER activity in
acidic water splitting."*""” The addition of RuO, to catalysts for
electrochemical alcohol oxidation was shown to promote CO
removal from the catalyst surface due to its oxophilic
characteristics.''** Shieh et al. and Kim et al. reported cyclic
voltammetry (CV) studies of RuO, on Ti and Ni sheets proving
the activity for ethanol oxidation under mild reaction
conditions." Recently, Tian et al. developed a vacancy rich
IrRuO, catalyst which showed highly promising results for
ethanol oxidation reaching acetic acid generation rates of up to
30 mmol-cm™2-h~" at current densities of 3 A-cm™2?" Aside
from Ir, TiO, was reported as dopant in RuO,-based compound
materials.”? TiO, is a popular support in heterogenous catalysis
because of its high chemical inertness and stability.'>'** |ts

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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activity in ethanol oxidation was reported before using
photochemistry.**

While current literature in electrochemical ethanol oxidation
oftentimes focuses on the development of novel catalyst
materials and their characterization, this contribution focusses
on practical application of ethanol oxidation in electrosynthesis.
Here, the effect of TiO,-doping of RuO, for electrochemical
ethanol oxidation was investigated to tune the selectivity for
ethanol oxidation over OER. Pt and RuO,-based materials are
applied as catalysts because they are well established in the
field. In addition, RuO, acts as a benchmark catalyst for OER
enabling comparison between OER and ethanol oxidation.

Results and Discussion

First, ethanol oxidation and OER were investigated using cyclic
voltammetry to determine reaction potentials for electrolysis
experiments (details are available in the supporting information,
Figure S 3-7). TiO, shows no activity in ethanol oxidation and
low OER activity in either H,SO, or KOH. However, both Pt and
RuO, possess activity in ethanol oxidation at potentials below
OER in ethanol-containing electrolyte solution, as the OER
potential is shifted to higher potentials in the presence of
ethanol. It should be noted that the use of RuO, results in
similar reaction potentials of around 1.4V vs. RHE in both
alkaline and acidic electrolyte solution, while the potential using
Pt increases from 1.72V vs. RHE to 2.1V vs. RHE in alkaline
solution.

Additionally, the materials were electrochemically character-
ized to increase material understanding and to gain further
mechanistic insight. Electrochemical impedance spectroscopy
(EIS) (Figure 1) was conducted and Tafel slope as well as double
layer capacitance (Cy) were calculated from voltammetry data
(Figure 3). RuO,-based materials were analyzed regarding OER

a = (Ruyy Ty, 0n Ti, KOH b = (Ruy, Ty 10,00 Ti, H,80,
®  (RugosTige)0; on Ti, KOH o (RugssTis25)0; on Ti, H,S0,
054 & Ru0,on Ti,KOH 054 a RuO,onTi HSO,
LY 04
<] c
=0a a"E g o3
RN " ] N ML
. . o -
. . -
oz . = 0.2 o~ =
u o
. . o L
. h
1
014 . [] 04 5 "
- " \
A" k &t
o T ! 1 L S 1 o " L i 1
o 0.z 04 06 08 1 12 1.4 18 o 0z 04 o8 1] 1 12 14 16
Zia Zia
25 6 -
c = (RugsTig )02 on Ti, KOH, EtOH d = (Ru, 5 Tigs)0, on Ti, H.50,, EIOH
& (Rug7sTiy 25)02 on Ti, KOH, EtOH ® (Ruy iy 2,00, on Ti, H,80,, EIOH
2| 4 RuO,onTi.KOH,EtOH 51 4 RuO,onTi H,50,, EIOH
- L L]
. .
ad
] T < . L]
o . o -
B L] .- 34 " -
i . " R . &
1
U. L] "
K . 24 . .
. .l - -
05 = u
1
un
K \ //pﬂ’k
0 0 ' ' 0 * v T T
0 1 2 3 4 5 s ] 2 4 & e 0 12 i
zrn zia

Figure 1. Electrochemical impedance spectroscopy using RuO, on Ti, (Rugs:
Tig,5)0, on Ti and (Rugs:Tiys)O, on Ti at room temperature a) in T M KOH, b)
in 1 M H,SO,, ¢) in T M KOH with 0.1 M ethanol d) in 1 M H,SO, with 0.1 M
ethanol.
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and ethanol oxidation in both acidic and alkaline electrolyte
solution at room temperature. EIS measurements of OER
(Figure 1a,b) show an increase in charge transfer resistance (R.)
with increasing TiO, content that can be explained by the high
resistance of semiconductors, decreasing the overall conductiv-
ity of the electrode.*” Similar R, values of between 0.2 Q, and
0.9 Q for (Ruys:Tig5)O0,, (Rug5:Tig,5)0, and RuO, were obtained in
alkaline and acidic electrolyte solution. The same trend could
be observed during the investigation of ethanol oxidation
(Figure 1c,d), here R, values between 0.4 Q and 1.1 Q were
obtained for respective catalysts. Tafel slopes (Figure 2a-d) for
the investigated catalyst systems were calculated taking the
internal resistance R; of the system into account. All electrodes
show a dual Tafel character for OER in both acidic and alkaline
electrolyte media (Figure2 ab). Values of 80mV-dec,
95 mV-dec™' and 89 mV-dec™' were observed in the low Tafel
region for RuO,, (Ruys5:Tig»5)0, and (Rugys:Tigs)O, in 1M KOH.
Values for the high Tafel region reached from 114 mV-dec™’ to
214 mV-dec ' and 374 mV-dec' for the respective catalysts. In
1M H,SO, the values of the low Tafel region reached from
103 mV-dec' to 68 mV-dec' and 85mV-.-dec' for RuO,,
(Rug75:Tig25)0, and (Ruys:Tigs)O,, respectively. In high Tafel
regions, the values spanned between 273 mV-dec',
126 mV-dec™' and 348 mV-dec™' for the respective catalysts.
These changes in Tafel slope observed for both electrolyte
systems, i.e., pH regimes, can be attributed to mass transport
limitation due to increasing gas evolution at high potentials
causing a decrease in effective surface area of the electrode.
However, a dual mechanistic behavior of the catalyst with a
change of the rate determining step as reported for other
catalyst systems cannot be observed as no clear agreement in
potential for the change can be observed.* For ethanol
oxidation (Figure 2 c,d) only the initial phase after the onset
potential was analyzed using Tafel plot because with increasing
potential a mix between ethanol oxidation and OER can be
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Figure 2. Tafel plot using RuO, on Ti, (Rug5:Tig25)0, on Ti and (Ruys:Tis)O,
on Ti at room temperature a) in 1 M KOH, b) in 1 M H,SO,, ¢) in 1T M KOH
with 0.1 M ethanol d) in 1 M H,SO, with 0.1 M ethanol.
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observed, making Tafel analysis increasingly complex. In 1M
KOH Tafel slopes increased from 155mV-dec”’ to
399 mV-dec ' and 679 mV-dec™' from RuO, to (Ruys:Tiys)0,. In
1M H,S0, values spanned from 271mV-.-dec’' to
1234 mV-dec™' and 749 mV-dec™' for the respective catalysts.
Interestingly, no clear correlation between neither TiO, nor
RuO, amount and change in Tafel slope can be determined,
making Tafel analysis insufficient to analyze interaction
between the catalyst compounds. C4 was determined by
plotting the average current in non-faradaic regions over the
scan rate and calculating the slope (Figure 3a-d). OER results
(Figure 3a,b) show an increase from 16 mF-cm 2 to 61 mF-cm 2
in Cy4 when reducing the amount of TiO, in the electrode
material using 1M KOH as electrolyte. A different effect was
observed using H,SO, as electrolyte. Here, the C increased
from 38 mF-cm ™2 to 43 mF-cm 2 when increasing the amount
of TiO, to 25% before decreasing to 24 mF-cm™2 at 50% TiO,
content. The electrochemical surface area (ECSA) was calculated
from the C4 and the specific capacitance C,. C; was estimated to
35uF-cm™2in 1 M H,SO, and 40 uF-cm~2 in 1 M KOH.”¥ ECSA
values in 1M KOH range from 26 m’>-g”' to 42m’-g”' and
47 m?-g7' for (RuysTigs)O, (Rugss:Tip,s)O0, and RuO,, respec-
tively. In 1 M H,SO,, values from 43 m?.g™" and 51 m?.g™' to
34 m?.g~' were reached.

For ethanol oxidation (Figure 3c,d) the same trends were
observed in KOH and H,SO,. In both cases (Rugys:Tig,5)0,
showed the highest C, at 54 mF-cm™? and 34 mF-cm™2 in KOH
and H,SO, respectively. RuO, and (Ru,s:Tiy5)O, reached values
of 21 mF-cm™2 20mF-cm™2, 54 mF-cm~2 and 34 mF-cm™.
ECSA were calculated to 36 m*-g~' for RuO,, 56 m>.g~' for
(Rug5:Tip25)0, and 34 m?-g™" for (Ruys:Tiys)O, respectively. In
acidic solution, values of 27 m?-g™', 40 m?*.g™' and 35 m?.g™"
were obtained for respective catalysts. Besides OER in 1 M KOH,
all results indicate an ESCA optimum at 25% TiO, content.
According to literature, this might be caused by TiO, leading to
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Figure 3. Double layer capacitance using RuO, on Ti, (Rug5:Ti,5)0, on Ti and
(Rug5:Tigs)O, on Ti at room temperature a) in 1 M KOH, b) in 1 M H,SO,, c) in
1 M KOH with 0.1 M ethanol d) in T M H,SO, with 0.1 M ethanol.
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a better distribution of RuO, at small quantities in addition to
facilitating ion transport and charging of the electrochemical
double layer.””

As a starting point for electrosynthesis, the influence of pH
on electrochemical ethanol oxidation was investigated using
H,SO, and KOH electrolyte solutions at room temperature
(Figure 4). Electrolysis experiments were carried out repeatedly
to ensure reproducibility and error bars display the standard
deviation. During electrosynthesis using H,SO, at room temper-
ature over 3 h, all used catalysts show the formation of acetic
acid as well as acetaldehyde. The reaction potentials were set to
1.42 V vs. RHE for RuO,-based catalysts and 1.72 V vs. RHE for Pt
according to the onset potentials of ethanol oxidation observed
in the CV. F,, (referred to acetic acid) varied between 0.06 and
0.16 as the reaction was conducted using a fixed reaction time,
allowing for maximum yield between 6% and 16 %. The highest
yields of 18+7% for acetic acid and 7+2% of acetaldehyde
are observed using RuO,. In case of (Rug,s:Tig,5)0, decreased
yields of 84+0% of acetic acid and 4+0% of acetaldehyde are
obtained. This matches general expectations as TiO, is added to
reduce OER and not active in ethanol oxidation itself as shown
in CV data (Figure S 5). This finding, however, contradicts the
results of the ECSA determination which would assume an
increase in yield using (Ruy5:Tig,5)0, because of the higher
electrochemically active surface area. Apparently, the increase
in electrode conductivity overpowers the effect of possible
improved RuO, distribution on the electrode surface, leading to
increased yields with pure RuO,, highlighting the importance of
considering the interplay of counteracting effects. Using Pt
results in low yields of 1£0% acetic acid and 2+1%
acetaldehyde indicating low catalytic activity for ethanol
oxidation in acidic solution in comparison to RuO,-based
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Figure 4. Yield, carbon balance and Faraday efficiency using Pt, RuO, on Ti
and (Rug5:Tig25)O, on Ti as catalyst for electrochemical ethanol oxidation of
0.1 M ethanol in 1 M H,SO, or KOH. The reaction was conducted at room
temperature for 3 h at a potential of 1.72 V vs. RHE (Pt, H,SO,), 1.42 V vs. RHE
(RuO,-based, H,S0,), 2.10 V vs. RHE (Pt, KOH). Applied potentials were
determined prior according to the onset potential of ethanol oxidation.
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catalysts. The carbon balance is similar for all used electro-
catalysts (between 88+5% and 95+6%) and any gaps are due
to formation of CO,. While the electrolysis using Pt has a
Faraday efficiency (FE) of 73+£9%, implying side reactions like
OER or CO, formation, both catalysts containing RuO, show a FE
of around 121 %. Therefore, blank experiments were performed
to investigate possible non-electrochemical conversion of
ethanol or acetaldehyde. The sample using ethanol without
RuO, catalyst showed no formation of acetaldehyde or acetic
acid. However, in case of acetaldehyde, low formation of acetic
acid was observed without catalyst or current. Adding RuO, in
powder form as catalyst, both ethanol and acetaldehyde
showed some formation of oxidation products. These results
indicate increased FE from alternative non-electrochemical
pathways. These findings highlight the importance of perform-
ing actual electrosynthesis experiments as consecutive chemical
reactions cannot be seen during electrochemical character-
ization of the system.

While all used electrodes are reportedly stable in acidic and
alkaline conditions, the general decrease of yield with KOH at
room temperature indicates a lower activity of used catalysts in
alkaline media compared to the acidic H,SO, solution. In
contrast to the results using H,SO,, only Pt (2.10V vs. RHE,
according to CV) results in detectable formation of
acetaldehyde while RuO, and (Rugs:Tig,5)0, (1.42V vs. RHE,
according to CV) show a selective production of acetic acid. The
observed selectivity towards acetic acid formation indicates a
promotion of consecutive readsorption and oxidation of
acetaldehyde to acetic acid in KOH for RuO,-based electrodes in
addition to the direct oxidation of ethanol to acetic acid. The
highest yield is again provided by RuO, on Ti with 12+0% for
acetic acid. 843 % are obtained using (Ruy,5:Tig,5)0,. Here, the
trend in yield matches the ECSA results, indicating that a higher
active surface leads to higher yields. Pt results in a yield of 3+
1% for acetic acid and 1+0% for acetaldehyde. In contrast, FE
using Pt decreases vastly to 16+2% using KOH probably
resulting from increased OER. The FE of (Ru,;5:Tig,5)O, decreases
from 121+12% to 94+ 10% indicating increased CO, forma-
tion. For RuO,, a high FE is obtained. The blank experiments
with H,SO, described above were repeated using KOH solution.
Results showed a formation of acetic acid from acetaldehyde
without applying current in alkaline solution. Using ethanol
under similar conditions did not result in the consumption of
ethanol. In summary, while higher yields and FE were obtained
using H,SO,, acetic acid was produced as main product in
alkaline solution using RuO,.

Next, the influence of reaction conditions was further
investigated by increasing the temperature to 60°C (Figure 6).
Although H,SO, showed more promising results at room
temperature, experiments at 60°C were conducted using KOH,
because electrodes based on RuO, showed a degradation of
the coating layer in acidic media during electrolysis experiments
at elevated temperatures. As Kim et al. report a high stability of
RuO,, this is most likely caused by the manufacturing procedure
of the electrode coating which has to be investigated further."

The reaction time had to be increased to 7.5 h to ensure
suitable conversion in a larger cell used for experiments at

ChemElectroChem 2024, 11, €202300753 (4 of 7)

increased temperature. Faraday equivalents (F.,) (referred to
acetic acid) varied between 0.15 and 0.44 as the reaction was
conducted using a fixed reaction time, allowing for maximum
yield between 15% and 44%. All electrode materials show a
significant improvement of yield compared to the reaction at
room temperature. The largest improvement can be seen for
electrodes based on RuO,. Similar to the reaction at room
temperature using KOH, RuO,-based catalysts led to a selective
formation of acetic acid (29+2% (RuO,)) and 26 +2% yield
((Rug75:Tig25)0,). A condenser was utilized to achieve high
carbon balances by inhibiting ethanol evaporation. Additionally,
high carbon balances could be achieved throughout the
reaction as surface oxidants (O, OH) are reported to inhibit the
C—C bond cleavage towards CO,.™ Comparing reactions at
room temperature and at 60°C, FE increases to 74+0% using
Pt. RuO,-based catalysts showed a different behavior, where the
FE of RuO, decreased to 71+7%, while FE for (Rug;5:Tig25)05
stayed constant at 88+0%. A possible explanation might be
that in case of RuO, OER strongly increases at 60 °C (Figure S 7)
due to a decreased onset potential compared to room temper-
ature while the onset of ethanol oxidation stays similar. In case
of Pt, while OER onset decreases, ethanol oxidation onset also
decreases drastically, leading to an increase in FE. (Rug5:Tig2s5)0,
reaches similar onset potentials at both room temperature and
60°C. Additionally, in case of (Rug;sTig,5)O0, constant FE
indicates a partially OER-inhibiting effect of TiO, as was
previously reported in literature.”? Higher catalyst activity was
observed at an increased temperature of 60°C, however, the
activity towards OER increased as well.

As higher potentials influence product selectivity and FE but
also lead to desirable higher current densities, the applied
potential was increased to 1.42V vs. RHE and 1.45V vs. RHE
(Figure 5). The experiment was carried out using (Rug5:Tig5)0,
on Ti at 60°C. For better comparison of the influence of the
potential, a reaction cut-off was added at 0.15 F, (referred to
acetic acid) instead of a fixed reaction time, allowing for a
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Figure 5. Yield, carbon balance and Faraday efficiency using Pt, RuO, on Ti
and (Rug5:Tig25)O, on Ti as catalyst for electrochemical ethanol oxidation of
0.1 M ethanol in 1 M KOH at 60°C for 7.5 h at 2.1 V vs. RHE (Pt) and 1.4 V vs.
RHE (RuO,-based).
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maximum vyield of 15%. Figure 5 shows a decrease of the
obtained yield by 1% (1.42V vs. RHE) and 7% (1.45V vs. RHE)
which can be explained by an increasing O, formation at higher
potentials because of a shift from ethanol oxidation towards
OER. At a reaction potential of 1.45V vs. RHE, the formation of
acetaldehyde as additional reaction product to acetic acid is
observed. This might be caused by enhanced OER partially
inhibiting the additional oxidation step towards acetic acid due
to adsorption on active sites.”® The carbon balance increases
with higher potentials from 98+3% to 100+1%, while FE
decreases from 95 +3% to 56 + 1%. Both results could again be
attributed to an increased OER, which leads to blocked active
sites on the electrode surface, reducing ethanol oxidation.

The experiment was repeated using (Rugs:Tigs)O, on Ti to
further investigate the influence of TiO, doping in electrodes on
ethanol oxidation and OER that occurred during the experiment
at elevated temperature of 60°C (Figure 6). Here, a higher FE
was observed for (Ruy,5:Tiy»5)O, in comparison to RuO, showing
clearly that the addition of higher amounts of TiO, holds a
positive effect on the partially inhibition of OER. Improved
product yields, shown in Figure 6, obtained using (Rugs:Tiys5)O,
compared to (Rugy,s:Tig,5)O, are a direct result of the partially
OER-inhibiting effect of TiO,. The acetic acid yield stays nearly
constant at around 18% between 1.40 V vs. RHE and 1.42 V vs.
RHE. When increasing the potential to 1.45 V vs. RHE, the yield
decreases to 11+1%. During the experiment using 1.40V vs.
RHE, less than 1% acetaldehyde and otherwise only acetic acid
was formed. The formation of acetaldehyde implies a con-
nection to the lower amount of active centers on the electrode
surface compared to (Rug;5:Tig,5)O0, resulting in lower overall
conversion. The carbon balance stays constant at around 100 %,
matching the expectations as low amounts of CO, formation
were observed during prior experiments at elevated temper-
atures. In summary, increasing the reaction potential leads to
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Figure 6. Yield, carbon balance and Faraday efficiency using (Rugs:Tig,5)0,
on Ti (75/25) and (Ruys:Tigs)O, on Ti (50/50) as catalyst for electrochemical
ethanol oxidation of 0.1 M ethanol in 1 M KOH. The reaction was conducted
at 60 °C at potentials of 1.40 V vs. RHE, 1.42 V vs. RHE and 1.45 V vs. RHE until
a charge of 150 C was reached.
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an increasing concurrence of OER on the ethanol oxidation. The
addition of TiO, can decrease the concurrence of OER due to a
partially OER-inhibiting effect.

In the following part, practical aspects regarding ethanol
oxidation were studied. To investigate the possibility of a
continuous reaction, electrolysis was conducted using a semi-
batch reaction setup. The electrolysis was performed under
galvanostatic reaction conditions at 10 mA using (Rug5:Tig,5)0,
on Ti, eliminating the need of an additional reference electrode.
(Rug75:Tig25)0, on Ti was chosen in contrast to other tested
catalysts in an effort to keep the conductivity at 10 mA as high
as possible, allowing for low reaction potentials, while still
being able to utilize the partially OER inhibiting properties of
TiO,. The experiment was carried out at a temperature of 60 °C,
utilizing a flow rate of 1 mL-min~". As a semi-batch reaction
system was used, the electrolyte solution passed through the
reactor multiple times, increasing the overall reaction time of
the solution compared to a single-pass flow cell. In semi-batch
experiments, 0.55 F,, were applied with respect to acetic acid,
theoretically allowing for a maximum yield of 55% within the
reaction time of 3 h. The semi-batch experiment showed a yield
of of 23+1% after 3 h which equals a FE of only 394+1%. In
comparison to the batch experiment at 0.15 F,,, these results
are quite low as the batch experiment reached yields of up to
15+1% and therefore FE of 97 +-3%, indicating an increased
OER at higher reaction potentials. Similar to most batch
experiments in KOH, acetic acid was the only liquid product
received during the semi-batch reaction. The carbon balance of
86+2% implies either formation of CO, or evaporation of
ethanol during the reaction. Contrasting to batch experiments,
no condenser can be installed in the used semi-batch setup.

Since the energy consumption of a reaction is of high
industrial importance, the energy demand per kg of H, of both
ethanol oxidation and OER was calculated at 40 mA (Equa-
tion 10-12). The energy demand of the electrochemical ethanol
oxidation was calculated to have a higher energy demand per
kg of H, of 60.8 kWh-kg™' compared to 58.3 kWh-kg™' for OER
using (RugsTigs)O, on Ti. This is surprising considering that
according to CV data (Figure S 3-6) ethanol oxidation shows a
lower oxidation potential compared to OER. The results can be
explained by OER dominating over ethanol oxidation at 40 mA
(Supporting information, FigureS 9). (Ruys:Tios)O, on Ti was
used as switchable catalyst as prior experiments showed an
partially inhibition of OER during ethanol oxidation, leading to
better conversion rates, while still enabling sufficient oxygen
evolution during OER cycles. Based on those results, we
concluded that cycling between anode reactions like ethanol
oxidation and OER adjusting for the dynamic costs of energy
could be favorable for industry purposes. At low cost of energy,
OER can optimize energy usage for H, production, while value-
adding products formed by ethanol oxidation could be
produced at higher cost of energy. The procedure, called anodic
oxidation cycling in the following, is described closer in the
experimental section. As a first experiment, anodic oxidation
cycling was repeated 6times switching between ethanol
oxidation and OER every 30 min at 40 mA (Figure S 10-11).
Results show lower cell potentials for OER compared to ethanol
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oxidation and an overall trend of constantly increasing cell
potentials from cycle to cycle. While the increase in cell
potential indicates a slight decrease in electrode activity over
the experiment, the catalyst still performs well in OER and EOR.
Additionally, the results indicate robustness towards switching
the reactions, introducing an interesting concept that offers
potential for future implementation.

Conclusions

In this work, electrochemical ethanol oxidation was investigated
in applied electrosynthesis as an alternative to OER for efficient
H, production using well-established catalysts like Pt and RuO,-
based materials. Experiments using RuO, show selective
formation of acetic acid in alkaline electrolyte solution at 60 °C
with yields of up to 29% at 71% FE at 1.40V vs. RHE. An
increase of reaction potential to 1.45V vs. RHE showed a
decrease in FE of the value-added products to 56% ((Rugs:
Tig25)0,). It was suggested that an increase of OER leads to
blocking of active catalyst sites due to adsorption decreasing
the conversion rate of ethanol and acetaldehyde. Increasing the
TiO, content of RuO,-based electrodes showed a partially OER-
inhibiting effect and therefore an increase of FE for organic
value-added products compared to RuO, electrodes. Anodic
oxidation cycling was introduced as a novel method for cost
optimization. (Ruys:Tiys)O, on Ti can be applied when cycling
reactions according to their energy demand. This process
reduces cost of H, production by enabling production of value-
added products to compensate for high electricity prices and
allow for efficient OER at low energy prices.

Experimental Section

Materials: Electrolyte solutions were prepared using Milli-Q water.
All chemicals besides acetaldehyde (Fluka), RuCl; (anhydrous, abcr)
and TiCl; (15% in 10% HCI, Merck) were purchased from
Chemsolute. Chemicals were used without further preparation.
Electrochemical cells were custom build (cell A: diameter: 2 cm,
thickness: 1 cm; cell B: diameter: 4 cm, thickness: 2 cm, with ice-
cooled condenser) and could be operated with a mgw Lauda M3
thermostat (anode side).””!

Characterization: Electrolysis experiments were evaluated using
HPLC (Shimadzu Prominence LC-20 system) with a reflective index
detector and a CS organic acid resin column. Samples were eluted
at 40°C with a mixture of trifluoroacetic acid (TFA) in water
(154 uL-L™") using a flow rate of 1 mL-min~".

Electrode preparation: Ti electrodes (5 cmx5 cm) were cut, sanded
with 400 grid sandpaper and cleaned using water and acetone. The
catalyst solutions were prepared according to Naslund et al."™
RuCI3 (1.0375g, 5-107° mol) was mixed with 10% HCl in water
(472 mL) and isopropanol (0.23 mL). TiCl; stock solution was
prepared by mixing TiCl; 15% in 10% HCI in water (4.72 mL) with
isopropanol (0.23 mL). Both stock solutions were sonicated for
5 min before use. The coating solutions were combined according
to the needed ratio by mixing them 2:1 with isopropanol and
sonicated for 5 min. The solution was vortexed for 30s before
evenly coating the electrodes. Electrodes were dried in an oven at
80°C for 15 min before calcinating in a muffle oven for 15 min at
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470°C with a heating rate of 20 K-min~". The coating process was
repeated additional two times, increasing the calcination time to
2 h in the last step.

Cyclic Voltammetry: CVs were recorded in a three-electrode
arrangement in a glass vial using 0.5 M H,SO, or KOH as electrolyte
solution and 1 M ethanol. Reference experiments were performed
without substrate. While the working electrode was varied, Pt was
used as counter electrode in all experiments. The reference
electrode was either Ag/AgCl in 3 M KCI or Hg/HgO in 1 M KOH
according to the pH of the electrolyte solution. All measurements
were carried out at a scan rate of 10 mV-s™' for three scans at
either room temperature or 60 °C.

Impedance, Tafel and double layer capacity analysis: Electrochem-
ical data for electrode characterization were recorded in a three-
electrode arrangement in a glass vial using 1 M H,SO, or KOH as
electrolyte solution without ethanol. While the working electrode
was varied, Pt was used as counter electrode in all experiments.
The reference electrode was either Ag/AgCl in 3 M KCl or Hg/HgO
in 1M KOH according to the pH of the electrolyte solution. All
measurements were carried out room temperature.

Electrosynthesis: Electrolysis experiments were conducted using
either 1 M H,SO, or 1 M KOH with 0.1 M ethanol. pH experiments
were performed in cell A at room temperature, while all batch
experiments at 60°C used cell B. Potential were set to 1.72V vs.
RHE (Pt) and 1.42V vs. RHE (RuO,-based) in H,SO, and 2.10V vs.
RHE (Pt) and 140V vs. RHE (RuO,-based) in KOH. Semi-batch
experiments were performed at 60°C at 10 mA using cell A in
combination with a HPLC pump.

Anodic Oxidation Cycling: Cell A was combined with a cathode
compartment of similar size, separated by a Nafion N-324
membrane (0.15 mm, Teflon fabric reinforced) and heated to 60°C
using a thermostat. Ethanol oxidation and OER were performed at
40 mA using (RuysTigs)O, on Ti alternating every 30 min for six
hours total. The cell was flushed twice between ethanol oxidation
and OER using electrolyte. The anode compartment solution was
alternated at 40 mA between 0.1 M ethanol in 1M KOH (ethanol
oxidation) and 1M KOH (OER). The cathode compartment was
always filled with 1 M KOH
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