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The identification and quantification of reaction intermediates and
products in a time-resolved fashion is of great value for the under-
standing of mechanisms underlying the electro-catalytic oxidation
of alcohols. Using a newly developed in situ cell, the identification
of different intermediates, products, and side products became
possible by monitoring the ethanol electro-oxidation in operando
by **C NMR spectroscopy.

Electro-catalytic oxidation reactions of alcohols play a key role
for future energy conversion applications. Increasing usage of
renewable feedstock is essential since fossil fuels are limited
and lead to the emission of greenhouse gas." Fuel cells are
likely to play an important role for electro-mobility and other
portable and stationary applications. Ethanol is a promising
option as a hydrogen carrier because it is less toxic than other
fuels and can be produced from biomass.> Moreover, the
selective electro-catalytic conversion of biomass-derived alco-
hols into aldehydes and other intermediates is a potential route
towards fine chemicals.> However, the mechanism of ethanol
oxidation using platinum-based catalysts is not yet fully
understood.®

Various spectro-electrochemical methods are already estab-
lished in order to gain a comprehensive understanding of
the mechanisms at the catalyst surface, e.g. IR- and Raman-
spectroscopy, but also EPR and sXAS as well as invasive
methods like MS.>”™™ In situ NMR spectroscopy has the
following advantages: (i) the signal intensity for any detected
species is directly proportional to the number of spins, ie.,
NMR is fully quantitative. (ii) Small structural changes of
molecules are sensitively monitored. (iii) No vacuum is
required and the electrolyte does not perturb or contribute to
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the spectra.®'* NMR spectroscopy can play a crucial role in the

elucidation of reaction mechanisms because it allows to detect
and quantify reaction intermediates and product molecules
non-invasively in a time-resolved fashion and with high
chemical specificity."® Despite these advantages, combination
of NMR spectroscopy and electrochemistry is still under-
developed. Although NMR spectroscopy is a powerful method,
its implementation in electrochemical studies is complicated
by various technical issues. In comparison to other analytical
methods, NMR spectroscopy has a relatively low sensitivity.
Further problems occur for in situ studies because (a) metallic
components of the cells cause problems especially if they are
present in the detection coil and (b) interference between the
current supplier and the spectrometer can amplify background
noise."* Thus, in situ monitoring of the reaction requires an
appropriate experimental set-up. Metal electrodes for in situ
investigations have to be radio frequency transparent, which
depends on layer thickness and electrode size.'” Nevertheless,
a few experimental set-ups have already been developed to
analyse electrochemical reactions in situ by NMR. These experi-
ments made use of interdigitated gold or epoxy-sealed, capillary-
housed electrodes, which were inserted into a standard tube for
solution NMR measurements.'*'™"®

Metallic components of the electrochemical cell can be
decreased by using carbon paper as electrode substrate. Such
electrodes can be placed inside the coil, resulting in reduced
line broadening in comparison to pure platinum or gold
electrodes."”

In the present work, we describe a new cell design for in situ
NMR investigations using coated carbon paper as electrodes in
a sealed plastic bag cell placed inside the NMR detection coil.
This set-up allows the in situ NMR detection of the electrode
region where the reaction takes place. This enables direct
monitoring of the reactions not only within the electrolyte
but also on the catalytically active electrode. Another main
advantage of the developed pouch cells is that they are compatible
with any available solid-state NMR spectrometer. Additionally, the
use of **C-labeled educts provides a high sensitivity and allows to
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Fig.1 (A) Schematic drawing of the pouch cell for use in a 10 mm
solenoid coil. (B) In situ NMR probe with a pouch cell inside the coil. To
connect the cell with the probe, the copper mesh is pressed onto the
contacts by a Teflon ring. (C) The pouch cell is about 4 cm long and 1 to
1.5 cm wide.

follow the reaction with a time resolution of the order of 10 minutes
which is essential to understand the reaction mechanism.

The developed pouch cells are built in analogy to the plastic
bag cells of BELLCORE which were used already to investigate
electrochemical double-layer capacitors.’*! They are variable
in size and shape and can be measured easily within the 10 mm
solenoid coil of the used probe. This set-up is illustrated in
Fig. 1: scheme A shows all components of the pouch cell
including working electrode (WE), counter electrode (CE),
and separator film. Fig. 1B displays the used in situ probe
with contacts for electrodes. The probe was manufactured by
NMR Service GmbH, Erfurt, Germany. A pouch cell is shown
in Fig. 1C.

The WE is based on carbon paper coated with the commercial
electro-catalyst for ethanol oxidation, Pt/Vulcan XC 72R, exhibiting
a total metal content of 10 wt%. The CE is also based on
carbon paper coated with mesoporous carbon Vulcan XC 72R
without Pt.

Coating was achieved by dispersing 100 mg of Pt/Vulcan XC 72R
or Vulcan XC 72R in 1 mL ethanol and 1 mL deionized water for
5 min in a vibration ball mill, doctor blading on carbon paper
(2 cm x 12 cm), air drying overnight, and activation at 80 °C in
vacuum. Because of the instability and thickness of carbon
paper, a copper mesh is used for contacting the electrodes with
the probe and producing closed pouch cells. To avoid over-
pressure by carbon dioxide formation during the measurement,
the closed pouch cell is opened with a needle on top immedi-
ately before the measurement. It should be noted that the
reaction does not proceed in a fully sealed cell which is not
opened prior to the measurement. After developing a certain
gas pressure, the reaction does not further proceed (see ESIY).
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Fig. 2 In situ C NMR spectra measured at 1.3 V as a function of reaction
time t. The spectra show a conversion of ethanol and an increasing
intensity of the signals due to acetic acid and carbonate. Weak intermediate
signals could be assigned to acetaldehyde, carbon dioxide, as well as ethane-
1,1-diol or ethoxyhydroxyethane.

That means, electro-oxidation is inhibited in the presence of an
overpressure due to carbon dioxide formation. Therefore, the
cells were always perforated prior to the measurement in order to
release CO, overpressures. To avoid a short circuit, a glass fiber
separator film is inserted between the two electrodes. The electro-
Iyte consists of 0.5 M '*C-labeled ethanol and 0.5 M potassium
hydroxide in water. All components of the pouch cell are sealed in
a polypropylene plastic bag.

The NMR study is performed on a 300 MHz Bruker Avance
spectrometer. To enhance the sensitivity, **C-labeled ethanol
CH;"CH,OH is used. The in situ '*C NMR spectra are acquired
with single pulse excitation and 25 kHz spectral width. The *C
chemical shift is referenced relative to TMS. Fig. 2 shows
spectra measured at 1.3 V over 100 hours reaction time.
Additional measurements at other voltages are provided in
the ESIL.f The chronoamperometric current and the voltage
were recorded during the experiment to monitor the
stability of the operating cell (Fig. 3A). The practically constant
chronoamperometric current indicates that the used in situ
cells are indeed long-term stable. Due to technical and spatial
limitations, it was not possible to integrate a reference elec-
trode. However, the cell has a high resistance as indicated by
the low current below 1 mA. Only minor deviations of the cell
potential from the applied voltage are thus expected. The
ethanol signal continuously decreases during the measurement
time (cf’ Fig. 2). Further signals are assigned to the reaction products
acetic acid (177 ppm) and carbonate (160 ppm). Carbonate can be
formed instead of carbon dioxide because the electrooxidation was
carried out in alkaline medium. Within the reaction time, several
signals of low intensity are constantly detected in subsequent
spectra over certain time periods indicating intermediates or volatile
products. These substances are acetaldehyde (208 ppm) which can
be further oxidized to acetic acid, and carbon dioxide (120 ppm)
which is volatile and evaporates from the cell or reacts with the
electrolyte to carbonate. Additionally, a signal at ca. 90 ppm could
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Fig. 3 (A) Chronoamperometric current and applied voltage measured
during the experiment shown in Fig. 2 (1.3 V over 100 hours). (B) Quanti-
tative evaluation of the measurement reveals the conversion of ethanol
(blue squares) into the main products acetic acid (orange triangles) and
carbonate (green crosses). Red circles are the sum of the concentrations
of ethanol, acetic acid, and carbonate.

be detected. It may result from ethane-1,1-diol (95 ppm) or
ethoxyhydroxyethane (88 ppm). Both intermediates can be
generated during the reaction of acetaldehyde with ethanol or
water and were already found by Kim et al. in ex situ solution
NMR studies.®

Quantification of the three most intense signals in the
spectra measured at 1.3 V (Fig. 3B) shows the proceeding
turnover of ethanol (blue rectangles) during the reaction time
of 100 hours. The rapidly decreasing concentration of ethanol
at practically constant current and voltage proves that the
electro-oxidation reaction continuously proceeds. However,
the concentration of carbonate (green crosses) and acetic acid
(orange triangles) is low and increases only slowly within the
first 20 hours. It is thus concluded that ethanol is mainly
oxidized to volatile carbon dioxide which can escape from the
cell. To determine the maximum possible amount of volatile
carbon dioxide, the sum of the measured concentrations of
ethanol, acetic acid, and carbonate (red points) must be sub-
tracted from the total initial concentration (horizontal dashed
line). Indeed, a rapidly growing difference is observed in the
first 20 hours. After reaction times between 20 and 60 hours,
the concentrations of both, acetic acid and carbonate, strongly
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increase. The sum of the concentrations of ethanol, acetic acid,
and carbonate (red points) remains then nearly constant mean-
ing that almost no volatile carbon dioxide is formed for reac-
tion times longer than 20 hours. Carbon dioxide then obviously
reacts to carbonate. It is possible that some carbonate is
initially adsorbed at the catalyst surface. This carbonate
would not be detectable due to line broadening caused by
immobilization. Strong adsorption of carbonate at the catalyst
may also lead to slow product release into the solution. Thus,
carbonate formed at the beginning would be detected later.>?
Therefore, the reaction rate for the oxidation to carbon dioxide
may be limited by the decreased rate of C-C-bond cleavage
since the catalytic surface would be partly blocked by poisoning
species like carbonate.>?

In summary, the developed spectro-electrochemical NMR
technique using customized pouch cells provides a simple and
robust method to analyse product spectra of electro-catalytic
reactions in operando. The use of "*C-labeled educts provides a
good signal-to-noise ratio as well as time resolution due to
the short measurement time. The long-term stable pouch cell
set-up allows to follow the reaction until complete ethanol
conversion. Acetic acid and carbonate could be quantified as
main products. In addition, four different intermediates of the
oxidation reaction mechanism are detected. This in situ method
is a valuable tool for future investigations such as the develop-
ment of electro-catalysts with higher selectivity towards specific
alcohols. It allows to analyse the influence of relevant reaction
parameters like voltage, educt concentration etc. for achieving
higher selectivity and elucidation of electro-oxidation mechanisms.
The developed set-up is also applicable to study other electro-
catalytic reactions.
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