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This work presents a new method to study the ethanol oxidation reaction in a functional
fuel cell adapting the single cell on an ATR-FTIR accessory. Using this configuration it was
possible to observe the formation of the main products — acetaldehyde and acetic acid —
and also measure the decay of the ethanol concentration at various temperatures.
Furthermore, it was ascertained that the increment of power density with the temperature
increase in the Pt/C anode fuel cell favors the acetaldehyde production. The proposed setup
is a very promising characterization technique for studies of in situ electrochemical
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1. Introduction However, the strength of the C—C bond of the ethanol

According to an extrapolation calculated by the International
Energy Agency (IEA), the growing demand for oil is spear-
headed by the need for fuel transportation in the nearest
future. Considering also that just a few countries produce oil
and thatis questionable how long the oil producers can satisfy
the growing demand [1], nowadays there is a great interest in
the use of renewable fuels as ethanol and more efficient
power sources such as direct alcohol fuel cells (DAFC) [2—4].
Moreover, ethanol has been proposed as a fuel for this cell
because it is produced in large quantities from biomass, it has
higher energy density (8.01 kWh kg™?) and is less volatile and
toxic than methanol [5,6], the most studied alcohol for poly-
mer electrolyte membrane fuel cells [7].
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molecule make it extremely stable and, therefore, difficult to
break at low temperature. Thus, ethanol complete oxidation
to CO, is still a great challenge and, many studies about
ethanol oxidation reaction (EOR) have been performed [8—13].

Studies of EOR in electrochemical cells using IR spectros-
copy demonstrated that the major soluble products formed
are acetaldehyde, acetic acid and carbon dioxide [14,15]. The
intermediates species and products of EOR have usually been
identified by in situ FTIR spectroscopy [16—19], differential
electrochemical mass spectrometry (DEMS) [20—22], gas or
liquid chromatography [23—25], and others.

Another approach to the study of EOR was made by Melke
etal. [26,27], that used an X-ray absorption spectroscopy (XAS)
to identify the species covering the catalytic sites of the Pt or Pt
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Fig. 1 — Single Cell/ATR-FTIR setup (1) cathode plate, (2)
assembler, (3) MEA, (4) anode plate and (5) ATR plate.
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based electrocatalysts during chronoamperometric experi-
ments using half cell.

Most of the identification of intermediates species and
products using FTIR, DEMS and gas or liquid chromatography
techniques were done on electrochemical half cells, which do
not really reproduce the conditions of a DAFC because it is not
possible to detect the intermediates and products in real-time
inside a cell.

An example that the results in half cells cannot reproduce
a DAFC is the study of De Souza et al. [10]. In this work the
authors used Attenuated Total Reflection — Fourier Trans-
formed Infra Red spectroscopy (ATR-FTIR) to study Pt/C
deposited on different supports (gold, glass carbon, and car-
bon cloth) and reported that acetaldehyde, acetic acid and CO,
formed during the EOR have the onset formation potential
shifted in function of these support, indicating that the
extrapolation of the results obtained in electrochemical ex-
periments cannot be true, considering what occurs inside a
fuel cell.

ATR-FTIR Spectroscopy uses a high refractive index crystal,
thereby permitting radiation to reflect in the crystal one or
more times independent of the sample reflectance [11,28,29].
These characteristics make this technique very interesting to
be coupled on a single fuel cell and to study the oxidation of
small organic molecules. Using this technique it is possible to
analyze the real intermediate species and products in EOR.

Taking into account that the development of new tools for
in situ studies on single fuel cells represent an important step
to understand the mechanism of the reactions in real time
and conditions, this work, presents a single fuel cell adapted
on ATR accessory for EOR. The influence of the temperature
for EOR was also considered.

2. Material and methods

Single direct ethanol cell tests were carried out using Pt/C
BASF (20 wt.%) electrocatalysts as the anode and cathode in
the gas diffusion electrodes. The electrocatalyst was painted
over the gas diffusion layer (GDL — Carbon Paper Teflon
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Fig. 2 — Polarization curves (a) and power density curves (b) in 1 cm? DEFC using 20 wt.% Pt/C Basf electrocatalyst in anode
and cathode (1 mgp cm 2. Nafion® 117 was used as the membrane. 2 mol L™* Ethanol with 0.8 mL min~* flux.
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treated and Electrochem EC-TP1-060T) in order to obtain a
homogeneous dispersion made with Nafion® solution (5 wt.%,
Aldrich) and isopropanol (J.T. Baker).

All electrodes were constructed with 1 mg Pt cm™? in the
anode and cathode. After preparation, the electrodes were hot
pressed on both sides of a Nafion® 117 membrane at 100 °C for
2 min under a pressure of 225 kgf cm~2. Prior to use, the
membranes were exposed to 3 wt.% H,0,, washed with
distilled water and treated with 0.5 mol L~* H,SO,.

The performance and ATR-FTIR in situ spectroscopy of the
ethanol fuel cell was investigated using a special single cell
(Fig. 1) with a geometric area of 1 cm? adapted in an ATR
accessory (MIRacle with a Diamond/ZnSe Crystal Plate Pike®)
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installed on a Nicolet® 6700 FT-IR spectrometer equipped
with a MCT detector cooled with liquid N,. The temperature
was set to 25, 40, 50, and 60 °C for the fuel cell and 80 °C for
the oxygen humidifier. The fuel (2 mol L™ ethanol aqueous
solutions) was delivered at approximately 0.8 mL min * and
the oxygen flow was set to 150 mL min~* under pressure of
2 bar.

The polarization curves were obtained using an Autolab
PGSTAT 302N Potentiostat. Absorbance spectra were collected
as the ratio (R:Ro) where R represents a spectrum at a given
potential and R, is the spectrum collected at an open-circuit
voltage (OCV). Negative and positive bands represent the
consumption and production of substances, respectively.
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Fig. 3 — In situ ATR-FTIR spectra taken at OCV to 0 V in 1 cm? DEFC using 20 wt.% Pt/C Basf electrocatalyst in anode and
cathode (1 mgp; cm™?). Nafion® 117 was used as the membrane. 2 mol L~* Ethanol with 0.8 mL s™* flux. The backgrounds

were collected at OCV.
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3. Results and discussion

The performance of a single cell adapted in an ATR setup at
different temperatures (25, 40, 50, and 60 °C) and with O, as
the cathodic oxidant is present in Fig. 2. The OCV of the DEFC
is about 480 mV at 25 °C and decreases while increase the
temperature 440 mV at 40 °C, 420 mV at 50 °C, and 390 mV at
60 °C. However, the maximum power increases with the
temperature due to electrode kinetics, membrane conductiv-
ity and mass transfer properties that are thermally activated
resulting in a performance enhancement [30,31].

OCV and the power density values obtained using this
single fuel cell is smaller than the ones described in the
literature [32]. Perhaps this could be explained by the electrical
resistances, the diffusion of the reactants and other factors
[28—31] occurring in the single fuel cell due to the device
construction.

The ATR-FTIR spectra (Fig. 3) were acquired during the ex-
periments of polarization curves (Fig. 2) on the anode side of
the single fuel operating with ethanol solution at different
temperatures. These spectra correspond to solved species in
the fuel solution and it is possible to observe the decrease of
the ethanol bands (1053, 1075, 1090, 1228, 1242, 1252, 1392
and 1405 cm™%) [33] with the decrease of the potential, and
consequently, an increase of the bands resulting from acetal-
dehyde (1342 cm™?) [34] and acetic acid (=983 cm™?) formation
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[35]. CO, signal (2343 cm™') [36] was not detected in these
spectra.

Tayal et al. [37] analyzed the liquid effluent of the ethanol
electro-oxidation and determined that acetaldehyde and
acetic acid were formed in higher amounts, while the con-
centration of CO, was very low. The FTIR spectra obtained for
all temperatures did not suggest the occurrence of additional
pathways of oxidation. Using this technique it was possible
to observe the same products already described in the litera-
ture [9,18,36,38], acetic acid (983 cm™?) and acetaldehyde
(1342 cm™?) were chosen to analyze this bands because they
correspond to the major products found during the oxidation
of ethanol.

Thus, the discussion was focused on those species even
though low intensity suffer minor interference with peaks
near the regions where they are. The bands in the region of
1050 cm™?, 1550 cm ™ and 1650 cm ! cited by reviewer as a
most significant modifications do not bring indications of
selectivity for a particular product according to increase the
temperature. The band in the region of 1650 cm™* is associ-
ated water [38] and with the C=0 bond [39], for both alde-
hydes and carboxylic acids. Thus it was not possible to
separate the contribution of acetic acid and acetaldehyde.
The band around 1550 cm ™ can be attributed to acetic acid
[40,41], however both bands are strongly influenced by the
absorption of water (around 1598 cm™?) [38,42], Then, infer
something about the variation of these concentration bands
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Fig. 4 — Deconvolution in Lorentzian line forms of spectra at (i) 25 °C and 100 mV; (ii) 60 °C and 250 mV.
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Fig. 5 — Acetaldehyde and acetic acid integrated intensities bands as a function of the potential for temperatures. Data

extracted from Fig. 3.

in aqueous solution flow in a fuel cell could cause some
error.

During the fuel cell experiments, as the temperature in-
creases there was an increase in the ethanol consumption
(negative bands) and consequently there was also an increase
in the power density that is a result of the electro-oxidation of
ethanol to acetaldehyde and acetic acid. In order to evaluate
the temperature effect in the products with the application of
different potentials, all bands were deconvoluted to Lor-
entzian line forms [43] (illustrated in Fig. 4).

Using the deconvolution, the intensity and the width line
of each band can be individually analyzed. From Fig. 4 it is
possible to observe the acetaldehyde and the acetic acid bands
at 25 °C and 60 °C at potential of 100 mV and 250 mV.
Considering the region about 1390 cm™* and 1290 cm™?, both
conditions, as well as in all other spectra, only one positive
band remains approximately at the same position (1343 cm ™),
this band can be associated to CH3 s-deform of acetaldehyde
[34]. Two other bands can also be seen at the spectra, a band at
1365 cm ™! and other at 1381 cm™?, corresponding to acetic
acid CHs; s-deform [35]. It is important to stress that, the acetic
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Fig. 6 — Acetic acid/acetaldehyde band intensity ratios at
150 mV (data extracted of Fig. 4), and maximum power
density (data extracted of Fig. 2) as a function of the
temperature.

acid center band is shifted, due to the ethanol consumption
band at 1392 [33].

Considering the other region about 1030 cm™* and
930 em ™Y, for both conditions, it was also noticed that acetic
acid band CH; rock centered in 983 cm~! almost does not
suffer interference from other peaks and noise present in this
region. Because of this explanation, these bands are chosen to
study the acetaldehyde and acetic acid production. Fig. 5
presents the integrated intensities of the acetic acid and
acetaldehyde bands.

Taking into account the deconvolution results, it was
possible to observe that the onset potential for acetaldehyde
and acetic acid production are simultaneous and really close
to the OCV for each temperature. This may indicate that the
formation of these products can be followed by parallel
mechanisms. Giz et al. [36] reported that the production of
acetic acid follows two parallel pathways; one of them re-
quires the presence of acetaldehyde as intermediate while in
the other one, acetic acid seems to be produced by some
mechanism that is still not envisaged at this stage.

To obtain a comparative relation between the power den-
sity and the products distribution, the integrated band in-
tensity ratio for the acetic acid and acetaldehyde was plotted
at 150 mV. This value corresponds to the maximum power
density. Fig. 6 was constructed as function of temperature.

Based on the profiles shown in Fig. 5 it is possible to infer
that the increase in the temperature in the range of 25-60 °C
results in an increment of power density favoring the pro-
duction of acetaldehyde on the Pt/C electrode under a fuel cell
operating conditions. The power density increase could be
explained by the temperature enhancement and increase of
the molecular movement, favoring the hydrogen removal
from ethanol molecule by the catalyst and then forming
acetaldehyde that maintains the alcohol adsorbed to oxidizes
it to acetic acid or CO,.

1

4, Conclusion

To our knowledge, this is the first report employing a single
fuel cell adapted in an ATR-FTIR spectroscopy setup. The
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development proposed permits the study of the ethanol
electro-oxidation inside of a DEFC. Using this technique it was
possible to investigate the formation of the main species
produced during the fuel cell operation, namely acetic acid
and acetaldehyde. Therefore, it was also possible to detect the
ethanol consumption by the negative bands.

Using a Pt/C electrode it was concluded that there is an
increment of power density with the increase of the fuel cell
temperature what favors the acetaldehyde production. This
single fuel cell adapted on ATR-FTIR approach seems to be a
very promising technique for in situ fuel cell studies.
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