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o The power density increases with the ethanol concentration until 1 mol L™
e The maximum power density is a result of acetic acid production using Pt3Sn;/C.
e The 2 mol L~! ethanol solution showed small power density due to the crossover.
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The effect of ethanol concentration on the direct ethanol fuel cell (DEFC) performance and products
distribution were studied in situ using a single fuel cell/ATR-FTIR setup. The experiments were per-
formed at 80 °C using commercial Pt3Sn/C as anodic catalyst and the concentrations of ethanol solution
were varied from 0.1 to 2.0 mol L. An increase in power density was observed with the increase of
ethanol concentration to 1.0 mol L™, while the band intensities analysis in the FTIR spectra revealed an

increase of acetic acid/acetaldehyde ratio with the increase of ethanol concentration. Also, from FTIR
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spectra results, it could be concluded that the acetic acid production follow parallel mechanisms; that is,

DEFC it does not require the presence of acetaldehyde as an intermediate.
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1. Introduction

Direct ethanol fuel cells (DEFCs) research is becoming more
popular because ethanol is a green fuel and can be readily and
easily produced in great quantity by fermentation of sugar-
containing raw materials as sugar cane. Furthermore, this alcohol
has low pollutant emitting feature, it has easy fuel delivery and
storage, it is directly fed without reforming and it has favorable
power capability, compared to the other fuels [1,2]. However, the
major difficult in the commercialization of the DEFCs is the lack of
catalysts that could promote the complete electro-oxidation of
ethanol, forming CO, [1,3].
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To study the effects of each electrocatalyst in the ethanol
oxidation reaction (EOR) pathways, the in situ Fourier transformed
infrared (FTIR) spectroscopy is used. The measurements of in situ
FTIR can be carried out using different techniques such as reflec-
tion—absorption spectroscopy (FTIR-RAS) [4—6], surface enhanced
infrared absorption spectroscopy (SEIRAS) [7,8], and a variation of
FTIR-RAS using an ATR accessory [9]. Until this point, all techniques
presented are only used to study the electrocatalysts, refraining
from discussing the participation of the support where this catalyst
was deposited.

De Souza et al. [10] used a variation of FTIR-RAS using an ATR
accessory (previously mentioned) in order to study different sub-
strates (working electrode) and reported that the catalytic activity
toward EOR depends not only on the electrocatalyst but also on
various electrodes factors. Then, if these factors change the reaction
pathways, it is reasonable to expect that an extrapolation of what is
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seen on a smooth electrode is not entirely valid for what happens in
a fuel cell. By this way, recently in the literature was presented a
Single Fuel Cell/ATR-FTIR setup [11].

Among the various electrocatalysts tested in the literature,
studies have indicated that PtSn/C is the best catalyst for the EOR
[12—14], because the Sn is potentially able to provide O-species for
the oxidation of intermediates produced during the dissociative
adsorption of ethanol on Pt active sites (bi-functional mechanism)
[15—17], and in alloyed phase with Pt strengthens the electronic
effect [15]. These two points are responsible for improving the
activity of PtSn toward EOR [ 16]. Beyond the catalyst, the conditions
of the single fuel cell parameter of operating are very important to
the development of its device.

Considering the aspects that affect the fuel cell performance,
many authors [18—23] point the concentration as one of the key
parameters. In this sense, this study sought to investigate the effect
of ethanol concentration on the reaction pathways and how it af-
fects the power density and products distribution in a DEFC.

2. Experimental

Single direct ethanol cell tests were carried out using Pt3Sn;/C
BASF (20 wt.%) electrocatalyst as anode and Pt/C BASF (20wt.%) as
cathode in the gas diffusion electrodes. The electrocatalysts were
painted over the gas diffusion layer (GDL — Carbon Paper Teflon
treated and Electrochem EC-TP1-060T) in order to obtain an ho-
mogeneous dispersion made with Nafion® solution (5 wt%,
Aldrich) and isopropanol (J.T. Baker).

All electrodes were constructed with 1 mg Pt cm~2 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™! HyS04.

The performance and ATR-FTIR in-situ spectroscopy of the
ethanol fuel cell was investigated using a single Fuel Cell/ATR-FTIR
setup [11] with a geometric area of 1 cm?, adapted in an ATR
accessory (MIRacle with a Diamond/ZnSe Crystal Plate Pike®)
installed on a Nicolet® 6700 FT-IR spectrometer equipped with a
MCT detector cooled with liquid N2. The temperature was set to
80 °C for the fuel cell and for the oxygen humidifier. The fuel in
different concentrations (0.1, 0.5, 1, and 2 mol L~! ethanol aqueous
solutions) was delivered at 0.8 mL min~' and the oxygen flow was
set to 150 mL min~, operating at 80 °C.

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.

3. Results and discussion

In Fig. 1 the polarization and power density curves for a DEFC
operating with different concentrations of ethanol solution (0.1, 0.5,
1, and 2 mol L) are presented. By this figure it is possible to
observe that the open-circuit voltage is very similar for all con-
centrations. As expected, the increase of ethanol concentration
practically does not alter the over potential of the EOR. However, an
increase in power density was observed with the increase of
ethanol concentration until 1 mol L', Similar results were already
described by Heysiattalab et al. [23] using a PtRu/C catalyst and
Song et al. [19] using PtSn/C catalyst in a single fuel cell, which also
observed an increase in the reaction rate in function of the alcohol
concentration and considered that the increase of ethanol
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Fig. 1. Polarization curves (a) and power density curves (b) in 1 cm? DEFC using
20 wt.% Pt3Sny/C electrocatalyst in the anode and Pt/C at the cathode (1 mgp; cm2).
Nafion® 117 was used as the membrane.

concentration could facilitate its diffusion to the active sites on the
catalyst layer.

Nevertheless, increasing the concentration to 2 mol L~! it makes
the power density decrease. This result was also observed by
Heysiattalab et al. [23] and Song et al. [19] and could be related to
the increase in ethanol crossover to the cathode side what reduces
the power density.

The ATR-FTIR spectra (Fig. 2) were acquired during the experi-
ments of polarization curves (Fig. 1) on the anode side of the single
fuel cell operating with different ethanol solution concentrations
and correspond to solved species in the fuel solution. By these re-
sults, it is possible to observe a decrease in the ethanol bands (1053,
1075, and 1090 cm™!) [24] with the decrease in the potential, and
consequently, an increase in the bands resulting from acetaldehyde
(1339 cm™!) [25] and acetic acid (1436 cm™!) formation [24]. CO;
signal (2343 cm~!) [21] was not detected in these spectra.

During the fuel cell experiments, as the concentration increases
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 linked with the better diffusion of the fuel in the
catalytic layer [18,23]. In order to evaluate the concentration effect
in the products with the application of different potentials, all
bands were deconvoluted to lorentzian line forms [11].
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Fig. 2. In situ ATR-FTIR spectra taken at OCV to 0 V in 1.0 cm~2 DEFC using 20 wt.% Pt3Sn;/C Basf electrocatalyst in anode and Pt/C Basf in cathode (1.0 mgp, cm~2). Nafion® 117 was
used as the membrane. Ethanol solution delivered at 0.8 mL s~'. The backgrounds were collected at OCV.

From the deconvolution results it was possible to observe that
the onset potential for acetaldehyde and acetic acid production
were simultaneous and close to the OCV for each concentration.
This may indicate that the acetic acid formation can be followed by
parallel mechanisms; in other words, the presence of acetaldehyde
as intermediate is not required [11,21,26].

Considering the recent literature, it has been reported that the
EOR can occur by different pathways (Fig 4) and the reaction is
complete when CO; is the final product, yielding twelve electrons

per ethanol molecule. However, the formation of partially oxidized
products (such as acetaldehyde and acetic acid) is favored in a wide
range of catalysts [27] due to the difficulty of breaking the C—C
bond. In the presented work, the formation of partially oxidized
species was evidenced by no detection of CO, in any of the exper-
imental conditions used.

About the acetaldehyde behavior observed in Fig. 3, for the
ethanol solutions at 0.5 and 1 mol L~ it is seen that for the cell
potential close to 100 mV, the aldehyde bands start decreasing
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Fig. 3. Integrated band intensity for acetic acid and acetaldehyde as function of po-
tential for the different concentrations using Pt3Sn; electrocatalysts (Data extracted
from Fig. 2.).

which can be explained in two ways: i) the acetaldehyde formed
could be oxidized to acetic acid ii) using these conditions the
catalyst favors the acetic acid production instead of acetaldehyde.

Aiming to obtain a comparative relation between the power
density and the products distribution, the integrated band intensity
ratio for the acetic acid and acetaldehyde was plotted at 200 mV in
function of ethanol concentration. This potential was chosen
because it corresponds to the potential of maximum power density
for all ethanol concentrations studied. From this figure, it is possible
to observe that with the increase of the ethanol concentration there
is also an increase in the maximum power density. However, in
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Fig. 4. Mechanism for ethanol oxidation reaction.
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Fig. 5. Acetic acid/acetaldehyde band intensity ratios at 200 mV (data extracted from
Fig. 3), and maximum power density (data extracted of Fig. 1b) as function of the
concentration.

Fig. 5 it was possible to observe an increase of acetic acid/acetal-
dehyde intensity bands ratio in function of ethanol concentration.
This fact may indicate that the increase of ethanol concentration
favored the production route of acetic acid in detriment of the
acetaldehyde production what could be associated with the in-
crease in power density since the production of acetic acid yields 4
electrons while the acetaldehyde production yields just 2 electrons
per ethanol molecule.

When analyzing the acetic acid/acetaldehyde ratio to 1 and
2 mol L~! of ethanol aqueous solutions, it is possible to observe that
there was little variation, but with great impact on maximum po-
wer density obtained from the fuel cell, what could be attributed to
the increase in the crossover with the increase of the fuel con-
centration [19,23] and what has no direct relationship with the
changes in the EOR pathways in the anode.

4. Conclusion

The increase in power densities with the increase of ethanol
solution concentration could be attributed to kinetic and diffusion
factors. However, from certain values of ethanol concentration a
decrease in the cell performance was observed and could be
attributed to the increase in ethanol crossover. Moreover, the FTIR
spectra showed that the increase in the power densities can be
associated to the increase of acetic acid production and its pro-
duction follows parallel mechanisms; what means that it does not
require the presence of acetaldehyde as an intermediate.
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