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In the last decades ethanol and glycerol arose as potential fuels for fuel cells. Based on their importance to
the field and molecular similarity, here we compare the electrooxidation of ethanol and glycerol on plat-
inum nanoparticles as an attempt to learn about their differences and similarities in terms of oxidation
pathways. By using in situ FTIR we interpret the electrochemical behavior in terms of different pathways
involving the production of carboxylic acids for both alcohols. For ethanol, CO, is produced from CO in a
direct pathway involving several electrons, while acetic acid is produced through a parallel pathway.
Conversely, for glycerol CO, seems to be mainly produced through a sequential pathway involving car-
boxylic acids, each one involving few electrons. The results suggest that glycerol demands surfaces that
speed up the oxidation of partially oxidized species formed at intermediate potentials.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades, the development of direct alcohol fuel cells
(DAFCs) - particularly those fed with methanol, ethanol and glyc-
erol - has attracted an increasing number of researchers [1-3]. Eth-
anol and glycerol present an especial environmental interest.
Ethanol can be produced in large scale from biomass, and it is less
toxic than methanol [4]. On the other hand, glycerol is also a po-
tential candidate to be used as fuel in fuel cells, due to its high the-
oretical energy and availability as a co-product of biodiesel
fabrication. In part, the collective effort to study these compounds
has been motivated by the difficulty to use alcohols of small chain
in fuel cells in an efficient way. The hindrance to extract the energy
available in an alcohol is mostly caused by parallel reactions,
mainly due to the poor ability of metallic surfaces to promote
the cleavage of C—C bonds. Consequently, we observe the forma-
tion of partially oxidized products of intact chain, with a clear com-
mitment of the energetic efficiency of the whole system [3].

Apparently, the efficiency in breaking C—C bonds can be in-
ferred by the presence of CO,, once its production means that the
alcohol was fully oxidized, thus providing the maximum available
energy. In this context, there are several works devoted to the elec-
trooxidation of ethanol [5,6] and glycerol [7-9]. However, at least
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to our knowledge, there are no studies devoted to compare the
energetic throughput between these alcohols, based on the CO,
production and electrochemical current density. This issue is the
main concern of this work.

Herein we present a comparative study of ethanol and glycerol
electrooxidation on Pt nanoparticles (NPs) in acidic media. In order
to relate the magnitude of C—C cleavage with the electroactivity of
Pt NPs we followed both oxidation reactions by in situ FTIR. Results
show that the electrochemical behavior cannot be fully understood
by the production of CO,, and different pathways of oxidation, each
one involving a few electrons, must be considered to understand
the current x time curves behavior for both alcohols.

2. Materials and methods
2.1. Electrodes, chemicals and synthesis of platinum nanoparticles

Pt NPs dispersed on carbon Vulcan® XC-72R were synthesized
as described elsewhere [10]. Shortly, appropriate amounts of H;_
PtClg-6H,0, Vulcan® XC-72R and polyvinylpyrrolidone (PVP) were
mixed to an ethylene glycol/water 3:1 (V/V) solution and heated
for 2 h. The PVP/metal molar ratio was set to 0.3 and the resultant
powder contained 40% of Pt/C (w/w). The dispersion was washed
with water followed by centrifugation under 4500 rpm for 1 h.
The supernatant was discarded and the process was repeated five
times. The remaining dispersion was dried at 60 °C during 24 h
on oven. Afterwards, an ink was prepared by adding 1 mg of Pt/C
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into 2 mL of 2-propanol and 50 puL Nafion® 5%. Finally, the mixture
was sonicated for 30 min to homogenize the dispersion.

A polycrystalline gold disk with 0.79 cm? of geometric area was
used as substrate to adhere the NPs. The disk was polished to a
mirror finish and heated in a plate at 50 + 2 °C. Then, aliquots of
50 uL of ink and 50 pL of diluted Nafion® solution (1 mL of Nafion®
5%:20 mL of 2-propanol) were applied over the disk. Before each
experiment, the electrode was washed with water to pull out those
particles not well adhered.

Solutions were prepared with Milli-Q® water (18.2 MQ cm),
glycerol 99.5% (Labsynth p.a), ethanol (Merck) and HCIO,4 (Supra-
pur, Merck). Nitrogen of high purity was used to purge the solu-
tions before and during the experiments. The counter electrode
was a Pt sheet of high geometric area. All potentials were mea-
sured against a reversible hydrogen electrode (RHE) in
0.1 mol dm~3 HCIO,.

2.2. Techniques

After being transferred to the electrochemical cell, the state of
the electrode surface was checked by potential cycling between
0.05 and 1.50 V. We have also used cyclic voltammetry to check
the electrochemical response in presence of the alcohols between
0.05 and 1.45V at 0.02Vs~!. Currents were normalized by the
electrochemically active surface area calculated in function of the
charge involved in the hydrogen desorption [11]. Afterwards, eth-
anol or glycerol was admitted into the cell in concentrations of 75
and 50 mmol dm 3, respectively. A concentration ratio of 3/2 (eth-
anol/glycerol) was used to provide the same number of carbon
atoms in both situations, since ethanol and glycerol have two
and three carbons in their respective chains. Next, i x t curves were
obtained for both alcohols by applying successive potential steps of
0.05V from 0.05 to 1.45V, holding each potential for 300 s.

In situ FTIR experiments were performed in a spectrometer cou-
pled to a MCT detector in presence of the alcohols in 0.1 mol dm >
HClO, solutions. The spectroelectrochemical cell was fitted with a
CaF, planar window (3000-1000 cm™!) and is described elsewhere
[12]. Reflectance spectra were collected as the ratio (R/Ry) where R
represents a sample spectrum while Ry was collected at 0.05 V.
Spectra were computed from 50 interferograms averaged, being
collected at intervals of 0.05 V between 0.05 and 1.45 V. The spec-
tral resolution was set to 8 cm . Positive and negative bands rep-
resent the consumption and production of substances,
respectively. The system was kept at 0.05 V during 45 min before
each experiment, in order to obtain a stable thin layer. For that,
all the experiments were initialized with approximately the same
IR signal intensities, which indicates that the absorption by the sol-
vent inside the thin layer is similar in successive experiments, as
suggested in a previous work [13].

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) experiments were per-
formed in a CM 200 Philips microscope operated at 200 keV and
equipped with a LaBg emission gun and an ultratwin objective lens.
X-ray diffraction patterns (XRD) were obtained with a Miniflex II
model Rigaku diffractometer wusing Cu Ko radiation
(4 =0.15406 nm). Diffraction data were collected by step scanning
with a step size of 0.02° 20 in the range 5-90°, with a scan step of 2 s.

3. Results and discussion
3.1. Characterization of platinum nanoparticles
Fig. 1 shows the TEM (Fig. 1A) and HR-TEM (Fig. 1B) images,

respectively, for Pt NPs and the corresponding histogram
(Fig. 1C). It can be observed that the metal nanoparticles (dark

spots) have heterogeneous geometry. Most particles are spherical,
but some are irregular. Overall, the particles are fairly dispersed on
the carbon support (brighter region). The histogram shows NPs
with a narrow size distribution, with most of particles in the range
of 2.0-4.0 nm. The average particle diameter (estimated from ~200
particles) was 2.74 + 0.04 nm.

The XRD pattern for Pt NPs, Fig. 1D, shows the characteristic
peaks of the face-centered cubic structure (fcc). The C(002) reflec-
tion confirms the presence of graphitic planes in the structure of
carbon Vulcan® XC-72. Other diffraction peaks correspond to Pt
(111),(200),(220) and (311) planes and are observed at 20 val-
ues of 40°, 47°, 67° and 82°, respectively. From Bragg equation
we estimated the Pt lattice parameter as 0.395 nm, in reasonable
agreement with that reported by You et al. [14]. Peaks in Fig. 1D
show a broad feature, which is probably due to the small particles
size. Based on the peak broadening and using the Scherrer equation
we estimated the size of the crystallites. The size calculated for
each corresponding reflection was 2.43 nm (111), 2.76 nm (200),
2.63 nm (220) and 2.32 nm (311). These results are fairly consis-
tent with the values obtained from the TEM images of the same
samples and indicate that most particles are probably single crys-
tals. At this point, is important to note that these results can be
interpreted as a representative behavior of regular, non-orientated
Pt NPs. This feature is important once we are dealing with a system
that is similar to those usually found in fuel cells.

3.2. Electrooxidation of ethanol and glycerol on platinum

Fig. 2A shows the cyclic voltammograms in presence of ethanol
(black line) and glycerol (red line) on Pt NPs. For ethanol, two oxi-
dation peaks, centered at ca. 0.9 and 1.3 V (E; and Ej;), are observed
during the positive-going scan and a reactivation peak at 0.7 V
(Em), is observed on the negative-going scan [5,6]. The voltammo-
gram obtained in presence of glycerol presents a broad peak com-
posed of two overlapping peaks, with maximum currents at 0.75
and at ~0.8V [13,15]. Afterward, the current diminishes and in-
creases again, reaching a new maximum at the vertex potential
(Gy). During the negative-going scan, the anodic currents experi-
ence an abrupt decrease, reaching negligible values at 1.1 V, where
no oxidation current is observed. Finally, a sudden reactivation of
the surface is observed at around 0.8 V (Gyy) [13,15].

The first peaks of ethanol electrooxidation reaction (EEOR) and
glycerol electrooxidation reaction (GEOR) have approximately the
same onset potential. However, current density of E; is higher than
G (Fig. 2A). The second anodic peaks also present similar onset po-
tential and G;; keeps increasing up to the vertex potential, while Ey
shows a well-defined peak. Ej; displays superior current until it is
intercepted by Gy at 1.37 V. This narrow potential range is the only
one in which GEOR generates higher current densities than EEOR.

The electrochemical behavior of ethanol on Pt/C and smooth Pt
is similar, as shown by Fig. S1. Otherwise, GEOR presents a remark-
able difference on peak I for both catalysts (Fig. S1). Peak I shows a
large shoulder (two overlapping peaks at ~0.75 and at ~0.8 V) on
Pt/C during the positive scan. Meanwhile, this potential region on
smooth Pt displays two well-defined peaks, at ~0.73 and 0.77 V
(Fig. S1 A). This difference can be explained as a specific contribu-
tion of the Pt (111) sites. Gomes et al. reported the GEOR on Pt
(111) in HCIO4 medium and they found two well defined peaks
at similar potentials [9]. It is well known that when a Pt polycrys-
talline electrode is annealed, most the surface reconstructs to-
wards the atomic arrangement with lowest surface energy, i.e., Pt
(111) sites. Therefore, when hydrogen (or butane) flame is used
to clean a Pt electrode before the experiments, the two maxima
of current in GEOR peak I appear better defined, as shown here
(Fig. S1 A) and in the literature [7,13,15]. On the other hand, Pt
NPs without preferential orientation show a shoulder (Fig. 1A),
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Fig. 1. Physical characterization of carbon supported platinum nanoparticles, consisting of A: TEM images; B: HR-TEM images; C: histograms; D: XRD spectra.

which is also in agreement with the literature [16,17]. The previous
treatment of bulk Pt electrodes might be the reason for the distinct
voltammetric profiles of GEOR found in the literature. In this sense,
Pt/C NPs seems to be the right option for the spectroelectrochem-
ical study because there is no relevant contribution of a specific
site, and the results can be interpreted as a representative behavior
of non-orientated Pt NPs.

Based in previous works, we can argue that the electrooxidation
of glycerol generates important moieties of CO, [15] and other
intermediates [8,9,13,16] while ethanol produces mainly acetic
acid and glyceraldehyde during its electrooxidation in acidic med-
ium [5,6]. Based on these findings, it is reasonable to expect that
the greater production of CO, would generate higher currents for
glycerol, but this is not we observed in Fig. 2A. Namely, the cur-
rents generated from ethanol electrooxidation are dominant at
long of the whole cycle (except for potentials up to 1.37 V, as dis-
cussed). This result suggests that the interpretation of the cyclic
voltammogram is a little more subtle than we intend. These find-
ings will be further discussed in terms of chronoamperometric
experiments in the next section.

Next, we followed both the oxidation reactions by in situ FTIR in
an attempt to understand the corresponding electrochemical re-
sponses in terms of their oxidation pathways. Figs. 2B and C show
illustrative spectra obtained during the electro-oxidation of etha-
nol and glycerol, respectively. Further details about the assignment
of bands of ethanol can be consulted in [5,6,18]. Details about
bands in presence of glycerol are described in [6-8,13,16]. Briefly,
Figs. 2B and C show a well-defined CO, band (2343 cm™!) starting
at ~0.6V and a band at about 2030 cm™! corresponding to ad-
sorbed CO. Fig. 2B shows bands at 1715, 1401, 1360, 1283 and
1100 cm™!, related to —CO stretching of carbonyl compounds,
CH5 symmetric bending of acetaldehyde, —COOH group of acetic
acid and perchlorate, respectively. On the other hand, spectra ob-
tained during the electrooxidation of glycerol (Fig. 2C) show bands
at 2343 and 1733 cm™! corresponding to C=0 stretching of CO,

and carbonyl groups, respectively. Also, a wide band composed
by two vibration modes (1122 + 1100 cm™!) is due to the superim-
position of a C—O stretching of glyceraldehyde and a CI—O stretch-
ing of perchlorate. Here is important to highlight that a spectrum
of glycerol electrooxidation contains more bands than the ones dis-
cussed here, but due to their low intensity these bands are hard to
discriminate.

3.3. The correlation between the oxidation currents and the production
of CO; on Pt nanoparticles

The integrated bands of CO, produced from ethanol and glyc-
erol are shown in Fig. 3. The CO, bands are detectable at 0.55V
and increase up to 0.9 V. The CO, signal from ethanol slightly de-
creases from 0.9 up to 1.45 V, while the CO, from glycerol abruptly
increases.

Aiming to deepen the present discussion and understand the
differences in the current profiles, we followed the quasi-station-
ary currents (QSC) obtained in presence of ethanol and glycerol
by in situ FTIR, as shows Fig. 4. The use of potential steps mini-
mizes the influence of transient effects caused by potential changes
and provides a better correlation between FTIR spectra and electro-
chemical currents. The profiles of QSCs (Fig. 4) are different to
those of the voltammograms (Fig. 2A), probably because the condi-
tions adopted in QSC method (potential steps) allow the accumula-
tion of intermediates/products of slow kinetics in the surroundings
of the electrode. Once potential steps were also used during the
acquisition of spectra, this comparison seems to be more meaning-
ful than that made with the voltammograms. Representative spec-
tra for both alcohols are shown for selected potentials in Fig. 4.
Before the analysis, is important noting that the experimental con-
ditions were strictly controlled, including the gold surface polish
and the mass of catalyst deposited on it, allowing the comparison
of the subsequent experimental data.
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Fig 4 shows that QSCs for both alcohols start to increase at
~0.45V, but in general, the currents for glycerol are lower than
for ethanol, especially above 0.6 V. At this potential the CO, band
(2343 cm™!') becomes detectable for both alcohols. The corre-
sponding bands are of similar magnitude, indicating that the pro-
duction of CO, is nearly the same in both situations, although the
formation of CO (bands ~2030 cm™!) seems to be more intense
for ethanol than for glycerol. For glycerol, the currents reach a pla-
teau between 0.6 and 0.85 V, while for ethanol they grow sensibly
in that potential range, reaching a peak at 0.85 V.

Coming back to FTIR spectra, at 0.85V the amounts of CO,
remain similar for both alcohols, but the oxidation wave for
ethanol at this potential is four times higher than for glycerol.
Hence, the currents observed for ethanol cannot be explained
olely by the production of CO,. Ergo, some other species must be
(at least partially) responsible for the rising currents of ethanol
in Fig. 4. The comparison of the spectra at 0.85V shows that for
ethanol a well-developed band is seen at 1283 cm™!, due the
formation of acetic acid, which is a dominant pathway of ethanol

electrooxidation [5,6]. On the other hand, only an ill-defined band
is noted for glycerol, suggesting that the formation of the
corresponding carboxylic acid is incipient for this alcohol.

Furthermore, after the maximum (0.85 V) the currents of etha-
nol electrooxidation abruptly decrease. In contrast, the glycerol
QSC experiences a second increase, beginning at 1.0 V and persist-
ing up to 1.45V. Meanwhile, the production of CO, becomes the
major feature of the spectrum of glycerol. At the end of the QSC
curve, the currents for glycerol are still growing. Correspondingly,
at this potential the CO, signal is six times more intense for glyc-
erol than for ethanol. At this point, a question remains to be clari-
fied: If the CO, pathway is the one which involves the major
number of electrons how to explain the lack of correlation between
its production and the QSC signals for both alcohols?

First of all, the spectrum at 0.85V shows that the formation of
CO, does not explain the oxidation currents for ethanol. As argued,
acetic acid also contributes to those currents. A second point is that
during the electrooxidation of ethanol CO, is produced mainly
from adsorbed CO (acetic acid is an end product of ethanol
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contributing to the emergence of currents observed in Fig. 4
(and also in Fig. 2A).

Conversely, for glycerol the relative low CO signals and the high
potentials required for the production of CO, suggest that the main
pathway for its formation involves the oxidation of carboxylic
acids. Indeed, in a recent publication we suggested that glyceralde-
hyde is an intermediate of CO, and glyceric acid [20]. If this is the
case, most of CO, is expected to be formed through an indirect
mechanism, with each oxidation step involving only a few elec-
trons. This assumption explains why the massive production of
CO-, (from glycerol) does not imply in high currents. It is simply be-
cause CO, is mainly formed from partially oxidized intermediates.
In this context, as glycerol is a molecule more oxygenated than
ethanol, its oxidation to intermediates as glycolic and formic acid
is easier than the cleavage of the C—C bond in ethanol. Further-
more, it seems reasonable to assume that at least part of these spe-
cies remain adsorbed on the surface until they are oxidized to CO,
which could explain the relative low coverage by CO observed for
glycerol. At potentials higher than 1.1V, important amounts of
intermediates from GEOR seem to be oxidized to CO, generating
high currents (but still far from the maximum observed for EEOR),
while the final products from ethanol leave the thin layer (as
shown by current decay of Fig. 1A).

In conclusion, although glycerol produces more CO, per mass,
this does not imply in higher oxidation currents, apparently be-
cause the oxidation pathways that culminate with the formation
of CO, appear to be slower (mainly because they involve several
steps, each one delivering only a few electrons) than the corre-
sponding ones for ethanol. Based on these assumptions, it becomes
clear that the electrooxidation of glycerol is too complex for a
single metallic catalyst. Hence, the search for catalysts able to
electrooxidize glycerol efficiently should focus on new
multifunctional surfaces that selectively drive the reaction towards
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a CO, direct pathway and/or speed up the oxidation of those spe-
cies formed at intermediate potentials.

4. Conclusions

— At intermediate potentials, glycerol and ethanol generate simi-
lar amounts of CO,. However, the production of CO, does not
explain the electrochemical results, since the oxidation currents
for ethanol are higher than those for glycerol.

— These results are explained in terms of different pathways
involving the production of carboxylic acids for both alcohols.

— For ethanol, CO, is produced from adsorbed CO in a direct path-
way that involves several electrons; in a parallel pathway, ace-
tic acid is the other final product of oxidation.

— Conversely, for glycerol most of CO, seems to be produced from
partially oxidized intermediates and requires high potentials to
occur. Moreover, the oxidation seems to follow a sequential,
indirect pathway, with each oxidation step involving a few
electrons.
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