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ARTICLE INFO ABSTRACT

Pt is still the state of the art electrocatalyst for the oxidation of ethanol but it is poisoned by the CO-intermediates
resulting in a slow ethanol oxidation reaction kinetic. Here, we show that the electrocatalytic activity of un-
supported Pt nanoparticles for the ethanol electro-oxidation in acid medium can be significantly enhanced by the
addition of small amounts of CeO, nanoparticles (<5 wt%). Comparative studies on bare Pt, Pt-CeO,1 wt% and
Pt-CeO,—5 wt% catalysts composed of Pt nanoparticles with different sizes (from 10 to > 40 nm for bare Pt, and
from 6 and 20 nm for the Pt-CeO, composites) revealed an increase of the microstrain with the decrease of the
Pt's average particle size. Besides, there is a strong electronic interaction between the Pt and CeO, nanoparticles,
demonstrated by a systematic shift of the Pt 4f,,, peak to lower binding energy with the addition of CeO,.
Chronoamperometric data showed that the steady state current density normalized to Pt's electrochemical
surface area for ethanol electro-oxidation is mainly governed by the microstrain, and it decreases with increasing
strain. This trend is explained in terms of a more facile activation of the ethanol molecule at the surface of less
strained Pt nanoparticles. Thus, the best performance was obtained with Pt-CeO, 1 wt% formed by Pt nano-
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particles with an average size of 18 nm, reaching 1.0 A'm~2 after 900 s at 0.6 V vs SCE.

1. Introduction

Methanol and ethanol are liquid fuels with very high energy density
(6.09 kWh kg ! for methanol and 8.01 kWh kg ~* for ethanol) and are
easy to handle. These fuels and hydrogen produced in a sustainable way
constitute alternatives to fossil fuels. Ethanol is safer (lower toxicity)
than methanol, and it is a green fuel produced by the fermentation of
sugar-raw materials [1-3]. However, the successful application of the
ethanol fuel cell technology, depends on the availability of a catalyst
that is capable of breaking the C—C bond leading to CO as the final
product, instead of intermediates as acetic acid, acetaldehyde and ad-
sorbed CO-like species [4]. Platinum is still the most efficient electro-
catalyst for the oxidation of ethanol in acid medium, in terms of clea-
vage of the C—C bond [5,6]. Still, it is poisoned by the CO-intermediates
resulting in a slow ethanol oxidation reaction kinetic [6,7]. To cir-
cumvent this problem a second element such as Ru and Sn, or even a
third one as Ni, Ir and Os, have been added to Pt nanoparticles as co-
catalysts [8,9]. The synergistic effect of the second metal is generally
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explained by two processes: electronic destabilization of the Pt-CO
bond, weakening its strength allowing a facile CO electro-oxidation to
COo; or by the bifunctional effect where the second element is oxophilic
(i.e., it is present as M-OH or M-H,0), bringing the necessary oxygen to
the Pt neighboring site favoring the oxidative removal of CO-like spe-
cies [8,10,11].

The addition of metal oxides such as RuO, [9], WO; [12], ZrO,
[13], TiO4 [14] and CeO, [7,15,16] have also been found to enhance
the catalytic activity of Pt for ethanol or methanol electro-oxidation
through synergetic interaction. In fact, noble metal-cerium dioxide
composite catalysts are among the systems known to exhibit strong
catalyst and co-catalyst interactions in heterogeneous catalysis
[17-19]. For example, the partial oxidation of methanol to for-
maldehyde and formic acid is strongly promoted by Pt partially covered
by CeO, [171], and the oxidation of CO on Pt(111) encapsulated by CeO,
[19]. Similar findings were found for the methanol and ethanol electro-
oxidation in acid environment [20-23]. Gu et al. [20] investigated the
methanol electro-oxidation on Pt-CeO,/C catalysts prepared by
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microwave-assisted method with mass contents of CeO, from 10 to
60 wt%, and a constant loading of Pt of 20 wt%. The catalyst with
highest electrocatalytic activity and stability for the oxidation of both
alcohols contains 20 wt% CeO,, and it was explained in terms of pro-
motion of the oxidation of CO,qs species, better dispersion of the Pt
nanoparticles (NPs) induced by the oxide, and a good stability of the
CeO,-C support in acidic media. Yang et al. [24] combined the re-
duction and sol-gel methods to produce a series of CeO-Pt nanorods/C
nanoparticles, finding out that the catalyst with 35 wt% CeO,-Pt/C has
the highest current for methanol oxidation reaction. The authors sug-
gested that the positive influence of CeO, on the platinum activity is
due to bifunctional mechanism. In another work, Scibioh et al. [21]
investigated the methanol oxidation on 40 wt% Pt-CeO,/C catalysts.
First, the substrate (3-12 wt%) CeO, supported onto carbon was pre-
pared, followed by the deposition of 40 wt% of Pt by wet impregnation
method and reduction with H,. The authors reported that 9.0 wt% of
ceria is enough to increase the activity of the catalyst of about 50%
compared to the Pt/C catalyst. CO-stripping measurements showed a
more facile removal of intermediate poisoning species in the presence
of the oxide, and both bifunctional and electronic mechanisms were
proposed. In another work, Yu et al. [16] investigated the effect of
20 wt% of ceria on Pt/C on the electro-oxidation of several alcohols in
acid medium, obtaining higher electro-oxidation currents than for pure
Pt. For all tested small organic molecules, an increase of 35% for me-
thanol, 64% for ethanol, 87% for ethylene glycol, and 82% for glycerol,
was achieved respectively. The authors explained this increase in terms
of bifunctional effect. Similar trends were found for the oxidation of the
same small organic molecules in alkaline media using a Pt-CeO, (1:1 by
weight)/C catalyst [25]. De Souza et al. [22] studied Pt-CeO,/C (20 wt
% of Pt-CeO, on carbon XC-72R; and Pt:Ce mass ratio of 3:1, 2:1, 1:1,
1:2, 1:3) prepared by the polymeric precursor method for the ethanol
electro-oxidation. Once again, it was verified that the presence of CeO,
promotes the rate of the alcohol oxidation, but the highest intrinsic
activity (in mA-mg ') was observed for the catalyst with 75 wt% CeO,
and the lowest activity for the catalyst with 50 wt% CeO». This unusual
trend was related with the maximum utilization of the Pt surface. It was
found that catalysts with lower Pt (higher CeO,) content have the
lowest mean Pt crystallite size (~4 nm), and thus the highest electro-
chemical surface area.

There is no consensus in the literature on the amount of ceria that
should be added to Pt in order to maximize its catalytic activity towards
methanol and ethanol electro-oxidation. This is probably due to the
different compositions investigated (Pt:CeO, mass ratio) as well as
different synthetic methods used to prepare the catalysts which have a
marked effect on their properties. On one hand, CeO, can prevent the
growth and sintering of Pt nanoparticles. On the other hand, the ratio
Ce** to Ce®>* can be dependent on the CeO, preparation method,
particle size and aging of the CeO, nanoparticles [15,25,26]. For in-
stance, high temperature synthesis produce larger CeO, nanoparticles
with a higher amount of surface Ce** species than the lower tem-
perature methods [26,27]. In fact, the bifunctional mechanism postu-
lated to justify the enhancement of the oxidation of methanol and
ethanol in acid and in alkaline media [25,28] puts in evidence the
oxygen donor capability of CeO, and the importance of Ce** ions in the
reaction:

Pt-COuqs + 4 CeO5 + 2H" + 2e~ — 2 Ce,053 + Pt + CO, + H,O (1)

This work investigates the ethanol electro-oxidation on Pt-CeO,
composite catalysts with oxide content up to 5 wt% with respect to the
Pt mass. To the best of our knowledge there is a gap of studies on the
electrocatalytic activity of composites containing small amounts of this
semiconductor oxide. As in the “inverse supported catalyst”, where a
semiconductor is supported on a metallic substrate [17], electronic
effects on these catalysts could be very large because the number of free
electrons in the metal is several orders of magnitude higher than that of
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the semiconductor [29]. Besides, very small amounts of CeO, can lead
to important strain of the Pt lattice during particle growth which could
change the surface free energy of the system.

The Pt and Pt-CeO. catalysts were synthesized using the Pechini
method [30] a straightforward method for the synthesis of Pt nano-
particles in one single step [31]. As it will be shown, it provides a very
good degree of flexibility in the preparation of catalysts, and the pos-
sibility of investigating the CeO,/Pt interaction for a wide range of Pt
particle sizes (from ca. 40 nm down to 4 nm). Three series of Pt-CeO,
catalysts with 0, 1 and 5 wt% CeO, were prepared and tested for the
ethanol electro-oxidation in acidic media. No carbon, or any other
substrate, was used to support the nanoparticles, in order to rule out
any effect coming from the carbon substrate. The influence of the cat-
alysts' microstructure, particle size, surface composition and shifts in
the binding energy of Pt 4f and Ce 3d XPS peaks on the electrocatalytic
activity of the Pt-CeO, catalysts are discussed.

2. Experimental
2.1. Materials

Hexachloroplatinic acid (HoPtClg'6H,0, 99.9%, Alfa Aesar), citric
acid (NazCgHsO;, 99%, Fisher Scientific), ethanol (anhydrous,
Commercial Alcohols), ethylene glycol (C;HgO,, from Sigma Aldrich),
sulfuric acid (from Sigma Aldrich (95-98%) and ammonium cerium
(IV) nitrate ((NH4)2Ce(NO3)g, 98.5%, Acros Organics) were used as
received. MiliQ water was used throughout the investigation.

2.2. Synthesis of Pt and Pt-CeOz nanoparticles

Platinum nanoparticles were prepared by first dissolving citric acid
(CA) in ethylene glycol (EG) at 60 °C followed by the addition of
H,PtClg to the solution. This precursor solution was first jellified at
130 °C for 30 min and a high molecular weight polymer was obtained
through successive esterification reactions [32]. The gel was then pyr-
olyzed at 400 °C for 4 h resulting in the formation of the Pt NPs. Three
series of catalysts were prepared from precursors containing different
amounts (successive dilution) of Pt precursor salt in the CA-EG polymer
gel. In the first series, identified as 1 X, the Pt:CA:EG molar ratio was
1:12:96; in the second series, identified as 5X, the molar ratio was
0.2:12:96; and in the third series, identified as 10 X , the molar ratio was
0.1:12:96. For the bimetallic catalysts, a stoichiometric amount of
(NH,4),Ce(NO3)e was also added to the reaction mixture at 60 °C. Two
compositions were prepared, 1 and 5 wt% of CeO, with respect to Pt
mass. These catalysts are referred as Pt-CeO5 1 wt% and Pt-CeO, 5 wt%.

2.3. Physicochemical characterization of the electrocatalysts

The phase composition and crystal structure of the catalysts was
verified on a Bruker AXDS8 instrument with a Cu K, radiation
(A = 1.54184 A) operating at 40 mV and 40 mA. The diffractograms
were collected in the 20 range between 30° and 90° with a step of 0.05°
and a measuring time of 5s per point. The microstructural data of Pt
and Pt-CeO, catalysts were obtained by the Rietveld refinement [33]
using the General Structure Analysis System (GSAS) program [34] suite
with the EXPGUI interface [35]. The original Rietveld formulation and
many of its successors [36] treat the diffraction line width as a smooth
function of the d-spacing of the diffraction angle (20), whereas many
peaks of interest near 20 have very different widths. Hence, in this
work, the peak profile function developed by Stephens et al. [37] was
used to fit the experimental data. In this method, it is considered that
the diffraction peaks widths are not a smooth function of d, meaning
that they might arise from anisotropic broadening of the crystallite size
or from a particular pattern of defects (e.g. stacking faults). Finally, the
bi-dimensional model for the crystallite size described by Larson and
von Dreele [34] was used to account for the crystallite anisotropy.
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The morphology and microstructure of the Pt and Pt-CeO, compo-
sites were investigated by transmission electron microscopy (TEM).
Transmission electron micrographs were obtained with a JEOL 2100F
operated at 200kV (Center for Characterization of Microscopic
Materials, at Ecole Polytechnique de Montreal). The TEM samples were
prepared by dipping the copper grids on the powder samples already
dispersed in methanol. The software ImageJ was used for the particle
size statistics.

The X-ray photo-electron spectra were recorded using a VG Escalab
220i-XL using Al-Ka polychromatic radiation (hv = 1487 eV) operating
at 15kV and 26.6 mA. The signal was filtered with a hemispherical
analyzer (pass energy = 20 eV for the high resolution scans) and the
detection was performed with a multi-channel detector. The main
chamber pressure was kept <107 °Torr during measurements.
Particular care was exercised for the CeO, containing samples to
minimize the reduction of Ce (IV) to Ce (III). Each sample was in-
troduced in the chamber just before the analysis and the Ce (3d)
spectrum was recorded just after the survey spectrum and in the end of
the analysis. The binding energy of the spectra was calibrated with
respect to the Carbon 1s peak at 284.5 eV. The core level spectra were
peak-fitted using Lorentzian and Gaussian curves after the Shirley type
background subtraction, and Casa XPS software. Peak areas were nor-
malized by appropriate atomic sensitivity factors.

2.4. Electrodes preparation and electrochemical characterization

Electrochemical measurements were carried out in a three-electrode
cell by using an Autolab potentiostat/galvanostat PGSTAT 302N
equipped with the SCANGEN module. A platinum wire and a leak less
Saturated Calomel Electrode (SCE) were used as counter and reference
electrodes, respectively. The working electrode is a glassy carbon disk
electrode (Metrohm, 0.196 cm? geometric area) previously polished
with Al,O3 paste and washed in distilled water followed by deposition
of 5uL of the catalyst ink. For the preparation of the catalyst ink,
2.5 mg of catalyst was weighted and diluted with 125 pL of ethanol and
25 pL of Nafion® suspension. This ink was sonicated for around 30 min.
A 5L drop was micropipeted to the electrode surface and allowed to
dry in air (room temperature) for 20 min. The mass of catalyst de-
posited on the Pt or Pt-CeO, electrodes is 0.083 mg which corresponds
to a catalyst loading of 0.424 mg cm ~ 2. A high loading was necessary to
form uniform catalyst layers on the glassy carbon electrode.

Cyclic voltammetry measurements were done in a 0.5M H,SO4
electrolyte solution, previously purged with nitrogen for 20 min, in the
—0.2 to 1.2V vs SCE potential range first at 100 mV s~ ' and after at
50 mV s~ '. Subsequently, the ethanol electro-oxidation was performed
in a 1.0 M ethanol in 0.5M H,SO, solution. Cyclic voltammograms
were recorded in the same potential range and data from the 10th cycle
is reported. The chronoamperometry tests were performed right after
cyclic voltammetry. The electrodes were first stabilized at —0.2V vs
SCE for 30 s, after which the potential of 0.6 V vs SCE was applied
900 s.

3. Results and discussion

The formation of metallic platinum with cubic fcc structure (JCPDS
04-0802) is confirmed in the X-ray diffractograms of the Pt and Pt-CeO,
samples, Figs. S1 to S3. No diffraction peaks related to CeO5 (JCPDS 34-
0394) phase are observed in the diffractograms most probably due to
the low ceria concentration in the Pt-CeO, samples. However, trans-
mission electron microscopy combined with high resolution EDS ana-
lysis (Fig. S4) confirmed the presence of CeO, in the samples. Rietveld
refinement of the diffractograms (Figs. S1 to S3) was used to calculate
the lattice cell constant a and the microstrain of the Pt nanoparticles. As
illustrated in Fig. 1a, a decreases with the increase of the dilution of the
precursors in the gel and this could be due to a decrease of Pt’s average
particle size (see below for TEM analysis) [38,39]. The lattice constant
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Fig. 1. Variation of (a) lattice cell parameter a and (b) microstrain as function
of the ceria wt%. The dilution of the Pt and Ce precursors in the polyester gel
are indicated in the figure.

is almost invariant for Pt and Pt-CeO, 5 wt%, but interestingly it in-
creases for Pt-CeO, 1 wt% 1 X and it decreases for Pt-CeO, 1 wt% 5 X
and 10X, Fig. la. The microstrain also varies with the dilution of
precursors in the polyester matrix, Fig. 1b. Again, for each series of
dilution, there is an inflexion point at 1 wt% CeO,. A correlation be-
tween the microstrain and Pt's average particle size is demonstrated
next.

As shown in Fig. 2, Pt 1 X sample is formed by nanoparticles with
sizes =40 nm agglomerated in large clusters. As expected, the samples
obtained from the diluted Pt precursor in the polyester polymeric net-
work (Pt 5x and 10 X ) are formed by smaller (sizes < 40 nm) and less
agglomerated nanoparticles. In these cases, the presence of partially
burned carbon residues could also inhibit the grain growth. The mean
particle size decreases from approximately 42 nm for the sample 1 X, to
19.6 = 6.5 and 15.2 = 1.2nm for 5X and 10X samples, respec-
tively. It is interesting to note that Pt 10 X shows a “mirroring-type” of
growth where the planes are seeded together out of the plane (see inset
in Fig. 2c). The presence of CeO,, even in very small amounts, also
promotes the decrease of the size and the deaglomeration of the Pt
nanoparticles as evidenced in Fig. 2d and g. Individual Pt NPs with ca.
20 nm and 12 nm sizes can now be easily identified in samples Pt-CeO5
1 x with 1 and 5 wt% CeO, respectively. These Pt NPs are dispersed in
a CeO, “matrix”. However, the dilution of the Pt and Ce precursors in
polyester polymer matrix revealed to be the most effective way to ob-
tain samples mostly composed of well dispersed and small Pt NPs. A
marked decrease of the particle size from 19.6 *+ 6.5 nm for Pt-CeO,-
1wt% to 4.3 = 0.8nm and 6.4 * 1.7 nm for the 5x and 10x dilu-
tions, respectively, is indeed observed (Fig. 2d and e). Samples Pt-CeO,
5wt% 5% and 10 x are composed by Pt NPs with sizes slightly higher
and with a broader size distribution than in Pt-CeO5 1 wt% 5X and
10 x (Fig. 2g). Because the Pt-CeO, 1 wt% 10 X also shows some par-
ticles with the “mirroring-type” of growth, this phenomenon seems to
be caused by a dilution effect on Pt nanoparticles and not due to ceria
since the mirroring is no longer visible in Pt-CeO5 5 wt% 10 X.

Synthesis of CeO, powders from gels with 1x, 5x and 10x dilu-
tions, revealed the formation of NPs with average particle sizes between
6 and 8 nm, Fig. S5. Ceria is an oxidizing agent known to aid the
combustion process lowering the temperature of oxidation of carbon
[40]. Thus, the in-situ grown CeO, may accelerate locally the calcina-
tion process and facilitate the formation of smaller Pt nuclei [41]. Fi-
nally, as shown in Fig. 3, the expected inverse relationship between
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Fig. 2. TEM images of Pt (a) to (c), Pt-CeO, 1 wt% (d) to (f) and Pt-CeO, 5 wt% (g) to (i) nanoparticles. The statistics for the particle size distribution was done

counting at least 200 particles on images with a 20 and 50 nm scale.

microstrain and average particle size [42] is observed for most of the
catalysts. The two exceptions are Pt 1 x and Pt 5 x which are formed by
agglomerated nanoparticles, and are less homogeneous in terms of
particle size distribution.

X-ray photoelectron spectroscopy (XPS) is a technique that probes
the surface composition and changes in an atom's core level structure,
and was used to investigate catalysts. Fig. S6 shows the Pt 4f high re-
solution spectra for all Pt and Pt-CeO, catalysts under investigation.
The two doublets of Pt 4f, namely Pt4f,,, and Pt4fs,, represent the two
degenerated states of Pt separated by 3.33 eV and with an intensity
ratio Pt4f; »:Pt4fs ,» = 4/3. The Pt 4f,,, peak around 71 eV corresponds
to zero-valent Pt°, while the very low intensity peak at higher binding
energy i.e. 72.4 eV is assigned to Pt>* [43]. It is well known that

transition metal nanoparticles exhibit binding energy variations not
only with its particle size but also with the chemical environment [44].
As observed in Fig. 4 all three series show a negative shift of Pt4f,,,
binding energy with the addition of ceria. Initial state effects caused by
a strong interaction between ceria and platinum are the most probable
explanation. Negative shifts of Pt BE values were previously observed in
Pt/Ni and Pt/Ru/Ni [45], Pt/Ru catalysts [46] and Pt/Sn [47] and were
attributed to electron transfer from Ru (Ni or Sn) to Pt due to differ-
ences in the electronegativity between the two metals. There is also a
considerable difference in electronegativity between Pt (2.28) and Ce
(1.12), thus an electron transfer between the two elements is an ap-
pealing argument. In spite of the inflexion point at 1 wt% CeO, on the
variation of a with the oxide content, we do not have solid any evidence
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Fig. 4. Binding energy of Pt 4f,,, as function of Pt nanoparticles' average
particle size. The ceria wt% and of the dilution of the Pt and Ce precursors in
the polyester gel are indicated in the figure.

of a formation of a Pt—Ce alloy or a Pt—Ce—O solid solution. Still,
strong Pt—-CeO, interactions via Pt—O—Ce bond have been reported
before for Pt nanoparticles dispersed on nanosized ceria [48,49].

The effect of dilution produces an opposite trend with respect to
that of the addition of ceria, and positive shifts are observed in the
values of the binding energy of Pt 4f,,,. This shift is especially relevant
for pure platinum 1 x and 5 X (0.6 eV positive shift) where the largest
variation of particle size is observed, thus it could be related to a par-
ticle size effect by means of relaxation or core hole screening [50-52]. A
e2/2r relationship between the binding energy and particle radius (e is
the electron charge) has been established [52]. However, this effect is
more pronounced on nanoparticles with diameters below 5 nm [53].
Thus, the positive shift may be related to a different structural ar-
rangement of the Pt atoms on the particles' surface [51].

The Ce 3d core level spectra recorded for the Pt-CeO, composites
and for pure CeO, (used as a reference to better understand the inter-
action between Pt and CeO, nanoparticles) are shown in Fig. S7. The
spectra include two main cerium-rich bands that correspond to the 3ds,
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Vo (Ce(IV) main peak) in the Pt-CeO, catalysts and in CeO,.

> and 3d3 5, spin-orbit states. Moreover, the presence of mixed oxidation
states results in a complex Ce 3d spectrum although Ce (III) can be
differentiated from Ce (IV) due to different line shapes [54,55].
Namely, the v,/v5’ and u;/u;” doublets, each separated by 18.6 eV, are
assigned to the primary photoemission from Ce (IV) and Ce (III), re-
spectively [56]. Detailed description of the spectra is reported in the
Supporting Information section.

The surface Ce/Pt atomic ratio was calculated using the at.% ob-
tained from the area under the peaks indicated in Eq. (2):

Ce _
Pt

Vo+ U+ Vi+ v+ v+ U + v+,

X 100
(Pt 4fy)

(2)

As shown in Fig. 5a, the surface Ce/Pt atomic ratios are above 0.4
which is significantly higher than the nominal values of 0.01 for Pt-
CeO, 1 wt% and 0.06 for Pt-CeO, 5 wt%. This is consistent with the
TEM images presented in Fig. 2 that show the Pt NPs covered by CeO,
NPs. As expected, the catalysts with higher amount of ceria, i.e. with
5 wt%, show the highest Ce/Pt ratio. The composites from series 1 x
have the highest Ce/Pt ratio which according to the TEM analysis can
be explained by the agglomeration of the Pt NPs. XPS analysis also
revealed that most of the surface cerium species are present as Ce (IV),
Fig. 5b, which is consistent with the relatively high temperature used in
the synthesis (400 °C) and small particle size of the CeO, nanoparticles
[16].

The %Ce (III), was determined using the at.% obtained from the
area under the peaks indicated in Eq. (3):
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As shown in Fig. 5b, the %Ce (III) is lower in the Pt-CeO, composites
(between 1 and 8%) compared to pure CeO, (between 10 and 15%).
Also, peak vy is shifted to higher binding energy values in the compo-
sites with respect to pure CeO,, Fig. 5c. As already mentioned, a strong
interaction between Pt and CeO, explains a more positively charged
cerium in the nanocomposites than in pure ceria. Interestingly, the ef-
fect of the Pt particle size (expressed in the figure as dilution of the
metal precursors in the polymer precursor matrix) is more marked for
the Pt-CeO,-1 wt% catalysts.

The electrochemical characterization of the catalysts was performed
by cyclic voltammetry in 0.5 M H,SO4. The typical cyclic voltammo-
gram of polycrystalline Pt was recorded for all catalysts, Fig. 6. The
formation of surface platinum oxides is evidenced at potentials above
0.5V vs SCE, and their reduction in the 0.3 to 0.7 V vs SCE potential
window. In the hydrogen adsorption/desorption region three peaks
centered at ca. —0.13V, ca. —0.01 V and at ca. —0.02V vs SCE as-
signed to (110), (100) step and (100) terrace-flat planes [57-60], are
clearly visible. The current intensity increased from pure Pt 1 X to Pt
10 % in accordance to the decrease of the size of the Pt NPs, as observed
in Fig. 2. A similar effect, but in a lower extent is observed for the Pt-
CeO,, electrodes. In fact, the addition of ceria decreases the current
intensity as the result of the coverage of the surface of the Pt NPs by the
oxide, Fig. 6b and c. The electrochemical surface area (ESA) values
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Fig. 7. Cyclic voltammograms recorded in 1 M ethanol in 0.5 M H,SO, elec-
trolyte at 50 mV-s~! for (a) Pt, (b) Pt-CeO, 1 wt% and (c) Pt-CeO, 5 wt%
composites prepared from 1 X (black), 5x (red) and 10 x (blue) dilution in the
precursor polyester gel. The current is normalized to Pt's electrochemical sur-
face area.

determined from the H-desorption features of the cyclic voltammo-
grams (CV) are reported in Table S1.

The anodic scans for the ethanol electro-oxidation reaction in H,SO4
electrolyte are presented in Fig. 7, and the complete cyclic voltammo-
grams are reported in Fig. S8. The current was normalized to Pt's ESA of
the corresponding catalyst. All the voltammetric features in Fig. 5 are
typical of the ethanol electro-oxidation reaction catalyzed by Pt
[61-63]. According to the literature, the anodic peak centered at 0.65 V
vs SCE is related to the oxidation of ethanol to acetaldehyde [62].
Overall, and as expected, higher ethanol current densities were mea-
sured for catalysts with higher electrochemical surface area. As illu-
strated in Fig. 7, when the current is normalized to Pt's electrochemical
surface area, the cyclic voltammograms of Pt 1 X and Pt 5x (Fig. 7a),
of Pt-CeO, 1 wt% 5% and 10 x (Fig. 5b), and of the three Pt-CeO5 5 wt
% catalysts (Fig. 7c) fairly overlap. But, interestingly, there are two
singular points. First, Pt 10 X shows a remarkably higher current den-
sity with respect to the Pt 1 X and Pt 5 x. Second, Pt-CeO, 1 wt% — 1 X
shows the highest current density for the Pt-CeO,, series. Moreover, the
anodic polarization curves of these two catalysts have a pronounced
shift to more negative potentials with respect to those recorded for the
other catalysts (Fig. S8). For example, the potential necessary to reach
0.1 mA cmp;? is 0.320 V vs SCE for Pt 10 x and 0.414 V vs SCE for Pt
5X. In the case of Pt-CeO, 1 wt% 1 X the potential is 0.410 V vs SCE
which is 114 mV more negative than the value obtained with Pt 1 x
(0.524 V vs SCE).

The performance of the catalysts towards ethanol oxidation was also
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Fig. 8. Chronoamperometric measurements recorded at 0.6 V vs SCE in 1 M
ethanol in 0.5 M H,SO, electrolyte for (a) pure Pt, (b) Pt-CeO, 1 wt% and (c) Pt-
CeO, 5 wt% composites prepared from 1 X, 5% and 10 x dilution in the pre-
cursor polyester gel. The current is normalized to Pt's electrochemical surface
area.

investigated in steady state conditions by chronoamperometry, Fig. 8.
The currents at 900 s normalized to Pt's electrochemical surface area
are shown in Fig. 9a. For the 1 x series catalysts, the current density
increased substantially with the addition of ceria to Pt. This increase
corresponds to ~20 times for Pt-CeO, 1 wt% and to ~10 times Pt-CeO,
5 wt% compared to bare Pt. For the 5X series a different trend was
observed, the current increased 3 times upon the addition of 1 wt% of
ceria to Pt and 2 times with the addition of 5 wt% of ceria to Pt. Finally,
for the 10 X dilution a different trend was observed and pure Pt shows
the highest catalytic activity towards the ethanol oxidation; in fact, the
addition of ceria decreases the current density of about 2 times for Pt-
CeO, 1 wt% and to 3 times for Pt-CeO, 5 wt%. Still, Pt-CeO, 1 wt%
always shows a higher current density than that of Pt-CeO, 5 wt%.
Moreover, comparing Pt 10 X and Pt-CeO, 1 wt% 1 X which are com-
posed of Pt NPs of similar size, the electrocatalytic activity of the later
at t = 900 s is 1.3 times higher than that of the former. Differences in
the size and agglomeration of the Pt NPs, and the absence of carbon
support can justify the lower current densities observed in this work
compared to those reported in the literature. The size of these Pt NPs is
well above 3 nm, the optimal Pt particle size for ethanol oxidation
[64,65], and above the size of the Pt NPs in the Pt/CeO,/C composite
catalysts discussed in the Introduction section (typically 5nm)
[15,16,22,23].

According to these results, few wt% of CeO, are sufficient to en-
hance the electrocatalytic activity of Pt NPs for ethanol oxidation.
However, this enhancement is more meaningful on samples containing
Pt NPs with large particle sizes (e.g. 20 nm as in Pt-CeO5 1 wt% 1 X ). To
understand why, the current density at 900 s was correlated with mi-
crostrain as shown in Fig. 9b. The catalysts with the highest activity (Pt-
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Fig. 9. (a) Current density normalized to the Pt's electrochemical surface area
for the Pt, Pt-CeO, 1 and 5 wt% composites prepared from 1 X, 5x and 10 x
dilution in the precursor polyester gel. (b) Correlation between the current
density and Pt's microstrain. The current values were taken at the end
(t = 900 s) of the chronoamperometric measurements recorded at 0.6 V vs SCE
in 1 M ethanol in 0.5 M H,SO,.

CeO, 1 wt% 1%, Pt 10X and Pt-CeO, 5 wt% 1 X) are those with the
microstrain below 0.36%, with the activity decreasing with increasing
strain. Above 0.36% the activity does not vary significantly with the
microstrain but is higher for the composites than for pure Pt. Increase of
the lattice compressive strain has been related to a down-shift of the
position of Pt's d-band center with respect to the Fermi level [66,67].
According to Norskov et al. [68] when the d-band center is shifted
downwards in the energy scale, the adsorbate-metal interaction is
weaker. Thus, the trend reported in Fig. 9b can be understood in terms
of a negative impact of a high microstrain on the reactivity of the
ethanol molecule on Pt's surface. A similar effect was previously re-
ported on the early stages of electro-oxidation of ethanol on Pt/Sn
catalysts [47] and of formic acid on Pt/Ru nanoparticle catalysts [67].
According to Fig. 3, the most active catalysts, located on the left side of
Fig. 9b, are those with average particle size between 10 and 20 nm.
Fig. 9 proposes in addition that these few wt% of CeO, could be
beneficial for the removal of CO,qs-like species that poison the surface
of Pt. According to the XPS analysis, the addition of very small amounts
of CeO, to Pt resulted in negative shifts of Pt’s binding energy and a
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more oxidized CeO, than in pure CeO,. These observations suggest a
weaker interaction between Pt and CO,qs-like species and emphasize
the role of Ce** ions in the oxidative removal of these poisoning species
according to Eq. (1). As previously reported by Anderson et al. [15] the
more oxidized is CeO, (higher Ce**/Ce®* ratio), the higher the cata-
lytic activity of Pt for both methanol and ethanol oxidation in acid
medium.

4. Conclusions

Pt NPs without and modified by CeO- (1 and 5 wt% with respect to
Pt) and with average Pt particle sizes ranging from 40 nm down to
4 nm, were prepared by the Pechini method and their electrocatalytic
activity for ethanol electro-oxidation in acid medium investigated.
Overall, the decrease of Pt's average particle size is accompanied by an
increase of the microstrain. The catalysts with the highest activity were
those formed by Pt nanoparticles with average sizes between 10 and
20 nm. In particular, it was found that 1 wt% of CeO, can remarkably
enhance the activity of 20 nm Pt NPs. This enhancement was correlated
to a lower microstrain of this catalyst with respect to pure Pt, and ex-
plained in terms of a more favorable reactivity of the ethanol molecule
on Pt's surface. This was also explained in terms of a strong electronic
interaction between Pt and CeO, as shown by XPS analysis. The addi-
tion of very small amounts of CeO, to Pt resulted in negative shift of Pt’s
binding energy and a more oxidized CeO-. These imply, respectively, a
weaker interaction between Pt and CO,qs-like species and put in evi-
dence the importance of Ce** ions in the oxidative removal of these
poisoning species.
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