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Abstract

The commercialisation of direct ethanol fuel c€EFCS) is hindered by the low activity
of the currently available electrocatalysts that arainly carbon-supported nanoparticles
(NPs). Here, we synthesised carbon-supported Powiees (Pt/C NWs) by chemical
reduction of metallic precursors at room tempegatumithout using surfactants, templates, or
stabilising agents. The synthesised Pt NWs wer@atgd on high surface area carbon
(Vulcan XC-72R) with 40 wt%. of metal loading cona@g the support. The electroactivity
of the synthesised NWs catalyst towards ethanolGddthe dominant intermediate species)
oxidation is investigated and tested in comparisoth a commercial nanoparticle Pt/C
electrocatalyst (named: Pt/C NPs). The electrodiideof ethanol was investigated in acid
media by CO-stripping, cyclic voltammetry, derivativoltammetry, chronoamperometry,
steady-state polarisation curves, andsitu Fourier transform infrared spectroscopy (FTIR)
experiments. The results showed that the syntte§is&Ws are much more active than the
Pt/C NPs catalyst, for both ethanol and CO-monalayedation in acidic medialn situ
FTIR data revealed that Pt NWs catalyst favoursfonmation of CQ and acetic acidThis
activity is mainly due to the existence of extentidaces, resulting in enhanced mobility of
OHags and CQqs facilitating the removal of Cgs from the catalyst surface and allowing
better ethanol adsorption for further oxidation.neke, 5-fold higher current density for
ethanol oxidation is obtained. The NW morphologyPbianocatalysts results in very active
materials towards ethanol oxidation and may proddgromising means of increasing the

performance of anodes for DEFCs.

Keywords: Nanowires; Ethanol electro-oxidation; Current digh#dsorption.
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1. Introduction

Increasing environmental protection concerns amdithreasing world energy consumption
have resulted in a major quest for the developnwntleaner and alternative energy
production systems, preferentially those not wagkivith fossil fuels. In this context, small-

scale generation systems, such as wind turbinés; energy, and fuel cells (FCs), play an
essential role in meeting global needs throughridiged generation [1]. FCs are very
attractive devices able to obtain directly the #leenergy contained in fuels (commonly H

or liquid fuels like methanol and ethanol), relegsivater as a principal by-product [1,2].

In FCs, the direct conversion nature avoids medaadfrictional losses, increasing the
fuel overall conversion efficiency. Moreover, thesgstems are not limited by the
thermodynamic constraints derived from the Caryotec[3]. Most of the studies have been
focused on using hydrogen as fuel, however, dilies in transportation, stocking, and
distribution hinder the FCs further application.ushby using liquid fuels, such as methanol
or ethanol, the need to adapt or re-establish tstimg infrastructure (as required for
hydrogen) can be reduced. As methanol is a toxal; &thanol appears as a viable alternative
[4].

Ethanol is a C-2 containing alcohol with importdeatures, such as non-toxicity,
large scale production from biomass, easy tranapont and storage, high energy density
(8.0 kWh kg%, and high solubility in aqueous electrolytes [2/%at make it attractive for
sustainable energy applications. In addition, ethgossesses approximately two-thirds of
the energy density of pure gasoline [6,7]. In th8AJand Brazil, ethanol has a well-
established distribution network, being availallenany gas/petrol stations, unlike methanol
[8].

The energy delivered from a direct ethanol fuel EFC) is theoretically higher

than at a direct methanol fuel cell (DMFC, 8.0 kW1* versus6.1 kWh kg*, respectively),
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thus reducing the fuel consumption [6]. Howeveg ttomplete ethanol oxidation reaction
(EOR) is still a challenge due to the complexitytteé reaction. The total oxidation of ethanol
involves the cleavage of the C—C bond and the fieansf 12 electrons (& per ethanol
molecule [9]. There is a consensus that the padibbnol oxidation (with parallel or
consecutive reactions) generates intermediates audarbon monoxide (CO). CO strongly
adsorbs at the catalyst surface, poisoning ityy@dites, and decreasing the FC efficiency
[10].

Conventionally, alcohol-fuelled FCs use acid pre¢shange membranes and
platinum-based catalysts [11]. The catalysts (Potber highly active materials) develop a
critical role in the cost and durability of the B¢stem [3]. The Pt-based anodes and cathodes
represent 35-42% of the total FCs cost. Therefsigge the partial oxidation pathway
(without the release of 12)edominates on pure Pt catalysts, the greatesteciyd in
developing catalysts for ethanol oxidation is talfeate C—C bond cleavage and thereby total
oxidation at low potentials [9]. For this purposeme strategies have been widely applied,
such as (i) the incorporation of more oxyphilic eratls, (ii) the modification of the catalyst
morphology, and (iii) the change/modification oe gupport material.

DEFCs still suffer from the limited activity andasility of Pt NPs, even for the best
catalysts. These problems are derived from thedd&% electrochemical surface area (ESA)
over time, caused by the corrosion of carbon supgaa Pt dissolution/aggregation. Pt NPs
possess high surface energies that induce sevémal@sipening and/or grain growth during
the operation of the FC [12]. One-dimensional (BBuctures (such as NWs or nanotubes)
may exhibit greater stability than NPs, whilst netag high mass activities owing to (i) their
high surface-area-to-volume ratio, (ii) the present large areas of smooth crystal planes

and (iii) lower number of surface defect sites [13]
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In this paper, we studied the electrocatalytic \atgtiof carbon-supported Pt NWs
towards ethanol and CO-monolayer oxidation in a&cidiedia. The Pt/C NWs were
synthesised without the use of any surfactant, lat®p or stabilising agent, and were
compared with a commercial Pt/C reference catalyis& comparison enabled the study of
the effects caused by the morphology modificatioevipusly suggested by the study of
single-crystal surfaces [14] to develop furtherhitygactive electrocatalysts, which may be
successfully applied as anodes for DEFCs. Notatdygdemonstrate that the NW morphology
has a positive effect on the catalytic activitytbé catalyst showing almost 2-fold higher

mass activity in comparison with the commercial NP satalyst.

2. Experimental

2.1 Nanowires synthesis

Pt NWs were synthesised by the chemical reductidheometallic precursor by formic acid
(12141 without the utilisation of surfactants, template stabilising agents. For the preparation
of 100 mg of catalyst, 5.31 mL of hexachloroplatiatid solution (0.03861 mol1) (Sigma-
Aldrich®, 37.5% of Pt) was dissolved in 4 mL of ultrapuratev and left in an ultrasonic bath
(Ultroniqgue QR500) for ~30 min. The hexachloropiatiacid solution was diluted to a total
volume of 80 mL with ultrapure water, and 60 mgocer black Vulcan XC-72R powder was
added to the solution (to give a loading of 40 wR%an the resulting catalyst) and stirred for
15 min. Then, 7.24 mL of pure formic acid (§b4, Sigma-Aldrict?, 98—100%) was slowly
added, and the suspension was stirred for moreid5The resulting solution was stored for
72 h to allow the NWs growth, during which the s$mo changed from black to colourless
(indicating the successful reduction of metallieqursors), and the resulting catalyst powder
dropped down to the bottom of the reaction flaske Tesulting suspension was vacuum-

filtered, washed several times with ultrapure waied dried in an oven for 30 min at 60 °C,
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and finally storedor further electrochemical and physical charastdrons. This catalyst is
referred to as Pt/C NWs in the text below.
A commercial nanoparticle Pt/C (Pt on carbon bldakn Johnson Matthey™) was

used as a reference catalyst and is referredR&/@INPs in the text below.

2.2 Physical characterisation

The XRD patterns were obtained using a Brucker @8ahce diffractometer operating with
Cu Ka radiation § = 0.15406 nm) machine. The patterns were genegdté@ kV and 100
mA with a scanning speed of 2° minand sweep range between 20° and 90°. The
diffractograms were compared with the JCPDS (J@ommittee of Powder Diffraction
Standard) crystallographic cards. The morphologyth& catalysts and their sizes were
observed by transmission electron microscopy (TEMIhg an FEI Tecnai 12 at an 80-kV

accelerating voltage.

2.3 Electrode preparation and electrochemical measurements

The electrochemical measurements were performemaah temperature in 0.5 mol™L
H,SO, aqueous solution saturated with high purity(M/hite Martins, 99.9 %) to eliminate
dissolved G. All experiments were carried out in a conventlomae compartment Pyréx
glass three-electrode electrochemical cell, usimg Autolab Model PGSTAT 302N
potentiostat/galvanostat. A Pt spiral wire was uasdthe counter electrode, a reversible
hydrogen electrode (RHE) prepared at the samerelgiet solution immersed in a Luggin
capillary was used as the reference electrode, aamiassy carbon disk (GC, 3 mm in
diameter) was used as working electrode. The stipgoelectrolyte was used to produce

hydrogen in the reference electrode, by applyimgrsstant negative potential of —6.0 V. All



125 aqueous solutions used at this work were prepargdulirapure water (Gehaka model MS
126 2000 system, 18.2 8- cm).

127 Before the measurements, the GC electrode washpdlisziith a 0.3 pnu-alumina
128  slurry, then, washed with 2-propanol and sequdwntiaith ultrapure water in an ultrasonic
129  bath, to remove the surface residues and reneei¢lctrode surface, before each experiment.
130 Electrocatalyst inks were prepared by adding 2.9fthe catalyst to a solution composed of
131 1000 pL of 2-propanol and 30 pL of 5 wt. % Nafiof+5% lower aliphatic alcohols, Sigma
132 Aldrich®). The resulting ink was sequentially submittedatoultrasonic bath for 20 min for
133  the dispersion and homogenization of the powdealgsts in the solution. 5 pL of the
134  catalyst ink was deposited dropwise to the GC mrldet surface and dried at room
135  temperature.

136 For all electrochemical measurements, the catatksmodified GC electrodes were
137  first submitted to 500 voltammetric cycles betw@®5 and 0.80 V at 500 mVsto obtain
138 reproducible voltammograms in 0.5 mof'H,SO, aqueous solution.

139 Cyclic voltammograms were recorded over 0.05 V.BO (2 cycles) performed at
140 20 mV s*. The electrochemically active surface area (ECA$ determined by integration of
141  the monolayer hydrogen desorption peaks of theamoitograms (0.0-0.3 V) using a charge
142 density of 0.21 mC cm [15] and all electrochemical results presented\Weire normalised
143 by the ECA.

144 The irreversible/adsorbed Bi process was used &ty the number of {111}
145  surface sites present in the catalysts, accordindpé method established by Feliu and co-
146  workers [16, 17]. Thus, a cyclic voltammogram wasamed in the potential range of 0.05—
147  0.75V at 50 mV § in 0.5 mol * H,SO, aqueous solution. The glassy carbon electrode was
148 removed from the solution and washed with ultraepwater. Then, the CV electrode was

149  immersed in a solution containing,B% (10* mol L™ of Bi) in HCIO, (0.6 mol %) for 1



150 min (enough time for the total covering of the si{@¢11) of the Pt). BD; was previously
151  calcined at 500 °C for 45 min. Finally, the eledgovas immersed into a 0.5 mot'lH,SO,
152  aqueous solution, and a new voltammogram was ¢etlec

153 For the study of the EOR, ethanol was addetH{O, Sigma Aldrich, 99.5 %) until a
154 0.5 mol L* concentration and additional cyclic voltammogramese recorded. Derivative
155  voltammetry was used to obtain more precise inftionaregarding the EOR mechanism.
156  The derivative voltammograms were constructed fitbmn derivative of the first cycle of
157  ethanol oxidation voltammogram, between 0.05 aBd/lversusRHE.

158 CO stripping experiments were carried out in 0.3 Mo H,SO, by first bubbling CO
159  gas into the electrochemical cell for 5 min appiyth05 VversusRHE, followed by purging
160  with high purity N for 25 min to remove the CO remaining in the dolut Sequentially, the
161  CO stripping voltammogram was obtained (1 cycléjveen 0.05 V and 1.30 VersusRHE
162 at20mV §.

163

164  In situ infrared spectroscopic measurements

165 In situ Fourier Transform Infrared (FTIR) measurements weaeried out on a Bruker
166 VERTEX 70v FTIR spectrometer equipped with an MC#&tedtor cooled with liquid
167  nitrogen. The reflectance spectra were collected am R/R ratio, in which R represents the
168  spectra at a given potential, angd R the collected spectra where no reaction ofréste
169  happens, in our case, 50 mV. Besides, the spedra valculated from the average of 128
170  interferograms, with the spectral resolution se4 am™. Thein situ spectroelectrochemical
171 system was equipped with a Gakindow, and the spectra were scanned between 8080
172 1000 cm®* wavelength range.

173 The catalytic suspension was supported on a gdidtsate previously polished with

174  alumina (0.05um), to obtain a surface with high reflectivity. Thatalyst was characterised
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in an HSO, 0.5 mol L* solution and transferred to the spectroelectrodteincell to
investigate the EOR bin situ FTIR (in real-time). Then, ethanol (0.5 mol'Lwas added,
and the spectra were collected as a function ofafiied potential. The scan rate and the
number of interferograms were chosen to allow thectsa to be collected at intervals of

about 0.05 V between 0.05-1.0 V of potentiaisusRHE.

3. Results and discussion

3.1. Physical characterisation

Fig. 1 shows the TEM micrographs of the commeret&C NPs (Fig.1A) and the synthesised
Pt/C NWs catalyst (Fig.1B). Pt NWs were succesgfeyinthesised by the formic acid as the
reducing agent methodology, as demonstrated byitdsence of well-defined multi-armed
star-like Pt NWs in the images. In Fig. 1B, Pt N\ composed of several short arms
approximately 20 nm in length and 4 nm diametee §bod dispersion of the Pt NWs over
the carbon support may indicate a favourable intema between the metallic atoms and the
exposed crystal planes of the carlft8]. The selected-area diffraction (SEAD) pattéfig.
1B inset) reveals a series of bright concentrigsjrwhich are attributed to face-centred cubic
(fcc) structure of crystal Pt, which is similarttwat of bulk Pt [19,20]. These bright rings are
assigned to {111} (inner ring), {200}, {220} and {3} (outer ring) planes, confirming that
this method produces highly crystalline NWs [18-20]

The powder XRD patterns for the commercial Pt/C NiRd the synthesised Pt/C
NWs catalysts are shown in Fig. 2. The XRD pattevase compared with the JCPDS (Joint
Committee of Powder Diffraction) crystallographi@ards. Similar peak positions are
observed for both catalysts. The diffraction peaRta= 26.54° is ascribed to the graphite
carbon (PDF card no. 001-0646). For both catalylsespeaks at@®= 39.91°, 46.44°, 67.75°,

81.60°, and 86.21° are assigneddophase of Pt reflections planes (111), (200), (2&01)
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and (222), respectively, in accordance with PDH car. 004-0802, in agreement with TEM
images shown in Fig.1.

The Pt(220) diffraction peak (inset) shifted sligho higher & values, attributed to
the NWs anisotropic structure[21]. As previouslpoded by Sun et al. [22], the reduction
reaction used to form the NW at room temperatuoegeds slowly, favouring the anisotropic
growth according to the lowest energy principler Fex structures, the order of surface
energies is (111) < (100) < (110), and therefdne, relative growth rate along the closed-
packed <111> direction is increased. However, tka&ctegrowth mechanism is not fully
known [21].

In order to evaluate the metallic loading of théabets, EDX measurements were
recorded (Fig. S1). The EDX analysis confirmed that metallic loading of the as-prepared
Pt/C NWs catalyst (40.7+0.53 wt%) and for Pt/C NRS.5+0.10 wt%) is close to the

nominal values, respectively, 40 and 20 wt%, asetqul.

3.2. Electrochemical characterisation
Fig. 3 shows the cyclic voltammograms (second sceegorded in 0.5 mol t H,SO,
between 0.05 V and 1.30 ¥ersusRHE at 20 mV &, for the synthesised NWs catalyst and
commercial NP Pt/C. Both catalysts show typicalfifge of carbon-supported Pt-based
catalysts in acidic media [23]. The voltammogranspldy pairs of well-defined peaks in the
hydrogen adsorption/desorption region (0.05 to 0/3@rsusRHE), with differences in the
desorption peaks attributed to preferential expsdrmultiple crystallographic planes [24]
for the NWs catalyst.

Comparison to the published cyclic voltammogramssiafjle-crystal Pt electrodes
[24], suggests that for the Pt/C NWs catalyst,nfan peaks at ~0.11 V and ~0.27 V (0.21 V

for the commercial Pt/C catalystgrsusRHE show can be attributed to H adsorbed on (110)
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steps and (100) step sites on (111) terracespectively.For the Pt/C NWSs, the peak
corresponding to (100) step sites on (111) terrasbgh arise from (111) x (111) junction,
is more pronounced. The commercial catalyst shoadatoader second peak, which is
attributed to contributions from short (110) temscor kinks, indicative of the NP
(cubooctahedral or icosahedral) shape. The pres#gre@eak at ~0.55 V for the synthesised
Pt/C NWs catalyst may also be an indication of ghesence of (111) terraces contribution
[24], although this peak overlaps with region oftdtributed to the quinone/hydroquinone
couple on the carbon support [25].

Fig. 4 shows the voltammetric profiles recorde®.® mol ! H,SQ, between 0.05 V
and 0.75 WersusRHE at 50 mV & before and after Bi adsorption for Pt/C NPs (Fag dnd
Pt/C NWs (Fig. 4b) catalysts. In order to estimgite fraction of (111) ordered domains
present on the catalysts surface, bismuth irrebiersidsorption was carried out (red dashed
lines at Fig. 4a and 4b). The charge measured uhdgreak at 0.62 V was used to determine
the charge associated with (111) terrace siteeptam the surface of the catalyst [16, 17].
The Pt/C NPs and Pt/C MWs yield charge density esmlof 16.3 and 50.2 uC ¢
respectively, which corresponds, using the calibna¢quation (Equation 1) [17], to a charge

associated with (111) terrace sites of 25.5 and A& cm>.

4gi = 0-64Q{t1_111} 1)

These values indicate that the surface of Pt/C B Pt/C MWs have a ratio,
respectively, of 11.6 and 35.6 % of (111) orderethdins. These results indicate that NWs
morphology enhanced the existence of (111) tersdes.

The monolayer CO stripping peaks have previousgnhbevestigated at single crystal

Pt surfaces, and their positions and shapes retatddferent symmetries and size domains
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over the catalyst surfaces reported [26]. For examyai et al. [27] employed a combination
of electrochemical and theoretical techniquesudysthe CO and methanol electro-oxidation
on stepped single-crystal Pt and Rh electrodesy $healied the mechanism and kinetics of
CO electro-oxidation on Pt electrode on a numbpi(P11) x (111)] vicinal surfaces. For an
fcc metal, these surfaces are composed of terrac€sla) orientation, which are (n — 1)
atoms wide, separated by monoatomic steps of @l@tation. In the CO oxidation study, a
pronounced catalysing effect of steps was obser¥igher step density lowers the
overpotential of CO oxidation with peak potentidi§erence for Pt(553), and Pt(111) equals
0.17 V between them. This effect was attributeth®opreferential formation of O-containing
species at the steps sites compared to the tesitase

Fig. 5 shows the CO-monolayer stripping voltammotgaThe hydrogen desorption
region (0.0-0.20 WersusRHE) is entirely suppressed on both catalysts, icoinfg the
saturation of the surfaces of the catalyst withodasd CO (C@y9 [28]. The voltammogram
for the Pt/C NPs is in excellent agreement withsthpresented in the literature, for carbon-
supported Pt NPs recorded at 20 mV[89]. This catalyst shows CO oxidation only above
0.60 V with a single peak (peak lll) centred at820V. In contrast, the voltammogram for
the Pt/C NWs has three peaks, peak | at 0.45 \k pest 0.73 V, and peak IIl overlapping
with that of the Pt/C NPs.

The pre-peak (peak 1) is commonly known as pretigmior pre-oxidation wavs0]
and has been the subject of many studies, withrgleggplanations proposed, including (i)
the shift of bridge-bonded CO (GQOweakly adsorbed) to linear-bonded CO (C&trongly
adsorbed), (i) preferential oxidation of GO(iii) oxidation of a weakly adsorbed or
kinetically unstable CO state, (iv) preferentialidation at or near defect sites and (v) the

oxidation been driven by a rearrangement of CO-gedwby the potential [31].
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However, based on Farias and co-worker’s publiogtéd], the occurrence of the CO
peroxidation peak is controlled by four intercorteecand simultaneous conditions, such as
CO adsorption at potentials lower than about 0.2¥ surfaces saturated with ¢@in the
presence of both, traces of CO solution and suréegs. If any of these four conditions is
not satisfied, the CO preoxidation pathway doesapgtear. For example, in Farias et al.’s
paper, they compare the CO oxidation in the presemmad absence of small amounts of
dissolved CO in the electrolyte. In these experitsietine potential was fixed at 0.1 V, and
CO was bubbled into the solution for 5 min to coter electrode surface fully. After that, Ar
was bubbled into the solution for 5, 10, and 60.rRimally, when the solution was purged
for 60 min, the CO peroxidation signal became Wtteabsent. Thus, based on our
experimental setup, were CO adsorption was holIGg V for 5 min, and Nwas bubbled
for 25 min; we believed that these four conditians satisfied.

The sharp peak Il in Fig. 5 for the Pt/C NWs cattlyn 0.73 V is comparable with
the “butterfly” peak, which is observed in CO oxida in perchloric solutiof32]. This peak
appears in 0.1 molt HCIO, solution and corresponds to the reversible adsormif OH
(OHaqd. In this sense, this peak, in 0.5 mét H,SO, solution, may be attributed to a filling-
in process by Okds on the Pt defects in the closed-packed adl§y®8). However, the
formation of a full OHys adlayer on the 80O, solution is inhibited due to the strong
adsorption [34].

For instance, the effect of Pt agglomeration on §fipping must be considered.
According to Mailard et al. [35], platinum aggloragon can cause peak Il, observed for the
Pt/C NWs catalyst. Also, according to Urchaga ef34], the multiple peaks on CO stripping
could be related to the presence of different alysicets at the Pt surface. It was indicated
that larger particles have a higher number of eegdaces Pt(111) on their surface than in

small Pt nanoparticles. It is also known that th€lPL) face is more thermodynamically
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stable and, therefore, it would be the most préfgraxposed surface in the case where the
particles agglomerate [37]. Thus, it is likely thpegtak 11 for the Pt/C NWs catalyst is due to
the oxidation of weakly adsorbed CO on Pt(111) $ageesent in large quantities in both
agglomerated Pt particles and nanowires, comparedotated Pt nanoparticles. This fact
becomes evident from the CO stripping profile (F3y.for the catalyst with nanoparticle
morphology, Pt/C NPs, in which peak Il is absentud, the Peak Ill present in both
catalysts, centred at 0.82 V and 0.83 V for Pt/G MRd Pt/C NWSs, respectively, can be
attributed to the oxidation of CO adsorbed in issdaPt nanopatrticles.

Fig. 6 shows the cyclic voltammograms for EOR alediat room temperature and 20
mV s scan rate. Both catalysts presented the charstitgstofile of the ethanol oxidation in
acidic media on carbon-supported Pt. The hydrogoration region was fully inhibited,
indicating strong adsorption of ethanol moleculesha catalysts surface active sites at the
initial potential of 0.05 V. Significant voltammetr changes were observed with the
morphology change from NPs to NWs. The Pt/C NPalgstt showed smaller EOR currents
at all potentials, with an onset potential of ~OM3chosen as the potential at which the
current density was 5 mA ¢f In contrast, the synthesised Pt NWs catalyst|alsgol
approximately 5-fold greater EOR current densitiggh a much lower ethanol oxidation
onset potential (~0.57 V). The negatively shiftetset potential is comparable with that
reported for state-of-art bimetallic catalysts [38]

Fig. 7 shows the first derivatives of the anodiesw for Pt/C NPs and Pt/C catalysts,
using the method described by Murthy and Manthif88]. Some insights regarding the
ethanol oxidation mechanism can be obtained bygudarivative voltammetry; however, up
to now, a detailed ethanol oxidation mechanism mesnanclear, since many parallel and

consecutive reactions can happen, resulting in rin@ne forty possible volatile and adsorbed
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species [40,41]. Currently, a dual-pathway mecharoa Pt catalysts is broadly accepted for

either acid or alkaline environmenf$4,42]

C1 pathway: CH; — CH,OH + 3H,0 — 2C0, + 12H* + 12e~ (2)
CH; — CH,0H + 5H,0 — 2HCO; + 14H* + 12e"~ 3)

CH; — CH,0H + 5H,0 — 2C0% + 16H* + 12¢™ (4)

CH; — CH,OH - CHs — CHO + 2H* + 2e~ (6)

The C1 pathway leads to the complete ethanol agidab CQ through the CQ)s
intermediate delivering 12 eHence, the C2 pathway represents the partialationl of
ethanol to acetate or acetic acid (both delivedng)) and to acetaldehyde (delivering 3 e
without the C—C bond cleavage [43]. At low poten{=0.4 V), the ethanol oxidation starts
with the adsorption of ethanol at the Pt surfacpiétion 7). Furthermore, adsorbed ethanol
can suffer oxidation to acetaldehyde or CO (derivexin the dissociative adsorption,
equations 8 to 12). Besides, reaction 5 occurepzrfially at potentials higher than 0.8 V, in
which water molecule is activated, forming O-conitagg species. Reaction 6 illustrates
acetaldehyde production. This reaction happensemefially at potentials below 0.6 V,

where the dissociative adsorption of water occgadtion not shown) [44].

CH3CH20Hbulk i CH3CH20HadS (7)
CH;CH,OHpy;x & CH;CHOH 4, + HY + e~ (8)
CH3;CH,0H 3, » CH;CHOy 4o + HT + e~ 9

CH3CHO 445 = CH3CHOp ik (10)
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CH3CH,O0H 45 — CHy + COgys (11)

COuqs + OHygs » CO, + HT + e~ (12)

The derivative curves in Fig. 7 display two postpeaks, which are more defined for
the Pt/C NWs catalyst. The electrocatalytic behawvis similar for both catalysts between
0.2 and 0.4 V, which is the region where dissoegatidsorption and the subsequent hydrogen
removal occurs, resulting in G&Q Then, the derivative current starts to grow (fath
catalysts) and stops at around 0.82 V (Peak Il)this region, the oxidation of GQ
(equation 12) to C@can be the rate-determining stegs] for the catalysts. Peak | in Figure
7 (~ 0.73 V) is related to EOR through the C1 path\total oxidation); consequently, the
higher this peak, the greater the amount of etharwoig oxidised. If this pathway did not
happen, this peak would not exist (dashed arrowench, the C2 pathway would be
dominating.

The Pt/C NWs catalyst shows the highest peak Ichvican be associated with the
ethanol's adsorption on the exposed crystal plasreslefects of the NWs. The further
increase of the potential around 0.83 V leads toencoverage of Pt sites with OH, blocking
the ethanol adsorption and consequently decredbsdgOR, resulting in the third peak at
both catalysts.

The Pt/C NPs catalyst showed the lowest ethanalatixin, which can be explained
by the high affinity of Pt for intermediary carb@e®us species, evidenced by the higher
amount of LCAs. The derivative current reachesmisimum value at ~0.96 V for both
catalysts, since, at this point, OH species arengly adsorbed at the catalyst's sites,
blocking the adsorption of ethanol from the bulkuson. In Fig.7, the ethanol oxidation
onset potential for Pt/C NPs and Pt/C NWs catalgsts0.67 and 0.60 V, respectively, which

are very close to the values obtained at cyclitavoietry tests (Fig. 6).
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Chronoamperometric curves in Fig. S2 shows thaPth@ NWs catalyst displays the
highest anodic current density (0.0062 mA 9nthat is more than 5-fold higher the current
density presented by the commercial Pt/C NPs (@06fA cm?) at the end of the
experiment. Those data agree with the results gn & indicating a better EOR and less
coverage of the surface by intermediate by-prodfmtsthe synthesised catalyst, which
derives from the unique NW morphology.

The polarisation curves (Fig. S3) confirms the drém both Figs. 5 and 7, indicating
enhanced ethanol oxidation activity for the synitexs Pt/C NWs. The change in catalysts
the morphology (NPs to NWSs) shifts the oxidatiors@npotential to more negative values

(Table 1).

Table 1. CO and ethanol oxidation onset potential and Talepes for all catalysts

synthesised in this study

Ethanol Tafel
CcoO Current Mass activity (A
oxidation slopes
Catalyst  oxidation density at 900 s mgp) @ [0.8 V
Eonset [mV
Eonset[V] [MA cm™2]° versus RHE?|
[V]® dec]
Pt/C NPs 0.77 0.41 0.0012 180.32 0.007
Pt/C NWs 0.68 0.36 0.0062 134.15 0.013

#Values obtained by Tafel plots.

®Values obtained by chronoamperometric experiment.

The Tafel slopes were 180.32 and 134.15 mV déar Pt/C NPs and Pt/C NWs
catalyst, respectively, indicating that differeate-determining stepsds) can be happening

for both catalysts [20,45]. Tafel slopes around t®d dec' have been obtained on single-
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crystal carbon-supported Pt catalysts. Generdilg, Tafel slope allows the observation of
whether therds is the transfer of the first or second electrod #&na chemical reaction is
involved [46]. Thus, for the synthesised Pt/C NVitatyst, the obtained slope value (close to
120.0 mV dec) is in agreement with a mechanism that involvesKia-type adsorption for
both OHgsand ethoxy at low potentials [47]. For the comrnredriet/C NPs catalyst, the value
of 180.32 mV de® indicates that theds is controlled by the ethanol dehydrogenation or
acetic acid formation or a combination of both [4Blirther, different Tafel slopes can also
be obtained depending on the distribution of bydpuats [49].

FTIR experiments were carried out to understand ftdmmation of products and
intermediates and the effect of the catalyst magadyon the EOR. The main functional

groups related to ethanol oxidation products atedi in Table 2.

Table 2: Assignment of the bands observed in the spectairdat by FTIR

Wavenumber Functional group or ]
1 ‘ _ Deformations References
(cm™) chemical species
2980, 2903 CH CH; C—H, stretch [50]
2621 COOH O—-H, stretch [50]
0O=C=0, asymmetrical
2343 CQ [51]
stretch
2050 CQ —C-0, stretch [52]
1720 COOH ou CHO —C=0, carbonyl stretch [51]
1650 HO H-O-H, angular deformation [53]
1400 Acetate —0O-C-0, stretch [54]
1367 Acetaldehyde —CHsymmetrical stretch [55, 56]
1280 Acetic acid —C=0, stretch [51]
S-0, symmetrical and
1200 HSQ* , [57]
asymmetrical stretch
1113 Acetaldehyde C—H, vibration [56]

1045 Ethanol C-0, axial deformation [58]
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Fig. 8 shows then situ FTIR reflectance spectra acquired over a potendgiatje of
0.05-1.0 WersusRHE, in which the spectra were obtained every %06 H,SO, 0.5 mol
L™ + ethanol 0.5 mol T* solution on the Pt/C NPs and Pt/C NWs catalystéintfig down
bands (negative bands), indicate the species fambaetween the thin layer of the working
electrode and the Cawindow, on the other hand, pointing upwards bgpdsitive bands),
represent the consumption/decrease of anotherespélthe presence of G(acetaldehyde,
and acetic acid was observed for both catalystscating that both pathways are present (C1
and C2 pathway).

The upward band located at 1650 ¢ris assigned to the bending mode H-O-H of
water [49]. This band is more intense for the MUs catalyst (Fig. 8a) than for the Pt/C
NPs catalyst. A more intense positive water bamdPt6C NWs can implicate that more water
is consumed or that more water is leaving the tayer region. Water is oxygen donor
species, necessary for alcohols oxidation t@,@&30 competes with the organic molecules
for adsorption sites [55]. In this sense, as th& RIWs catalyst showed the highest
intensities in the CObands, more considerable amounts of water areedegedcomplete the
reaction, which may justify the higher positive erabands for the catalyst with nanowire
morphology. Parallel to this, as the by-products farmed, water is expelled from the thin
layer to permit the diffusion of the new producengrated. Since the Pt/C NWSs catalyst
generated the largest bands of CO,,Cénd CHCOOH, a higher amount of water is
expelled from the thin layer.

Three upwards bands detected at 1045 c2903 cm’, and 2980 cit are ascribed to
axial deformation of C—O, and ethanol asymmetrig @Hd CH vibrations, respective[p9]

indicates the consumption of ethanol from the thyer.
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The negative band at 2343 This attributed to asymmetrical stretch O=C=0 of,CO
The first band of C@appears from 0.75 V for Pt/C NPs and 50 mV eafberPt/C NWs,
which are in good agreement with CO monolayer dioda(Fig. 4), and the signal of the
band increases with increasing potential. It isttvdo note that the band at 2343 ¢rfor
Pt/C NWs catalyst (Fig. 7b) is much more intensntPt/C NPs catalyst, indicating that a
more significant amount of GOAnay be produced. As previously mentioned, thetemce of
extended terraces or defects on the NW catalydtdaesult in enhanced mobility of QK
and CQgs facilitating the CO oxidation from the catalystfsce [60].

The band at 2050 cthis attributed to the C—O stretch of linearly adsat CO (CQ)
[52]. CQ. band was initially detected at 0.45 V for Pt/C N#Psl 0.4 V for Pt/C NWs. The
appearance of these bands indicates that the bhgeaki the C—C bond of the ethanol
molecule occurs between 0.05 and 0.45 V, resuitinthe formation and accumulation of
adsorbed CO. The intensity of this band reachesm&w@mum between 0.6 and 0.65 V for
both catalysts. Subsequent decay of (fand intensity may be a consequence of both
increased oxidation of adsorbed CO and decreasedf@@ation. However, for Pt/C NWs
the CQ band intensity is still present up to 1.0 V, whiutiffers from data obtained during
CO stripping measurements (Fig. 5), where all COenwes have been oxidised to £&
1.0 V in both catalysts. These discrepancies wilekplained further below.

The band located at 1720 tiris associated with the stretching vibration of the
carbonyl group C=0 [51] present in acetic acid aoetaldehyde. For the Pt/C NPs catalyst,
the first band was observed at 0.75 V, and for Ri¥s catalyst, the band was identified at
0.65 V. From these potentials, the band continyounslreases until reaching 1.0 V and the
formation of intermediates without the C—C bondaliieg seems to be predominant [61].

Acetic acid formation becomes evident from the Isdlodated at 2621 and 1280 ¢m

attributed to the —OH stretching deformation anedt©Gtretching groups, respectively. These
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bands appear only at high potentials, 0.65 V fé€ M{Ws, and higher than 0.75 V for Pt/C
NPs. Another band located at 1400 trat high potential values was identified as the
stretching of adsorbed acetate (—O—C-0), indicatiag acetate can be an intermediate of
ethanol oxidation reaction [53].

The bands at 1367 and 1113 ¢rare associated with symmetric deformation (sCH
and vibration (C—H), respectively, of acetaldehy88]. The 1113 cit band was initially
observed at 0.65 V for Pt/C NPs and 0.70 V for RiMUs, and its intensity continuously
increased to 1.0 V for both catalysts. Acetaldehgadmation occurs first, then the formation
of acetic acid, which confirms that acetaldehydeansintermediate for the production of
acetic acid, as previously demonstrated by Iwai&d. [62] and Weaver et al. [63].

For all materials, it is possible to observe thetshing bands of the HOion at
1200 cm?, due to the KBO, used as the electrolyte [53]. The HS®and is due to its
accumulation in the thin layer in order to compéadar the positive increase of electrode
potential [55].

For a more detailed analysis of infrared spectra,absorption area of the bands of
CO (2050 cm), CO, (2343 cm?), and acetic acid (1280 ¢f was integrated. After
integration, these areas were normalised by therebective area of each electrode obtained
during the CO oxidation experiments (Fig. 5). Thepehdences of the integrated band
intensities of Pt/C NPs and Pt/C NWs catalystshenpotential are shown in Fig. 8. It should
be noted that these graphs indicate at which pateghe ethanol oxidation reaction products
are generated, they do not allow the quantificabbthese products. However, the results
suggest that CO, CQand CHCOOH production for Pt/C NWs is much higher thafCPt
NPs, which can explain the increased oxidationerurdensity obtained during the cyclic

voltammograms (Fig. 6).
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Fig. 9a shows the behaviour of the intensity oégnated CO absorption bands. The
CO band intensities for the catalysts increaséb@gotential increases up to 0.6 and 0.65 V
for Pt/C NPs and Pt/C NWs, respectively. At pot@sthigher than 0.6 V for Pt/C NPs and
0.65 V for Pt/C NWs, the C(band starts to decrease. For the commercial PRE; the CO
band is no longer visible in the spectra at posmthigher than 0.85 V. These outcomes may
indicate the total elimination of adsorbed CO @@ rate of C—C bond breaking. However,
this band is still present for the Pt/C NWs untd V. Del Colleet al [64] suggested that the
presence of the GOband at high potentials means that the CO is bpioduced at a rate
higher than the oxidation rate and, consequeniiynes CO remains on the surface.
Nevertheless, it seems more plausible to assuntestme CO is present from both, the
reference (0.05 V) and the sampling potentials«0.Q V), thus generating a bipolar band
with some contribution of the GObands at higher potentials [64], thereby justidyithe
presence of CObands at potentials as high as 1.0 V.

Note in Fig. 9b that the onset potential for £@roduction was 0.7 V for both
catalysts. However, the production of £@as higher on P/C NWs catalyst than on
commercial Pt/C NP catalyst in all potentials stad{Fig. 9b). This fact may be due to the
existence of extended terraces or defects on NWphotogy [60]. Moreover, a surface
contraction may occur for the Pt nanowires. Acaagdo Ngrskov and Hammer's theory, [65,
66] a surface contraction strain can cause a ddwhed the d-band centre of Pt, which will
decrease the absorption strength of reactants. \&aalg [67] reported a down shift of the Pt
4f d