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Chemical Selectivity during the Electro-Oxidation of Ethanol
on Unsupported Pt Nanoparticles
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lu lhis puper we present results on the eleciro-oxidation of ethanol on unsupported (carbon frez) platinum nanoparticles, considering
the effects of the aleohol conventrton. The case of the so-called dual pathway mechanisn during the eleciro-oxidation of cthanol
showed to be influeticed by the surface coverage of adsurbed corbon meneaide (CO.a) at unsupported platinun. The influcnces of
adsorbed intermediates were fullowed by in situ infrared spectroscopy (FTIR) and by electiochenmcnl experiments. Unsupported
platinum showed that the reaction leads to the formation of CO5 und sectic acid as main products at low concentrations of ethanol
(001 0.1 mol L1y, Atleast in this cage of 0,01 tol L=/ ethanol, mast formation of CO2 oseurred via CQyg (indireet pathwiy). At
highet concentration of ethanol, however, most CO wis (urmed via u reactive intermediate such as acetaldehyde (direc prantlowary ).
In auddition, in this higher concentration of cthanol, the acetic acid was produced vin formadion of sdsorbed pectaldehyde (via acetate)
at higher overpotentials. In case of the acetic acid formation, a dual pathway was identified during the electro-oxidation of eltmnol
at low alechol concentrations, whercas a parallel pathway ocewrred withont the formation of adsorbed acetate intermediates at low
overpolenbals.
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Inlarge urbin centery, the socicty is based on a model of living that
contributes to a growing environmental disorder and damage. There-
fore, it is necessary to develop renewable energy sources thal con-
rribure to progress and development with appripriale environmental
preservation. Because of thik, fuel cell systems have become o prosmis-
ing alternative'™ and, a5 renewable fuet of low toxicity and high power
density, ethunol is » good candidnte for these upplications.? How-
ever, the electro-oxidation of ethanol catalyzed by platinum presents
a complex reaction mechanism involving scveral steps, diminishing
the efficiency of the fucl cell*? In order to understand better the
mechanism during the electra-oxidation of ethanol, in situ spectro-
seopic techniques, such as Fourier Trunslorm Infra-red (FTIR), ™
and vibrational Sum-Frequency Generation (SPG), ¥ hesides on-line
Differential Electrochemical Mass Spectrometry (DEMS),%% ™ have
been used by Vielstich,'? Weaver,? Lenza* Iwasitab®'® and co-
workers, ax well ax Behm group,™ """ Koper proup, !5 wicek-
owski group, ' 2 Baltruschat group®™ 2 and pur groyp, 610 14.15.21-24
Thie: ta these efforts, the molecular nuture of intermediatcs and prod-
ucts of the electro-oxidation of elthunol are relatively well-known.

Likewise the case of most small organic molacules,? the elsoro-
oxidution of cthanol occurs through the so-called dual pathway mech-
anism tor COp formation. The indirect pathway proceeds wia (he
formation of adsorbed carbon monexide (C0,), %% [ormed from
the dissociative adsorption of ethanaol reacting with adsorbed oxy-
genated species to be oxidized 1w COy. In this case of indirect path-
wuy, the formation of adsorbed hydrocarbon fragments may accur
(CH.a with onc or two carbons) which are oxidized to CO; at higher
overpotentials ¥ 16181926 The direcr pathway, at the sane Gme, ou-
elrs via a renchive intermediate as acetaldehyde. 25" T purallel, the
electro-oxidation of ethunul rmay form scctaldchyde and acetic agid
as end-products of the reaction,*22-25.26

Additionally, the dual pathway mechanistn during the electro-
oxidation of ethanol has been reported to be influenced by the concen-
tration of algohol,*™** which promotes different yields on the prod-
uets, The effect of the aleohol concentration on the electro-oxidation of
¢thanol has not been studied at vnsupported plalinum nanostructures.
Furthermore, the slecliro-oxidation of cthano! catalyzed by unsup-
ported platinum iy interesting becanse of 1) the possibality of different
electrocatalytic characteristics when compared with bulk and single
crystal pladnum® % and i) the use of unsupported platinum particles
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In this paper we proposc a reaction mechanism on the electro-
oxidation of cthanol on unsupported Pt (J-M) agglomerates. We were
able to show new inxights for surface covernpe ol adsorbed curbon
maonoxide (COpy) during the electro-oxidution of ethanol on unsup-
ported platinum, which is influenced by the wleohol concentration. Tn
addition, our data showed Lhat the formation of acetic acid as produgt
accurs through a dunl puthway, and proceeds without the formation of
adsorbed acelole intermediate at least at low aleohal concentrations.
The formation of products and the influences of adsorbed interme-
diarex during the ethanol electro-oxidation on unsupported plaritm
nanopaticles were identified by in situ infrared spectroscopy (FT1R)
und by electrochemical expetiments.

Materials and Methols

Instrumeniation— The electrochemical cell was & conventional
3 compartment cell wilh 4 reversible hydrogen electrode (RHE) as
reference and a high surface area Au electrode as auxiliary, hoth
separdled from the main compurtment. All potentials in this work
were referred o this reversible hydrogen electrode (RHE). Cyelic
volimmetric and chronoamperometric measurements were recorded
in the potentiostatic mods using a 1287A Solartron potentiostat.

In situ TTIR measnrements were carcied oul using 1 Nexus 670 —
Micolet equipment equipped with w MCT detector and a Zn$e flat win-
dow. Details of the spectruelectrochemical cell are given elsewhera®,
T'he relleclunce spectrs were obtained as R/Ro where R was the sam-
ple spectrum. The reference spectra (Ro) were tecorded at 0.05 V or
1.0 V which were related 1o the band intensity ot (he detector and
arzaciated frequency of the species. This provedure results in spectra
with negative and positive bunds related to the production and the eon-
sumption of substances, respectively. Spectra were cormputed from an
average of 64 inlerlerograms, The spectral resolution was 8 cm™—!.

Electrodes, conditions, solutions,— Working electiode (WE) sup-
ports for the electrochemical and in sitn FTIR experiments were poly-
erystafline Au disks with diameters 0.65 cm? and 1.0 cm?, respectively.
Roth working electrodes were prepared in the form of a thin film by
applying 20 WL of an aqueous suspension of the black platinum cat-
alyat (16.7 wg ml.=!, PrIM - Jolmson Maitthey) onto the électrode

support. All FTIR experiments were earried out using the same work -
g eleatrewle. Trrior do each axpenantsnt, tlie sugpnis o the electrodes
woars maeclartloally polisbeed Followed by a chentical clesing: in oon-
conlalod soum Aydrecsds sl oitis acid solutions, subregany
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tinsed) with ultra-pure water (Milli-Q, 18.2 M cm). To activate the
surface of the working electrode, the WE was eyeled in Ha S0, solu-
tion from G to 1.75'V, at0.2 V 5~! and then it was transferred protected
by a droplet of elecirolyte, in order to aach the aqueous suspension
of the black platinum catalyst on the support. In order te compare the
intrinsic activities in the different suppotting electrolytes, the curtents
obtuined for the ethunol clectro-oxidation were normalized per tutal
surface aclive arca estimated by stripping a monoluyer of CO, consid-
ering 420 pC em™2 ax the standard charge lor Jesorbing a monelayer
of CO on palycrystalline Pt. For this purpose, the CO saturation cov-
erage on the catalysts was uchicved by bubbling CO for 10 min at
0.05 V followed by bubbling Arpon for 40 min in order to eliminate
dissuolved CO,

All cxperiments were performed at contrylled temperature (23 ==
0.1 °C). The study was carried vutl with high purity reagents in the
range from 0,01 to 1.0 mol L' ethanol (Merck) in either 0.5 mol
L' sulfuric acid (Merck) or 0.1mol L™ !perchloric acid (Merck). All
electrolyte solulions were prepared in ultra-pure water purified in a
Mill-Q} (18.2 M2 cm) system and deactated with Argon (4.8). The
potential was held ar 0.05 V vs. RHE und the mixture was hatog-
enized by hubbling Argon for cu. 30 s after introducing the ethanol
into the supporting electrolyle before starting the potentiostatic and
potentiodynamic messurements. During the FTTR measurements the
working electride was downed. The potential scan was sturled im-
mediately after homogenization of the mixture und waiting for the
cthanoel adserption for ca. 120 5. All recorded spectra were collsoted
during a patential step from 0.05 V o 1.0 V after the ethanol was
added into the cell with the electrode polarized at 0.05 V vs. RHE.

Results and Discussion

Figure 1 depicts the Lypical voltammetric profile (eyelic voltam-
mogram - CV) (1) of Taraduic current density and (b) of the electro-
oxidation of ethunol on unsupported Pt (J-M) nanoparticles in either
HCI0, (solid line) or Hy 80y (symbol line) clectrolyte solutions, ™37

The definition of the peak and the symtnetry of the adsorption
stateg in Figure la arc indicative of the surface cleanliness. These
peaks occur due to the competition between the adsorption/desorption
of molecular hydrogen, perchlorate unions (C104~Y and (i) sulfate

20

0.12 a
026 v

10 i Ny

N

0 ﬂa-':mﬁ = I
A e e RN

£ Ay w—— HCIO
LT [ 'w !
I | . T THSO
5 300 | =———<=10.1 mol " ethanol b
'g_ —— i 0,01 ey L ﬂhangm%%
= 200} /5, AN

iz

00 02 04 08 08 10
E/VvsRHE

Figure 1. Cyclic volrammograms {a) of faradaic cutrent density and {b) of tha
elecyro-oxidation of ethanol in either HEIO, (solid ling) of HaS0, (symbol
lingy clectrolyte solutions on unsupported Pt(J-M) nanuparticles. The cycles
were recorded al 0.01V 5= und 25 C

anions (HSO,~ or 80,72 at Pt sites.?2%-Y Ag it i well known,
the C'V prolile of the commercial unsupported Pt (1-M) cutalysts in
wid electrolyte is more structered than that of eurbon-supported Pt
nanoparticles, which presents signatures such as symmetrical peaks
at0.12 V and 029 V, which corespond to (1109 and (100)-type step
sites, respectively, and distinet featurcs with a sheulder centered ot
0.5V, characteristic of small (111)-ordered surface domuains 282437
In addition, 4 recent study? showed that commercial unsupported Pt
(J-M) has larger agglomerated particles with crystalline size around
9 nm.** However, the CV profiles in Fig. lu, do not suggest specific
erystallographic orientation und can be considered as corresponding
te a highly structured polycrystalline surface.

Figure |b prescnts only the fitst CVs in the ethanol concentrations
0.01 und 0.1 mol L', The CVs profiles (only shown for 0.01 and 0.1
mol L' of ethanol) reveal that the onsel of the oxidative current in
the pasitive potential scan oceurs at about 0.4 V vs, RHE, with one
subtle shoulder at (.7 V und 4 peak at 0.2 V, In the cathodic sweep
accurs the renctivation of the reaction which appears as » shoulder
belween 0.6 und 0.7 V., [n the subscquent voltammetric cycles, the
surfuces arc blocked by adsorbed intertuedinies, such as COy, and
CH,* "™ 18122 formed in the preceding cathodic sweep and then the
ancdic peak is smaller because these adsorbed intermediates are only
oxidized at high potentials.

In order to further explore the results presented in Figure | during
the electro-oxidation of ethanel on unsupparted Pi (J-M) catalysts in
HCIO, clectrolyte, the formation of the adsorbed intermediates gnd
reaction products were followed by in situ FIIR measurements in the
different concentrations of ethanol (0.01 to 1.0 mol L1,

Figure 2 shows iypical spectra during the clectro-oxidation of
ethanol on Pt (J-M) for alcohol concentrations of (a) 0.0 mal L1,
{(#) 0.1 mol L= and (¢) 1.0 mol L~! in potentindynamic mode with
{he reference spectrum (Ro) measured at 0.05 V.

The bands due to the formatiom of soluble products on (he electro-
oxidation of cthanol, such as COy (2343 cn 1Y, seetie acid (1370 and
1280 em~1)® and acetaldchyde (933 cin~1)® urc identified. In addition,
at 1400 et~ appears a band (or all ethanol concentrations, which has
been reported for bridging und bi-dentate acetate complexes from ue-
etate species™ ¥ ur from acetic acid!®™ at the Pt surface. Likewisc,
bands of C-O swetching modes for the formation of adsorbed car-
bun monoxide are ohserved at 2040 cm™! (CO,, — lincar form) and
at 1917 em~! (COy - bridge form). Bunds at 2040 em™! of lingarly
adsorbed CO4 are observed fur ull ethanol concentrarions. Maoreover,
a subtle hroad band ut 1947 em~! from 0.3 0 1.0 mol L™ ethanol
is identified suggesiing the formation of bridge adsorbed CO (COy)
(Figure 2). But, the bridge CO band at Pt is given in the Hierature at
1850 ¢m~1."% This shift may he due to a hybridizution form between
single and doutle bonds, Tn addition, the observation of bridge ad-
sorbed CC) at Pt sites has been observed in sulfuric acid only, and pre-
vicus studies of ethanol electro-oxidation had repotted the ahsence of
bridge bond CO in HCIO, clectrolyte. % %1% The presence of bridge
CO vu unyupported Pt apglomerates show that the structure to this
miulerial presents a different behavior in comparison with single and
bulk platinum, which may be due to the lurger wmount of adsorbed
intcrmediates at Pr surface.

During the electro-oxidation of ethunol to Oz occurs the dual
pathway mechanism: (i) indirect pathway (vl QO %% and at the
same time (i) direct puthway (vig reactive intermediate).” 257 Ty the
case of the indirect pathway, the formation of adsorbed hydrocar-
bon frugments may occur (CHga with one or two carbons) which are
oxidized to €O7 at higher overpotentials.®!% ™% 1 parailel, the
clectro-oxidation of ethanol may furm ucetic acid and acetaldehyde
as end-products of the reaction %32 Higure 3 shows qualitatively
absorbance bands of €Oy (square), Q4 (circle), acetic acid (riangle)
and acetnldehyde (star), normalized by their maximun: shsorbance for
cach species.

Behavior of Ty and €O, — The main agpect te be notad in
Figure 3 ix that the surface coverage of lincarly adsorbed €0, at un-
supported platinum nanoparticles increased with the concentration of

Downloaded 07 Mar 2012 to 143 107 237 34 Redislibulion subjet to ECS llcense o copyfight; son hitpfwww acadl orgfterms_use.jsp



Journal of The Electrochemical Saciery, 159 (3) B335-B359 (2012)

0 mat L'

file

3000 2500 2000 1500 1000
0.1 mot L

3000 2500 2008} 1500 1000
[ 1.0 mol L

A 10 oy deig

" 1455-1470
1% 1917

E " v 2935 1 L 1 & 1,
3000 2500 2000 1500 1000
wavenumber cm’

Figure 2, [n sitn FTTR sPs:cu'a for ethanol electro-oxidation at Pt (T-M) ag-
glomerates in 0.1 mod L=V ACIO,. () 0.01 mol L', (b 0.1 mol L and (¢)
1.0 mol L=! of cthanol. The specira were obtained after potontial staps lrom
O005V. Ro={005 V.

ethanol. However, the onset of the formation of adsorbed CO,, oceurs
at 0.3 V for all ethanol concentrulions, reaching a local maximum
of intenity b 0.55 V, Immediately atter the degree of coverage of
adsorbed CO,, reaches the maximum, the production of OOy accurs.
Rapidly, at low concentration of ethanal (from 0.01 t2 0.1 mal L"),
the production of COy reaches a maximum intensity around 0.8 V,
which concurrently shows the deerense of the €O, band, ‘Therefore,
tnost formation of CO; oceurred vig CO,, (indirect pathway), at least.
in this case of 0,01 mot L of ethancl. Neverthelgss, the OO, hand is
not totally suppressed at higher concentrations of ethanol {from 0.3 to
10 mol L 1), beeause the coverage of adsorbed €O,y is kept constunt
until higher overpotentials. In addition, 4 higher surface coverage by
udsorbed Oy vbserved for potentials higher than 0.8 V was hot
reporled in the lilerature yet, Possibly, this increase on the intensity
ol the bund for sdsorbed CO,, ocewrs vig 8 reactive intermediate as
CHACHO (direct pathway) at higher concentrations of cthanol, 1826
B0, in this case of higher concentrutions of cthanol, the formation of
€Oz may follow a direct pathway mainly at high overpotentials. Fur-
thermore, at low concenlralions of sthanol, another important finding
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Figure 3. MNormalized spectra of the CO;p (squure), COy (eyele), acctic acid
(inagle) and acewldebyde (star) bands during ethanol electro-oxidation on
the unsupported Pt (J-M) for all congemdrations (u) 0.01 mol L=1, (h) 0,05 mol
L=t (o) 01 mol L= {d) 0.3 mol L1, (@05mol L " and (f) LOmol L= ol
elhunol. The spectra were normalized by the maximum intensity absorbances
for ench species, respectively, Roe 0,05 V.

is that the intensity of the (0, bund increascs at potentials higher than
(175 V. in which the CO,, has been completaly oxidized, decreasing
the bund to negligible intensities prior to 1.0 V. These observations
reveal that at least part of the COs i not coming from the indireet
pathway at high potentials. Additionally, it suggests that the forma-
tion of C0,,y noours vig a reactive inteninediate ys CH,CHO,,, and that
€0 Is more stable at high overpotentials than at low overporentials.

Finally, the Formation of CO; can occur via the indirect pathway
al low coneentrations of ethanol or via the direct pathway at higher
concentrations of ethanol. These may be the reasons For the di fTerent
rates for formation of COy, and COy at different concentrations of
ethanol in Figure 3.

Behavior of ucetle: acid and acetaldehyde.— Figure 3 showy (he
formation of acetic acid and acetaldehyde during the eleetro-oxidation
of ethanaol, The onset of the acetuldehyde formation occurs at .55 V,
and shows a sublle broad pesk in the CO,y profile at the same time
mainly ut 0.05 mol L' cthanol. This shoulder may he due to the
C0,, formation via reactive intermediate from CH,CHO,, spevies
(direct pathway), as discussed above. Interestingly, the formaton of
the aldehyde band does ot oeeur wt 0.01 mol L' cthano!. In the case
of low ethanol concentrations, at 0.01 mol L~ the acetaldehyde hand
shows u weak molar absorptivity due io the reduced formation.™ 5o,
in Lthis concentration of ethanol, the formanon of aceraldehyde cannat
be completely excluded. Another interesting aspect in Figure 3u, at
0.01 mol L™! of ethanol, iz the fact that the formation of scetic acid
oceurs before the CO; formation. Previous works huve reported that
for ethanol electro-oxidation at PUthe furmation of acetic acid occurs
vig acetaldehyde oxidized us un intermediate, "3 However, recent
papers by Baltruschut group®® and Giz and co-workers” showed that
aeelic awid may be formed by a parallel pathway, So, our data are
in agreament with recent works,”? which show & duul pathway for
acetic acid formation at 0.01 mel L™ of ethunol,

Howevet, during the dusl pathway in the acetic acid formation,
it is oot well-known the nuture of the adsorbed imtermnediate and if
it gun veeur at other concentrations of ethanol. In addition, for all
other ethanol ¢oncentrations (0.05 to 1.0 mol L1 it ix ohserved rhe
mcreae of the intensity of the acetic acid band wt high overpotentials,
where the band for acetaldehyde reaches o muaximum, showing that
the fortngtion of acetic acid occurs vig acetaldehyde us inlermediate
{(vize acelsle) at higher concentrations of ethanol,

Focusing now in the similar treatment of the bands given in
Figure 3 the behavior of acetate species and acetic acid forma-
tion wian be understood. Figiure 4 shows the data [or acetate species
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Figure 4. Normalized spectra during ethanal elecito-uxidaton cutalyzed by
unzupporied PL(J-M). Acetate (symbol ling), COu (dot line} and Acetic Acid
(sohd line) bands for cr.hunnl concentrations of (i) .0 mol L™, (b) 0.1 mol
L=0and (€3 1.0 mol L', The speetra wepe notmalized by the maximum
imensity absorbances for each specios, respectively Ko = (.05 V.

(symbol line), COyy (dot ling) and acetic acid (solid line) bunds at 0,01
mal L) (), 0.1 mol L' (b)Y and 1.0 mol L= (¢) uf ethunal.

Tigure 4 shows that the shape of the band profile at 1400 cm~!
{acetate species) follows the behpvior of the acetic acid band for
ethanol concentrutiony of 0.05 until 1.0 mol L1, However, the acetic
uctie] bund does not follow the acetate species for ethanol concentra-
tion of 0.01 mel L1, Owverall, therefore, the formation of acetic acid
shows an influsnce of ethanol concentration. $o, at 0.01 mol L™! of
ethanol, most acetic acid formation proceeds witheut the formation
of adsorbed acetate intermediate between Q.5 und 0,70 'V, Howcver, at
higher overpotentials, it is observed thut the acetate band increases to
a maxitnutr lnlr:nmty. showing that a parallel dual pathway oceurs ar
0.01 mok =" of ethanol. Additionally in Tigure d, for all other ethanol
concentrations, the formation of acetic acid proceeds via wlsorbed ac-
etate specics.

Mechanism proposed for ethanel electroroxidation ut unsupported
Pr agglomerates. Effect of the ethanel concentration in the distribu-
tion of products.— There ure myinly two possible forms proposed for
ethnal adsorplion on the Pt surface ¥ #¥1%2¢ Similarly, we consid-
cred these possible forms of adsorpion of the ethanol on unsupported
Pt ()-M} agglomerates. As discussed in the literamre®, in the first

Ethunal
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Scheme 1. Kesction mechanism during the electro-oxidation of ethanel on
unsuppotied Pt (I-M) nanoparticies. The dual puthways cormspond o the
fornation of €Oy und ucetic acid a3 end-products of the reaction, Each pathway
iz discussed in detail in the text,

imerdel of adsorption. the ethanol is adsorbed by Cl-species om surface.
Moreover, the observation of the C-0 streteh band for P-COHOCH;
specics is not impossible hecause the dipole moment of the C-O bond
has a small perpendicular component W the surfuce. Besides, the
vibration of the ClO4~ jons (1110 em™Y) in this region may cover
the C-0 band at 10001050 ¢m™', It was, however, reasonable to
assume the possibilily of the existence of ethanol adsorbed from C1-
species on the catalyst surface due to the ohservation of OO, fra%-
fents allow potentials (Figure 2¢) and as given by previous work.18-1%
In the sccond model of adsorption, it was observed the ethoxi group,
Pt-OCHCH; by in situ FTTR?, suggesting the adsorption of the cthanol
trom the O-atom,

Cnmidcnn% all observations substantiated by our data and pre-
vious work #15:19.% 4 wummary of the influence of all the adsorbed
intermediates in the distribution of products of the reaction is pre-
sented in Scheme 1.

Conclusions

Selective puthways during the cthanol electro-oxidation on unsup-
ported Pt catalysts showed 4 strong dependence with adsorbed in-
termediates under different ethanol concentrations. Qur Juta showed
that at low ethanol concentrations (0.01 11 0.05 mol L=") the reaction
takes place mainly by C0» and seelic seid formadon. 1n this con-
ditions, most of the €O, fumned vig CO,,. However, at low ethanol
concentratiom and al overpotentials higher than 0.8 V at least pait
af the CO; is formed through the CHyCHO,, species (direct path-
wiy). At higher concentrations of ethanol, however, most of CO» was
formed vig a reactive intermediate such as acetaldehyde (direct path-
way). Nevertheless, the formation of acetic acid veeurred vig a dual
pathway. Our data showed that the formatiun of scetic acid proceeded
without the participation of suelale species only at 0.01 mol L ! of
cthanol at low overpelentials. However, the increase of the adsorbed
Intermediate CCyy ut Pt surface drives the reaction on a pathway via
aduorhed intermediate as acetate specics,
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