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Abstract

On-line mass spectroscopy (DEMS) and in-situ Fourier transform IR spectroscopy (FTIRS) have
been employed to study the electro-oxidation and the electroreduction products of allyl alcohol on Pt
electrodes in acids. The electroreduction products were propanol and a mixture of propylene, propane
and ethane. The main oxidation products were CO, and acrolein. Results are interpreted and possible
mechanisms are suggested with the participation of adsorbates having different chain lengths and
structures.

INTRODUCTION

The electrochemistry of compounds with ethylenic bonds is particularly interest-
ing in relation to electrochemical hydrogenation, oxidation reactions and polymer
formation. In general, hydrogenation reactions of organic compounds are highly
selective. The simplest example of these reactions is the reduction of ethylene in
the gas phase [1] and its electrochemical reduction in acids on different metal
surfaces [2-7] yielding ethane as the main product. The latter has been identified
by gas chromatography [2,3] and on-line mass spectrometry (DEMS) [5].
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Kinetic studies of the electroreduction of compounds with ethylenic bonds on Pt
and Rh show that the reaction between the adsorbate and adsorbed H atoms
formed in the preceding fast H* ion discharge becomes the rate-determining step
[6]. The presence of substituents in the molecule influences the adsorption process
itself, but does not change the electroreduction rate constant.

The kinetics of the hydrogenation of allyl alcohol (AA) adsorbed on Pt by
cathodically generated H atoms has recently been studied [7]. In this study a rapid
equilibrium between bulk and adsorbed AA was demonstrated. The electroreduc-
tion products from AA on Pt black electrodes in acid solution [8-10] are propane,
propylene and small quantities of ethane and methane. The reductive cleavage of
C-OH bonds in the allyl position with the formation of hydrocarbons has been
shown for various organic compounds on platinized Pt in acids [11]. The change in
the composition of the reduction products as a result of the blocking effect of
previously chemisorbed species [10] has been explained by the relative contribution
of different mechanisms involving the splitting of C—OH bonds and the saturation
of C=C bonds, depending on the applied potential, solution composition and
temperature.

Electron energy loss spectroscopy and Auger spectroscopy studies of adsorbed
terminal alkenols on Pt(111) have concluded that the adsorption of AA involves
the two C atoms of the C=C group and that the OH group extends away from the
surface [12]. However, other studies suggest that the O atom can be also attached
to the surface [13]. The adsorption and anodic stripping characteristics of AA
species on polycrystalline Pt in acids [14] show that the electroadsorption of AA is
potential dependent and involves the rupture of the molecule. The oxidation of
AA on Pt black yields acrolein as the principal reaction product [8]. Coadsorption
phenomena and multiple adsorbate interactions between AA and CO,, CO and
methanol have recently been reported [15,16]. The electro-oxidation of AA on Au
[17,18] and Ru [19] in acids, has also been investigated.

The aim of the present work is to investigate the electro-oxidation and elec-
troreduction of AA on Pt in acids employing in-situ Fourier transform IR spec-
troscopy (FTIRS) and DEMS. FTIRS gives information on the structure of
adsorbates, whereas DEMS allows identification of products during the electro-
chemical reactions. The present results provide a reliable experimental basis for a
mechanistic interpretation of the reactions, including the most probable intermedi-
ates participating in the process.

EXPERIMENTAL

DEMS [20,21] and in-situ FTIRS [22,23] have been employed to investigate the
electrochemistry of AA on Pt in acid solutions. Runs were performed at 25°C
applying the electrochemical flow cell technique using either 0.05 M H,SO, or 0.1
M HCIO, (Merck p.a.) as the base electrolyte and AA (Aldrich) at concentrations
in the range 0.005-1 M. All solutions were prepared with Millipore Milli-Q water
and deaerated with Ar or N,. Experimental details have been given elsewhere [24].
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RESULTS AND INTERPRETATION
DEMS

Electro-oxidation of bulk allyl alcohol
Cyclic voltammograms (CVs) and mass signal cyclic voltammograms (MSCVs)
for AA in HCIO, are shown in Fig. 1. The signal for m/z = 57, related to the
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Fig. 1. (@) CV in 0.01 M AA+0.1 M HCIO, on porous Pt and (b) MSCVs for m /z =57 (AA),
m /z =25 (acrolein), m / z = 44 (CO, and propane) and m /z = 72 (acrylic acid). (Scan rate v = 0.01 V
s~ 1 real area 4 =200 cm?).
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[M-1]* fragment from AA, was used to follow the alcohol consumption. During
the positive-going potential scan, this signal indicates AA consumption in two
regions: below 0.20 V where reduction of AA occurs and above 0.70 V where
oxidation takes place. In the reverse scan the consumption begins at 0.90 V, just as
the reduction of the Pt(O) layer occurs, and decreases moderately in the potential
range where AA is adsorbed until the onset of electroreduction (0.20 V) is reached
again.

The signal for m /z = 25 was selected to show the formation of acrolein. During
the positive-going potential scan, this signal begins to increase at ca. 0.40 V,
reaches a maximum at 0.80 V and then remains relatively constant in the Pt(O)
region.

The signal for m /z = 44 indicates that the threshold potential for the produc-
tion of CO, in the positive-going potential scan is 0.50 V. This signal displays a
broad peak at ca. 1.10 V which can be attributed to different reactions producing
CO,. Moreover, a reactivation signal at 0.65 V can be seen during the reverse scan.
In the 0.05-0.20 V range, the m/z = 44 signal reveals the formation of propane.

No potential-dependent m /z = 72 signal ([acrylic acid] *) was observed, and so
we conclude that no acrylic acid from the oxidation of AA can be detected by
DEMS.

Electroreduction of bulk allyl alcohol

Several electroreduction products were detected in the Pt(H) region below 0.25
V (Fig. 2). The most representative m /z values are 59 ((M — 1]* fragment from
propanol), 44 from [propane] * (see Fig. 1), 38 ((C;H,]* fragment from propyl-
ene) and 30 from [ethane] * (see Fig. 1). The signals for m/z = 30 and m/z = 38
include small contributions from propane and propanol.

After taking into account the fragmentation values and the superimposed
contributions of fragments from different molecules (Table 1 [25]), the following
yields were determined: 76% propane, 17% propylene and 7% ethane. Except for
ethane, there is a good agreement with literature results obtained by gas chro-
matography analysis of the products during potential-controlled electrolysis [9]. At
0.08 V, 79% propane, 20% propylene and 0.9% ethane were found. The differ-
ences may be due to the different experimental conditions. The production of
propanol, which was not considered in the percentage yields given above, is about
half that of ethane.

Electro-oxidation of allyl alcohol adsorbate

After adsorption a flow cell procedure was used to replace the electrolyte by
pure base solution. The adsorbed residues remaining on the electrode surface were
then analyzed during a subsequent potential scan. The results are given in Fig.
3(a). The only product resulting from the electro-oxidation of AA adsorbates
formed at different potentials is CO,. The shape of the signal for m /z = 44 reveals
that at least two different processes occur during anodic stripping, one with a
maximum at ca. 0.90 V (E, ) and a second one (E,) in the Pt(O) region.
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Fig. 2. (a) CV in 0.01 M AA+0.1 M HCIO, on porous Pt and (b) MSCVs for m /z = 59 (propanol),
m /z = 38 (propylene) and m /z =30 (ethane). Only the Pt-H potential region is shown. (Scan rate
v =0.01 Vs real area A4 =200 cm?).

The adsorbed residues cannot be completely oxidized in one cycle even if the
potential is held for 15 min at 1.55 V. At least two cycles at 0.01 V s™! are
required to complete the oxidation (Fig. 3(b)). These remaining residues are
responsible for the third CO, peak (E, ) observed in the negative potential scan
during the electrodesorption of Pt(O).

Peak potentials and charges depend on the adsorption potential. Table 2 lists
the peak potentials taken from the MSCVs and the oxidation charges under the
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TABLE 1

Relative intensity of mass spectrometry signals of fragments related to possible compounds of interest

for the present work

Compound m/z
15 25 26 30 38 44 57 59 72 Total

Methane 815 - - - - - - - - 1977
Ethane 33 30 211 269 - - - - - 2143
Propane 42 4 70 18 49 336 - - - 3267
Propylene 27 14 83 - 174 1 - - - 3528
n-Propanol 12 4 32 21 18 7 4 113 - 2002
AA 32 31 137 186 70 1 1000 11 - 4149
Acrolein 5 90 588 11 7 2 24 - - 3957
Acrylic acid 5 95 351 2 4 113 4 2 1000 3968
From ref. 25.
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Fig. 3. (a) CVs during the electro-oxidation of AA adsorbates in 0.1 M HCIO, and MSCVs for
m/z=44 (CO,) (v=001 V s~} 4=175 cm?). (a), E4=055V; ------ E, ;=040 V;
————— E,4=022V; -~ E4=005V.(), E,4=022V; first cycle; ——— second cycle.
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TABLE 2

Potentials Em’ Ep2 and Epa’ of the voltammetric anodic peaks (v =0.01 V s™!) related to the first
electro-oxidation cycle of AA adsorbates formed on Pt at E,

Base electrolyte EL/V Ny Ey /V E, /V E,./V qox /MC

0.05 M H,SO, 0.40 4 0.74 1.08 0.68 54
0.22 4 0.69 1.07 0.65 43
0.50 0 0.89 1.09 0.67 86
0.40 0 0.93 1.12 0.67 102
0.22 0 0.95 1.14 0.65 106

0.1 M HCIO, 0.40 4 0.67 1.07 0.75 58
0.22 4 0.65 1.07 0.69 44
0.40 0 0.87 1.10 0.69 100
0.22 0 0.87 1.12 0.69 99

Ny, number of cycles in the Pt—H potential region; q,,, electro-oxidation charge of AA adsorbates;
area of working electrode, 175 cm?.

first and second peaks taken from the CV experiments. As the potential is made
more negative in the potential range 0.20-0.50 V, the oxidation charge grows. At
the same time, a predominance of the processes under the second peak is
observed, i.e. the distribution of species on the electrode surface is affected by the
adsorption potential. Obviously, adsorbates with a higher degree of oxidation
(oxygen-containing species) are responsible for the first peak.

The base electrolyte has a pronounced influence on the peak potentials. All
processes seem to be hindered more in H,SO, than in HCIO,, as we can conclude
from the positive shifts of £, and E, and the negative shift of E, in H,SO,.
This effect was also observed during the oxidation of strongly adsorbed species
from n-propanol [24]. HSO, ions adsorbed on Pt [26] seem to exert long-range
effects through the formation of hydrogen bonds with water [27]. The adsorbed
residues, in particular those containing oxygen, may be involved in the resulting
structure, and thus its oxidation will be more difficult.

Electroreduction of allyl alcohol adsorbate

During potential scans in the hydrogen region, AA adsorbates are reduced to
hydrocarbons. Production of propane, propylene and ethane is shown in Fig. 4.
The largest amount of propane, propylene and ethane is produced during the first
cycle and production drops to zero on the fourth cycle. Hydrogenation via
adsorbed species has been reported in the literature [6-11] but has not been
demonstrated directly. The propane : propylene : ethane yield ratio, calculated from
the respective mass intensities of the three hydrocarbons during the first cycle, is
1:1:1. This result indicates the cleavage of the C; chain in one out of three
adsorbed AA molecules yielding a C, hydrocarbon and an oxygen-containing
residue. The presence of several adsorbates can be linked to the peak multiplicity
observed in the MSCVs for m/z = 44 at high potentials during the direct anodic
stripping of AA adsorbates (Fig. 3).
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Fig. 4. (a) CVs corresponding to the electroreduction of AA adsorbates to hydrocarbons; (b) MSCVs for
m /z =30 (ethane), m /z = 44 (propane) and m /z =38 (propylene) during continuous cycling be-
tween E,4=040 V and E=005 V (v=0.01 V 571 005 M H,SO,; 4 =175 cm?). The numbers
indicate successive potential sweeps.

The relative yields for hydrocarbon formation from AA adsorbates differ to
some extent from those obtained during the electroreduction of bulk AA. This
difference may be caused by the different experimental procedure. While the
reduction of the adsorbate was measured after adsorbing AA at a definite
potential during 10 min, the bulk results were obtained during stationary repetitive
potential scans. Thus, in the potentiodynamic experiment, the adsorption kinetics
can affect the relative product yields.

The electro-oxidation of residual AA adsorbates remaining after cycling the
potential in the H adatom potential region (Fig. 5) generates a new current peak in
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Fig. 5. (a) CVs corresponding to electro-oxidation of AA adsorbates and (b) MSCVs for m /z = 44
(CO,)(E,y=040V; 0 =001 Vs 1 4=175cm?): direct oxidation of the adsorbate in 0.05 M
H,S0,; —-—-~ oxidation after four cycles in the Pt—H potential region; - - - - - - direct oxidation of the
adsorbate in 0.1 M HCIO,; - -— oxidation after four cycles in the Pt—H potential region.

the CV and a corresponding CO, signal in the MSCV at ca. 0.65 V in HCIO,.
Again, there is a positive shift (ca. 0.70 V) in H,SO,. Since this is the electro-
oxidation potential range of CO adsorbates on Pt [16,20], it is likely that during the
electroreduction of O-containing adsorbates a cleavage of the C; chain occurs,
producing a C, hydrocarbon and an adsorbed CO fragment.

The electro-oxidation charge of the residual adsorbates after four reduction
cycles falls to about 50%-60% of the original value for E,;=0.22 V, and to ca.
40%-45% for E,y = 0.40 V (Table 2). In addition, CVs and MSCVs for m/z = 44
also show a weaker contribution at ca. 1.10 V. The intensity of this signal appears
to be independent of the solution composition. A very weak contribution of the
CO, signal can also be seen during the first negative-going potential scan. In
general, these results resemble those previously described for n-PrOH adsorbates
[24].
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In-situ FTIRS

As we have shown in the preceding sections, either electro-oxidation or elec-
troreduction of AA can occur depending on the applied potential. Moreover, the
nature of the adsorbed species is also potential dependent. This critical point has
to be taken into account in the experimental procedure used to obtain the IR
spectra. In all cases, after activation of the electrode in the base electrolyte (0.5 M
HCIO,) the potential was held at 0.25 V or 0.40 V and the alcohol-containing
solution was introduced into the cell. Spectra were taken (i) with AA present in
the bulk of the solution or (ii) with the adsorbate after exchange of the electrolyte
with pure base solution.

Bulk experiments

After recording a reference spectrum at 0.25 V, the potential was stepped to
more positive values where the sample spectra were recorded. Figure 6 shows
spectra for AA at different concentrations in the range 10 ~2-1 M. The fact that no
bands related to bulk AA consumption could be observed may be the result of
both the prevalence of surface processes and the weak characteristics of the AA
bands themselves [28]. The bands at 1640 cm ™! and 1120 cm ™! correspond to H,O
and ClO, 1ons respectively.

The CO, production is rather insensitive to the AA concentration. Figure 6(a)
shows that the strong band at 2341 c¢m™!, which is due to the asymmetric
stretching of CO,, increases by a factor of 1.5 when the concentration is changed
by a factor of 100. This indicates that the CO, production is mainly related to
electro-oxidation of AA adsorbate rather than bulk AA. Also, the weak positive
band at 2015 cm™' (Fig. 6(b)), which can be assigned to the C-O stretching
frequency of linearly adsorbed CO, is almost independent of the bulk AA concen-
tration.

A strong band with a maximum at 1687 cm ™! (carbonyl group), a very weak
band at 1430 cm ™' and a weak band at 1365 cm ™" (Figs. 6(c) and 6(d)) are very
sensitive to the AA concentration. These bands are related to the electro-oxidation
of bulk AA and can undoubtedly be assigned to acrolein as a solution product, as
confirmed by spectra taken with s polarized light. No acrylic acid was observed. *

FTIR spectra of adsorbed species
The methodology described here allowed us to obtain absolute bands for
adsorbed species. This procedure must be employed to detect adsorbates present-
ing bands with frequencies which are rather insensitive to the applied potential.
The adsorbate spectra were obtained at £, =0.40 V and E,; = 0.25 V. In both
cases, after adsorption from 0.005 M AA solution and electrolyte replacement by

* If acrylic acid were present, the carbonyl band would be accompanied by other characteristic bands at
1240 and 1300 cm ™ L.
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Fig. 6. Comparison of FTIR spectra (256 scans each, 8 cm~') obtained for 0.01 M, 0.1 M and 1 M AA
in 0.5 M HCIO, on polycrystalline Pt at 0.90 V: (a), (b), (¢) and (d) correspond to different parts of the
spectra. The reference spectrum was taken at 0.250 V.

0.5 M HCIO,, a reference spectrum R, was recorded at E,,;. A potential step to
1.50 V was then applied in order to oxidize most of adsorbed residues. Finally, the
potential was reset to E,,; and a sample spectrum R was obtained at this potential.
In this way, the spectra, calculated as R/R,,, present positive-going bands for the
adsorbates oxidized at 1.50 V.

The reflectance spectra in Fig. 7 were obtained at E,; = 0.40 V (Fig. 7(a)) and
E.y=0.25 V (Fig. 7(b)). The bands at 2960 cm !, 2920 cm~! and 2850 cm ™! can
be related to CH; asymmetric stretching, CH, asymmetric stretching and CH,
symmetric stretching respectively. The CH; symmetric stretching band appears as
a shoulder at ca. 2870 cm ™! [29-31]. The relative intensities of these bands depend
on E,. Since AA contains no CH; groups, it is clear that hydrogenation of the
molecule occurs during the adsorption. Moreover, the intensities of the features at
2960 cm™! and 2920 cm~! reflect the concentrations of CH; and CH, respec-
tively. For E 4 =0.40 V the intensity of the CH, asymmetric stretch is twice the
intensity of the CH, asymmetric stretch, whereas for F,,= 0.25 V the two bands
have almost equal intensities. Therefore we conclude that at 0.25 V the CH,
content increases at the expense of CH,.

The negative-going band at 2343 cm™' is due to CO, produced during the
oxidation step at 1.50 V. The feature at 2040 cm ™! is due to the C-O stretching of

1
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Fig. 7. Reflectance spectra (1000 scans each, 8 cm ™! resolution) corresponding to the electro-oxidation
of AA adsorbates on polycrystalline Pt: (a) E,q =0.40 V; (b) E,;=0.25 V. The potential program is
shown in the insert. Electrolyte replacement is indicated by the broken line.
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Fig. 8. Reflectance spectra (1000 scans each, 8 cm ™! resolution) at 0.05 V taken at different times
showing CO formation during the electroreduction of AA adsorbates. R; corresponds to ca. 5 min, Rq
corresponds to ca. 50 min and R, corresponds to ca. 100 min. The reference spectrum was obtained at

E_;=0.40 V. The potential program is shown in the insert. Electrolyte replacement is indicated by the
broken line.
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linearly adsorbed CO. Additional bands related to C-H stretching from groups
like C=CH, or H-C=C-H might be expected from AA adsorbates. However, the
detection of these bands is extremely difficult because they are very weak 1] and
they should be located at frequencies greater than 3000 cm ™! which overlap the
OH stretch of H,O.

In a second experimental approach,, the potential was set to 0.05 V after
recording a reference spectrum at E,;, the adsorbates were electroreduced and
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Fig. 9. FTIR reflectance spectra taken by means of alternating potential steps. The reference potential

was 0.40 V and the sample potentials were (a) 0.22 V and (b) 0 V. Thirty thousand interferograms were
collected at each potential. The potential was changed every 1000 scans.
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successive reflectance spectra were recorded. The resulting spectra show the
production of linearly bonded CO (gain band at 2043 cm ™! (Fig. 8)) which slowly
increases with the electroreduction time as shown by the band intensities: (8.1 X
10~%)% for the first spectrum (5 min), (10.2 X 10~2)% for the tenth spectrum (ca.
50 min) and (11.6 X 10~%)% for the twentieth spectrum (ca. 100 min).

Finally, spectra for adsorbed AA were obtained by applying a potential modula-
tion between 0.40 V (reference potential) and either 0.22 V (Fig. %(a)) or 0 V (Fig.
9(b)). No bands were observed in the 2800-3000 cm~! region. The strong bipolar
band at 2050-2035 cm™! is due to linearly bonded CO, the weak band at 1980
cm™! is assigned to double-coordinated CO and the medium band at 1851-1806
cm™~! corresponds to triple-bonded CO [32-34]. These spectra resemble those
already obtained for n-PrOH adsorbed residues on Pt using a similar procedure
[24].

DISCUSSION
Summary of the experimental results

In order to establish the nature of the adsorbed intermediates we can summa-
rize the experimental results accompanying the electroadsorption of ally! alcohol
on platinum as follows.

(i) During the adsorption of AA on Pt, anodic or cathodic current transients were
observed, depending on the applied potential [14].

(ii) DEMS results show that the electroreduction of bulk AA, which occurs in the
Pt(H) region (ca. 0-0.25 V), yields propane, propylene, ethane and propanol. The
cleavage of the C; chain to form ethane occurs to a very small extent during the
electroreduction of bulk AA under potentiodynamic conditions (propane :pro-
pylene : ethane ratio of 0.76:0.17:0.07).

(iii) According to DEMS, the electroreduction of strongly adsorbed intermediates
yields hydrocarbons in the propane : propylene : ethane ratio of 1:1:1.

(iv) FTIRS shows the presence of CH,- and CH ,-containing species. The
CH;:CH, ratio increases as the adsorption potential is made more negative.
FTIR spectra demonstrate that the amount of linearly adsorbed CO slowly
increases during the reduction at 0.05 V.

(v) As demonstrated by DEMS and FTIRS, the electro-oxidation of bulk AA
produces the unsaturated aldehyde (acrolein) and CO,, while electro-oxidation of
the adsorbate produces only CO,.

Further considerations involve the chemical properties of allyl compounds.

(vi) Three different metal + AA interactions can be considered: Pt + vinyl H
atoms, the Pt + w-electron system from AA and the Pt + CH,OH group interac-
tions [35].

Possible adsorbate structures

The results summarized in the previous section allow us to suggest that the
electrochemical behavior of AA on Pt in acid solutions is similar to that of
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ethylene on Pt [36]. Accordingly, the adsorption occurs with abstraction of vinyl
hydrogen atoms as follows:

H_ _CHOH
AA +2Pt — Cc=C +2H* + 2e (1)
- ~
Pt Pt
(A)

In this reaction the CH,OH group from AA remains intact in adsorbate A, and
this explains the appearance of CH, group bands in the spectrum. The formation
of CH; groups becomes possible through the interaction with Pt(H) in a reaction
predominating at low potentials:

H CH,OH H CH,
Sc=c_ +2(H)Pt — >C=C{_ +2H,0+2Pt  (2)
Pt Pt Pt Pt

(B)

It must be considered that hydrogenation of allyl hydroxyl groups on Pt or Pd as

catalysts readily produces hydrogenolysis, i.e. rupture of the C-O bond [37].
According to the surface selection rule [22], no IR activity is expected for the

double bond between two carbon atoms attached to the surface. However, the

positions of the CH, and CH, groups in species A and B allow the dipole moment

component of both the symmetric and asymmetric modes to interact with the

electric field of p-polarized radiation, in agreement with the surface selection rule.
For adsorbed species such as

H H and H H

|
~N A7 N~
C >c

| Pt Pt
Pt

only the symmetric modes should be active for p-polarized light. In addition,
further hydrogenation would produce methane; this product was not detected in
the DEMS experiments. Therefore we can rule out CH,(Pt) or CH,(Pt) as
adsorbates.

FTIRS experiments demonstrate the formation of linearly bonded CO during
the adsorption process. The presence of this species can be understood through
the rupture of the AA molecule, simultaneously yielding a residual adsorbate R
with two C atoms, the nature of which cannot be easily established:

I
AA +3Pt —— (|3 +R+nH*+ne” 3)

Pt
(®)
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Species containing the oxygen atom in the chain should also be formed. These
species are responsible for the small increase in the quantity of adsorbed CO as
the potential is set below 0.25 V. Such a structure must involve the attack of the
methylene group and the bonding of the «-C atom to a single Pt site. Tentatively
we suggest that the carbon chain is set perpendicular to the surface:

i
AA+Pt — CH,=CH—C—Pt+3H"+3e" (4)
(D)

This species needs free places on the Pt surface to be oxidized and may be
responsible for the oxidation peaks during the second voltammetric cycle (Fig.
3(b)). If adsorbate D is present in a low concentration, its identification via the IR
spectrum may be very difficult.

Finally, on a positively charged Pt electrode (pzc = 0.19 V [38]) the overlapping
of 7 orbitals from AA with empty Pt d orbitals could lead to a planar structure
AA (Pt) with the two groups of sp? orbitals lying planar to the platinum surface. In
this case no molecular bonds are broken and a weaker interaction should be
expected, in contrast with adsorbates A-D. Such adsorbed molecules are in
equilibrium with the bulk species and can be desorbed during electrolyte exchange.

Oxidation reactions

In the presence of bulk AA weakly adsorbed molecules forming a planar
structure as described above can interact with (OH)Pt or (O)Pt to form acrolein:

(AA)Pt +2(OH)Pt —— CH,=CH—CH=0 +2ZH,0 + 2Pt (5a)
or, at potentials above 1.0 V,
(AA)Pt +2(0)Pt —— CH,=CH—CH=0 + 2Pt(OH) (5b)

As a support for the participation of weakly adsorbed AA in reactions (5a) and
(5b), we should consider that AA is able to act as a donor of 7 electrons in
complexes with transition metals. In such complexes the methylene group, to which
the —OH group is attached, can be preferentially attacked by oxidant agents
yielding acrolein as an oxidation product [39].

According to FTIRS and DEMS data, strongly adsorbed intermediates are
oxidized to CO,. In the presence of bulk AA the same intermediates can be
involved in reactions producing CO,. We have shown that at least four different
processes must be considered.

(i) The oxidation of adsorbed CO (adsorbate C) takes place in the double
layer and PtOH region:

(CO)Pt+ (OH)Pt —— CO,+H*+e +Pt (6)
(©)
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(ii) A second oxidation process involving an oxygen-containing adsorbate oc-
curs in the same potential region:

H_ _CH,OH
_C=C__ + (OH)Pt —— CO,+R'+n'H +n'e” (7)
Pt Pt
(A)

Reactions (6) and (7) both give rise to the first peak of the voltammogram at ca.
0.90 V (Fig. 3).

(iii) Reactions producing the peak at ca. 1.10 V (Fig. 3) are predominant when
AA is adsorbed at 0.25 V. The increase in the CH; band intensity and in the
CH,:CH, intensity ratio in the FTIR spectrum (Fig. 9) indicate that adsorbate B
is likely to be oxidized under the second peak of the MSCV:

H_ __CH
C=C_
Pt Pt

(B)
(iv) Parallel to reaction (8), oxidation of residues R (from reaction (3)) and R’
(from reaction (7)) must occur.

} 4 6(0)Pt —— 3CO, + 4H* + 4™+ 8Pt (8)

Electroreduction reactions

At 0.05 V adsorbate B can be reduced to propane and propene through a

hydrogenation reaction with PtH: |

_+4(H)Pt — CH,;—CH,—CH + 6Pt 9)
H_ _CH,
SC=C
Pt Pt
(B) ™ 42(H)Pt —— CH,=CH—CH, + 4Pt (10)
Ethane can be produced from the cleavage of adsorbate (D)
0
H,C=CH—C—Pt+ 3(H)Pt —— CH;—CH, + (CO)Pt + 3Pt (11)
(D)

or from hydrogenation of the residue R formed in reaction (3).

Finally, propanol, which is observed only in the presence of bulk AA, is
probably produced by reduction of the planar weakly adsorbed AA on Pt through
hydrogenation of the double bond:

(CH,=CH—CH,OH)Pt, + 2(H)Pt —— CH;—CH,—CH,OH + (x +2)Pt
(12)
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General reaction scheme

All reactions are summarized in the following reaction scheme for AA on Pt in
acids:

(AA),

o

(CH,=CH—CZH),,, = (AA)Pt 2, (n.PrOm)

sol

sol

—H*
N\
CH,=CH—C—Pt
H CH,OH piH,.-H,0 H CH
o 2 . 3
(COL) 2 Sc=c] — >c=c{ Pt—CO + (R)Pt
Pt Pt Pt Pt I
PtH
bl Pi(O) L
_ PtH
"o ‘ /  (CH3;—CHy)yy

(€O,
(CH,=CH—CH,),,, = (CH,=CH—CH,)Pt

PtH

(CH,—CH,—CH,),,

CONCLUSIONS

(i) Electroreduction of AA occurs in the Pt(H) potential region. These reactions
imply the hydrogenation of the C=C bond, the C-OH splitting and the formation
of adsorbed CO.

(ii) The electro-oxidation of bulk AA should involve weakly bound intermedi-
ates giving acrolein as the final product. The production of CO, is related to
strongly bound adsorbates.

(iii) Strongly adsorbed species from AA containing two (C,H or C,0) or three
(C,H,0) different atoms are detected, mostly keeping the C—C-C chain.
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(iv) The DEMS and FTIRS data suggest that the following strongly bound

adsorbates are formed:

H CH,OH H CH, O o
/ \ / Il |
C=C C=C C CH,=CH—C—Pt
/ \ / \ i
Pt Pt Pt Pt Pt
(A) (B) () (D)

The relative contribution of these species is A = B > C = D. Residues containing
two C atoms and H must also be formed, but their structures could not be
established.
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