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A oxidagdo eletrocatalitica de &cido formico e formaldeido foi estudada por voltametriaciclica
sobre eletrodos de Pd e daligaamorfa de Pd(Si), com os resultados obtidos sendo comparados com
aqueles similares disponivels na literatura. A oxidagdo do HCOOH ocorre sobre Pd por meio de
desidrogenacao cataliticadiretavia(: C(OH)2)ads enquanto que sobre Pd(Si) ndo existem evidéncias
daformagéo deste intermediario. Este fendmeno é uma conseqiiéncia da presenca de sitios inertes
de S nasuperficie, quediminui aprobabilidade da ocorrénciade sitios ativos adjacentes disponiveis
paraestaadsor¢do. Em altas concentracGes de HCOOH, esteintermediario sofre desidratagéo sobre
asuperficie de Pd e um pico de oxidagdo associado ao COgads pode ser observado. Parao HCHO, o
mecanismo de oxidacdo sobre os dois eletrodos é similar aqueles ja discutidos na literatura para a
Pt. Entretanto, os 6xidos formados sobre a liga amorfa Pd(Si) sfo mais reativos que aqueles sobre
Pd, afetando, assim, a cinética total do processo para ambas as moléculas organicas, o que €
evidenciado pelo aumento nas correntes anddi cas observado nos voltamogramas.

The el ectrocatal ytic oxidation of formic acid and formaldehyde on Pd and on amorphous Pd(Si)
was studied by cyclic voltammetry and the results compared with the literature for similar systems.
The oxidation of HCOOH on Pd occurs through direct catalytic dehydrogenation via (: C(OH)2)ads
whileon Pd(Si) thisintermediate does not appear to beformed. Thisisaconsequence of the presence
of inert Si on the surface that diminishes the probability of adjacent free sites. At high HCOOH
concentrations, that i ntermedi ate undergoes dehydration on the Pd surface and COadsoxidation peak
is observed. For HCHO, the oxidation mechanism on both electrode materials appears similar to
that previously proposed for Pt. However, the oxides formed on the amorphous Pd(Si) aloy are
more reactive than those on Pd thus affecting the overall kinetics of the process for both organic
molecules, afact revealed by the increase in anodic currents observed in the voltammograms.
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I ntroduction

The electrochemical oxidation of small organic mole-
cules has been widely studied due to their potentia utiliza-
tion as fuels in energy conversion systems™2. The reasons
for that are related to their low toxicity, facility of storage
and handling and mainly their high energy density. More-
over, due to their simple molecular structure they should
undergo a more straightforward reaction mechanism than
other possible organicfuels. Onthe other hand, they present
some limitations that hinder their use and justify the large
number of studies periodically published on the subject.

Such limitations are: (a) the low exchange current density
on severd transition metals makesit necessary to use noble
metals, e.g., Pt, Pd or its aloys, as electrocatalysts® and (b)
the oxidation pathways generate someintermediate species
that strongly adsorb on the surface thus blocking the active
sites and inhibiting the reaction.

Capon and Parsons” studied the oxidation of formic acid
on Pt, Rh, Pd, Ir and Au. The specific catalytic efficiency
of those surfaces was discussed. The authors showed* that
on Pd the oxidation undergoes a special route because the
total dehydrogenation of the molecule by the catalyst sur-
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face avoids the formation of strongly adsorbed CO. How-
ever, the authors identified a poisoning species that was
proposed to be (: C(OH)2) adsorbed onto two adjacent sites
of the surface. Such reaction scheme was aso used by
Pavese et al.® in their study of the effect of Pd(l1) ions on
the oxidation of formic acid on Pd. On the other hand, the
oxidation of formal dehyde proceedsby aroutethat includes
the formation of adsorbed CO as the main reaction inter-
mediate and shows the well-known voltammetric anodic
peak in the cathodic sweep®.

In order to minimize the poisoning effect of adsorbed
intermediates, the oxidation of organic molecules has aso
been investigated on substrates modified by the presence of
foreign metals ad-atoms such as Pb or Sn’. These modified
surfaces were found to be very effective in inhibiting the
strong adsorption of catalytic poisons asthey almost elimi-
nate the required multiple neighboring adsorption sites.
However, such submonolayers of ad-atoms are frequently
unstable and difficult to obtain. An alternative methodol-
ogy is the use of amorphous metallic aloys. Metalic
glasses are single phase dloys without long range order,
athough they present local order over small domains. The
modification of the surface by the inclusion of an inert
component can often be comparable to that obtained by
underpotentially deposited metal atoms. Moreover, amor-
phous metallic alloys usualy provide stable and easy-to-
handle surfaces.

Sun et al.B investigated the oxidation of formic acid and
methanol on amorphous PtesShss €lectrodes. They found
that the rates of oxidation of such molecules on that sub-
strate were 5 to 20 times higher than on pure Pt electrodes.
Machidaet al.® studied the oxidation of formaldehydeon a
series of amorphous Cu-Pd-Zr ternary aloys. The surfaces
were previously etched with aqueous HF to promote the
dissolution of Zr. An exchange current density as high as
1.2x10*A cm? (real area) at 0.30 V (RHE) wasfound for
an eectrode with a 1:3 ratio for Cu:Pd. Archer et al.X°
reported a surface-activated PdNisPig alloy that was found
to be more active for methanol oxidation than platinized Pt.

The purpose of thiswork isto study the el ectrocatalytic
oxidation of formic acid and formal dehyde on polycrystal-
line Pd and amorphous Pd(Si) aloy by steady-state cyclic
voltammetry.

Experimental

Theworking dectrodes used in thiswork were aPd foil
with an electroactive area of 6.9 x 10 cm? and a PdgoSizo
amorphous ribbon prepared by rolling quenching with an
electroactive area of 3.2 x 10 cm?. The method of calcu-
lation of electroactive areas and other experimental details
are given elsewheret.

The electrolytes were prepared with HoSO4 (suprapur
Merck, Darmstadt) and Milli-Q water (Millipore, USA) as
0.5 M solutions. To these blank solutions, formic acid (PA
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Merck, Darmstadt) or formaldehyde (PA Merck,
Darmstadt) were added in proper amounts. The experi-
ments were carried out using a Mod. 174A Polarographic
Analyser EG& G PARC linked to aPC 386 microcomputer.

Results and Discussion

Formic acid oxidation

The stabilized voltammetric behavior (obtained after
the 4th cycle) at 50 mV s of a deaerated 0.5 M HCOOH
+ 0.5 M H2S04 solution and for different anodic inversion
potentialsis presented in Fig. 1 for polycrystalline Pd and
for amorphous Pd(Si).

The results for Pd (Fig. 1) are in close agreement with
those reported before™® and can be interpreted by the
mechanism proposed by Capon and Parsons’, i.e.,

Pd+HCOOH ——> PA(COOH)as+ H'ag + € (1)

HCOOH + Pd(COOH)ats —>
Pd(C(OH)2)ass + CO2+ H g+ € (2)

Pd(C(OH)2)ass —> Pd+CO+ 2H'g + 26 (3)

where neither (CO)as nor (CHO)us are included as
intermediates. Therefore, the only adsorbable poison
producedis(: C(OH)2)aas and thisisresponsiblefor theslow
inhibition detected in the anodic sweep. The anodic
currents observed between 0.9 and 0.2 V in the cathodic
sweep are also related to the oxidation processes (1-3).
These processes areinitially superimposed to the reduction
of the PdO layer that is formed at potentials more anodic
than 0.9 V where the initial oxidation of formic acid
practically ceases. From these equationsit can be observed
that the final products are CO, and H*.
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Figure 1. Cyclic voltanmograms on Pd and Pd-Si alloy for the oxidation
of formic acid froma0.5 M HCOOH +0.5 M H2SO4 solution at 50 mV 5%
for different inversion potentials. Dash-dot-dot line corresponds to the
blank solution.
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On the other hand, the results for amorphous Pd(S)
(Fig. 1), dthough similar to those for Pd, reveal that under
these experimental conditions the reduction of the oxide
layer isnot detected. Therefore, thelimiting anodic currents
observed from 0.9 to 0.2 V are much better defined and
appear earlier in the voltammogram. This indicates that
either the poisoning species(: C(OH)2)adsi sinteracting very
weakly with the surface or it is not formed at all since it
requires two adjacent sites. In the later case, the oxidation
of HCOOH should be completed by a process such as,

Pd(Si)(COOH)ass —> Pd(Si) + CO2 + Hq + € (4)

The absence of an oxide layer of the type Pd(S)O
revealed by these results needs to be further investigated
but some previous evidence is aready available. In fact,
studies on the oxide formation on amorphous Pd(Si) al-
loys'! showed that the first (hydroxide) layer is not well
defined on these surfaces while the second (oxide) layer is
more easily reduced than on purepolycrystalline Pd. There-
fore, this Pd(Si)O could be sufficiently reactive to undergo
a chemical reaction with formic acid present in solution,
i.e,

Pd(Si)O + HCOOH —» Pd(Si) + COz + H:0 (5)

thus releasing a clean surface at much less cathodic
potentials.

In order to increment the participation of adsorbed
intermediates on the reaction pathway, voltammetric ex-
periments at 50 mV s were carried out on Pd and Pd(Si)
in 0.5 M H2S04 solutions containing 5 M HCOOH. Fig. 2
showstheresults obtained when the 4th cycle was recorded
for three different inversion potentials, i.e, 1.1, 1.3 and
1.5V. After theinitia coincidence of the currents associ-
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Figure 2. Cyclic voltammograms on Pd and Pd-Si alloy for the oxidation
of formic acid from 5 M HCOOH + 0.5 M H2SO4 at 50 mV st with three
different inversion potentials: 1.1 (full line), 1.3 (dashed line) and 1.5 V
(dotted line).
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ated to the hydrogen oxidation on a surface free from
adsorbed intermediates, the oxidation of HCOOH yields
much larger currents on Pd than on Pd(Si). Thisfact could
be explained in terms of achangein the nature of adsorbed
intermediate, from that represented by Pd(C(OH)2)adsin (3)
to Pd(Si)(COOH)ags asin reaction (4). Asthefirst interme-
diate requires two adjacent surface sites to adsorb while
only one site is necessary for the second one, the overal
result is an increase of approximately two times in the
current values, as observed in Fig. 2.

On the other hand, on Pd the presence of alarge anodic
peak is observed at the onset of the oxidelayer reductionin
the cathodic sweep, a behavior similar to that observed for
formal dehyde sol utions (seelater). Such an anodic peak has
been associated to the oxidation of CO adsorbed on a
freshly reduced electrode surface. Therefore, the mecha-
nism for formic acid oxidation must include a step where
thisintermediate is formed. As the electrode surface must
be fully covered by a hydroxide layer, the onset of the
reduction process should produce a small number of free
siteswhere the species (: C(OH)2) could be accommodated.
Meanwhile, it is difficult to imagine that asingle site could
stabilize this gem-diol intermediate and dehydration must
occur, quickly followed by oxidation to COy, i.e.,

PA(C(OH)2)ads —» Pd(CO)ads + H20 (6)

PA(CO)ags + PA(OH)ags — 2Pd + CO»
+H'g+e (7)
A different situation is observed on the Pd(Si) response
at high HCOOH concentration (Fig. 2). In this case, the
cathodic sweep doesnot show an anodic peak but aplateau.
This is probably related to the nature of the intermediates
formed during the anodic sweep. As the Pd(Si) surface
possesses | ess active neighboring sites than the Pd surface,
the COads blocking layer observed on Pd - requiring two or
three active sites for each CO molecule stabilized on the
surface - is unlikely to occur.

Formaldehyde oxidation

Figure 3 shows the 4th cycle of the voltammetric re-
sponse at 50 mV s of adeserated 0.5 M HCHO + 0.5 M
H>SO4 solution for different inversion potentials on poly-
crystalline Pd and on amorphous Pd(Si) alloy. Theseresults
are very similar to those previously reported for polycrys-
talline Pd'? and reveal the presence of strongly adsorbed
catalytic poisons. These species are responsible for the
surface blockage that inhibits the oxidation of formalde-
hydeat potentia slessanodicthan 0.9V inthedirect sweep.

Although formaldehyde presents a somewhat simpler
structure than formic acid, the number of publications
reporting studies of its electro-oxidation is considerable
smaller than those of formic acid. Even the mechanism of
such a reaction on Pd surfaces in acid medium is not
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Figure 3. Cyclic voltammograms on Pd and Pd-Si alloy for the oxidation
of formaldehyde from 0.5 M HCHO + 0.5 M H2SO4 at 50 mV st for
different inversion potentias. Full line corresponds to the blank solution.

promptly available. Meanwhile, the close similarity be-
tween thevoltammetric responseson Pd and on Pt? suggests
the possihility of using an analogous mechanism for both
metals.

Therefore, the reaction on Pd should proceed following
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intheinitial part of the voltammogram since only reactions
(8-10) areslowly occurring and blocking the surface. When
the potential reaches ca. 1.0 V, the oxidation of the Pd
surface starts (11) and, consequently, the following reac-
tionsin the mechanism that are responsible for the peak at
this potential. Provided the inversion potential is not suffi-
ciently positive, the surface remains free from poisons
and/or (OH)ags and reactions (11-13) slow down. On such
a free surface, reactions (8-10) occur at a high rate but, as
the surface becomes again covered by intermediates, the
peak at ca. 0.8 V develops.

For the amorphous Pd(Si) electrode (Fig. 3) the voltam-
metric responseisvery similar to that of polycrystalline Pd.
Theonly differenceisthat thelower reactivity of the Pd(Si)
oxide layer, due to the existence in the vicinity, of asmall
number of active sites than on the Pd surfaces, diminishes
the contribution of Egs. (11) — (12c) thus stabilizing the
adsorbed intermediates. As a conseguence, the peak height
inthereverse sweep is amost independent of theinversion
potential and the rate of CO generation is enhanced on the
amorphous surface. A set of reactions that can describe
those oxidation processesis:

the steps:

Pd + (HCHO)sy — Pd(HCHO)as ®
Pd(HCHO)axs — PA(CHO)ass+ H'g+€  (9)
Pd(CHO)ass —> PA(CO)ags + H'og + € (10)
Pd+H,O — Pd(OH)ass+ H'g + € (11)
Pd(CHO)ads + Pd(OH)ass — 2Pd + CO;
+2H '+ 26 (129)
Pd(CHO)ads + Pd(OH)ass ——> Pd
+ Pd(COOH)ags + H g + € (12h)
PAd(CO)ats + PA(OH)ais — 2Pd + CO;
+H'gq+e (12¢)
PA(CO)ads + PA(OH)ats —» Pd
+ Pd(COOH)as  (12d)
PJ(COOH)ags — Pd+CO2+H'g+ € (13)

Pd(Si) + (HCHO)y —— Pd(S)(HCHO)ass  (14)
Pd(S)(HCHO)ass —» Pd(Si)(CHO)ads

+H g+ € (15)
Pd(S))(CHO)ass — Pd(Si)(CO)ass

+H'q+€ (16)
Pd(SI)(CO)ass + H2O — Pd(Si) + CO

+2H " +2¢ a7)

The oxidation of formal dehyde was also carried out on
Pd and Pd(Si) electrodesin 0.5 M H2S0O4 solutions contain-
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It can be observed that, differently from the mechanism
previously described for formic acid, several adsorbed in-
termediates are postulated. The presence of these species
on Pd has been detected by e ectrochemically modul ated
infrared spectroscopy, afact that supports the assumption
made for the use of the above mechanism. Such species
congtitute catalytic poisons, which are responsible for sur-
face blockage and consequent inhibition of reaction rates.
Thisexplainsthefact that theanodic currentsarevery small
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Figure4. Cyclic voltanmograms on Pd and Pd-Si alloy for the oxidation
of formaldehydefrom’5 M HCHO + 0.5 M H2SO04 a 50 mV s with three
different inversion potentials: 1.1 (full line), 1.3 (dashed line) and 1.5V
(dotted line).
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ing 5M HCHO. The resulting voltammograms (4th cycle)
are shown in Fig. 4 for different inversion potentials. The
enhanced electrocatalytic activity of the Pd(Si) surface
towards the direct oxidation of HCHO to CO, becomes
more evident at high concentration of the reagent. As can
be seen in Fig. 4, the anodic sweep presents one peak at
approximately 1.0 V, similar on both electrodes, which
corresponds to the oxidation of HCHO to COags of CHOxgs
in accordance with reactions (11-13). After this pesk, the
next electrochemical process of interest isthe generation of
COg, indicated by the sharp increase in anodic currents.
This reaction on Pd is observed only at potentials more
positive than 1.2 V while on Pd(Si) it begins at approxi-
mately 1.0 V overlapping the COqs oxidation peak. Such
an enhanced activity isprobably related to the higher reacti-
vity of the surface oxides formed on this amorphous struc-
ture.

Conclusions

The oxidation of formic acid on polycrystalline Pd
proceeds in a way that involves the formation of
(: C(OH)2)aas 0N the surface while on the amorphous Pd(Si)
aloy the presence of this poisoning intermediate is not
evident. At high concentrations of the organic substrate, the
initial oxidation steps are much faster on Pd since this
meaterial shows a higher H-absorption than Pd(Si). In addi-
tion, alarge peak is observed on Pd due to the oxidation of
CO that must result from dehydration of the (: C(OH)2)as
intermediate. The oxides formed on amorphous Pd(Si) are
very reactive and their reduction peak does not appear in
the cathodic branch of the voltammograms.

For formaldehyde oxidation, the results of this work
indicate that the prevailing mechanism on Pd and Pd(Si) is
very similar to that reported for Pt surfaces. The main
differencenoticed hereisthehigher reactivity of the surface
oxides in the case of the amorphous aloy. This effect is
clearly shown at high concentrations of formaldehyde by
the increased catalytic activity towards CO, formation at
high positive potentials.
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Theenhanced catalytic activity detected in thiswork for
the oxidation of small organic molecules on amorphous
surfaces should be further explored. Thismight help inthe
investigations aiming to use such compounds as fuels in
energy systems.
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