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A absorg&o consecutiva do acido férmico e do acool propargilico assim como ado écido
férmico e o etanol sobre platinaem meio cido foram estudados por espectrometria de massa
“online” (DEMS). A oxidagao das espécies co-adsorvidas que permaneceram nasuperficiedo
eletrodo ap6s um experimento em célula de fluxo resultou somente em CO,. Usando
HCOOH isotopicamente modificado, a contribuicdo do &cido férmico durante a
eletro-oxidagdo dos co-adsorvatos pode ser distinguida daquelas do etanol ou de residuos do
alcool propargilico. Foi verificado que o etanol substitui os residuos do &cido férmico,
enquanto queaabsorcdo do a cool propargilico émodificadapelapresengado écidoférmicona
superficie. O &cido férmico ndo pode ser quimisorvido numasuperficie de platinacoberta por
residuos do &l cool propargilico, mas reage sem haver substitui¢ao em platina modificada por
residuos de etanol .

The consecutive adsorption of formic acid and propargyl acohol, aswell asthat of formic
acid and ethanol on platinum in acid media were studied by on-line mass spectrometry
(DEMYS). Oxidation of the coadsorbed species remaining on the electrode surface after a
flow-cell experiment yields only CO,. Using isotopically labeled H*COOH, the contribution
of formic acid during the electro-oxidation of the coadsorbates can be distinguished from that
of ethanol or propargy! a cohol residues. It isfound that ethanol replacesformic acid residues,
whereas the adsorption of propargy! alcohol is modified by the presence of formic acid on the
surface. Formic acid cannot chemisorb on aplatinum surface covered by propargyl alcohol res-
idues, but reacts without replacement with platinum modified by ethanol residues.
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I ntroduction

The nature of the catalytic poisons formed during the
successive adsorption of different organic compounds ob-
viously depends strongly on thestructure of theinitial com-
pound’®, and consequently, the electro-oxidation of these
residuesoccursindifferent potential regions, depending on
thecomposition of theadlayer. Theaim of the present work
is to elucidate the processes taking place when a second
compound reactson asurface already modified by the pres-
ence of afirst layer of organic residues. With this purpose,
threesimple moleculeswerechosenin order to study thein-
teraction between their residues on platinum: formic acid

(HCOOH)?, ethanol (CH3CH,OH)?, and propargyl al co-
hol (HC® CCH.0H)**.

The above-mentioned compounds form different ad-
sorbatesonthe Pt surface. Formic acid produces mainly
COu™, although COH g speciesmay also be present?. COx
oxidation occursin the double layer region. In the case of
ethanol, theresiduesarealso mainly oxidized in the double
layer region. However, acontributioninthe platinum oxide
region may beobserved. Although CO4 isformed, most of
the adsorbates contain the C-C chain (O-CHz-CHs,
COCH3 and =COHCH?3)3. A maximum coverage of 0.85is
attained at an admission potential of Eqq =0.35V for etha-
nol, and at Ey = 0.15-0.35 V for formic acid’. Adsorbates
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from propargy! acohol retain the C; structure, with only a
very small amount of CO4 being detected®. Complete cov-
erage was observed for Ey > 0.15 V88, oxidation of these
speciesoccuring at potential sinthe platinum oxideregion.
Accordingto previousstudies, theresiduesfromformic
acid, ethanol, and propargyl alcohol on platinum in acid
media are different, and therefore, changes should be ex-
pected when one of these compounds reacts on platinum
modifed by the residues of one of the other compounds.
Differential electrochemical mass spectrometry (DEMS)
was sel ected astheappropriatetechniquefor these studies.

Experimental

The solutions were prepared with Millipore-MilliQ"
water and analytical grade chemicals. 0.1 M HCOOH,
CH3CH,0OH and HC° CCH,0OH were added to the support-
ing electrolyte (0.5 M H,SO,). Isotopically-labeled 3C
formic acid (Cambridge Isotope Laboratories, 3C 99%,
chemical purity 94.5%) was employed without further pu-
rification. All experiments were performed at room tem-
perature under argon atmosphere.

The electrochemical cell was a flow cell containing
approx. 2 cm? solution. The working electrode was a plati-
num layer sputtered on a microporous PTFE membrane
(Scimat 200/40/60). The real area, measured by H adsorp-
tion, varied between 4 and 20 cm?. The electrode was acti-
vated by potential cycling at 0.10 V s in the supporting
electrolyte solution between the onset potentialsfor hydro-
genand oxygen evolution. A platinum wirewasthe counter
electrode, and areversible hydrogen electrode (RHE) inthe
supporting electrolyte was used as the reference. The
DEMS cell was directly attached to the vacuum chamber
containing the mass spectrometer (BalzersQMG 112) with
a Faraday cup detector. More details have been described
elsewhere”®,

Experimental procedure

After activation of theelectrode, the potential was set at
the admission potential Exq = 0.30 or 0.35 V, the solution
containing thefirst organic compound wasintroduced into
the cell and the current transient was recorded for 3 min.
The organic solution wasthen completely replaced by pure
supporting electrolyte at Egy. This procedure was repeated
for the coadsorption of a second compound increasing the
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adsorption time to 10 min. The charge densities observed
upon admission of each compound, Qi and Qr, were ob-
tained by integration of the current transients. Finaly, a
forward potential scan starting at Eqgand goingupto 1.50V
was performed at a scan rate of 0.01V s™. Successive cy-
clic voltammograms (CV's) and mass spectrometric cyclic
voltammograms (MSCVs) for CO, were simultaneously
recorded between 0.05and 1.50V. Thetotal chargedensity
involved in the electro-oxidation process Qox Was calcu-
lated by integrating the anodic currents in the CVs and
substracting the platinum oxide current. Theintegrated ion
charge, Qi, was obtained from the MSCVs.

Results and Discussion

1¥HCOOH 2™ HC® CCH,OH consecutive adsorption

A small anodic current transient of 6 nC cm was ob-
tained during the adsorption of propargyl alcohol at
Ea = 0.30V on aplatinum surface covered by formic acid
residues (Table 1). The CV (solid linein Fig. 1) displays
two contributions, at 0.78 V (in the double layer region)
andat around 1.13V (inthe potential region of Pt oxidefor-
mation). In order to establish the differences between this
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Figure 1. CVsfor the el ectro-oxidation of the coadsorbatesformed at
Ea = 0.30 V on a porous Pt electrode (real area= 4 cm?) in 0.5 M
H2SO4 (first cycle after adsorption): ( ) 1% HCOOH 2nd
HC°CCH20H and ( -) 1 HC°CCHOH 2™ HCOOH; (.o )
CV in pure supporting electrolyte.

2 14 1.6

Tablel. Chargedensities(Qx) of the transients produced by admission at Exg=0.30V of formic acid, propargy! acohol, and the two compounds
added successively (see text), and the anodic charge density (Qox) and peak potentials (Ep1 and Ep) obtained in a subsequent CV.

Compound Q1 (nC cm'z) Q2 (nC cm'z) Qox(nC cm'z) Ep1 (V) Ep2 (V)
HCOOH 1500 — 230 0.76 —-
HC°CCH>0OH 40 — 730 — 1.18
1% HCOOH 2" HCPCCH,0H 1500 6 520 0.78 113
1% HCOCCH0H 2" HCOOH 40 — 730 — 1.18
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adlayer and those obtained for each compound separately,
the individual adsorption of formic acid and propargy! al-
cohol was performed at the same Egy. Adsorption charges
and peak potentials for the first forward potential scan are
summarized in Table 1.

The value of Qy for the current transient at 0.30 V of
pureformicacidona*clean” platinumsurface, i.e. not cov-
ered with organic residues, is 1500 n€ cm 2, much higher
than a 2e” monolayer (~400 nC cm™?), which means that at
this Eaq, bulk oxidation of formic acid occurs s multaneous
with the adsorption. During the first anodic stripping
voltammogram, a peak at 0.76 V with a charge density of
230 nC cm2 appears. In the case of pure propargy! alcohal,
theanodic transient, also at 0.30 VV, ismuch smaller (Qu =
40 n€ cm?), but Qo is significantly higher (730 nC
cm)87. The oxidation takes placein the platinum oxidere-
gion, producing a broad peak at 1.18 V®7.

According to the above results for the individual ad-
sorption of formic acid and propargyl alcohol, the peak at
around 0.80V inthe CV for the stripping of the coadsorbed
layer (Fig. 1 - solid line) seemsto correspond to the oxida-
tion of formic acid residues, whereas the anodic peak at
1.13 V could be assigned to propargy! acohol residues.
Comparing the value of Qux = 520 nC cm2 obtained from
the 18 HCOOH 2" HC°CCHOH coadsorption process
with Qox for formic acid (see Table 1), the charge density
increases by 290 n€ cm. In previousresearch, amaximum
coverage of 0.85 was established for pureformic acid resi-
dues at Eoy = 0.30 V7, 15% of the surface remaining free.
Then an excess of only 730 x 0.15 @110 n€ cm2 should be
expectedif thereisno replacement of formic acid adspecies
by propargyl acohol residues. Since the experimental
valueis290 nC cm?, it seemsthat thereisareplacement of
formicacidresiduesby propargy! acohol. However, cyclic
voltammetry cannot provide clear proof of this replace-
ment.

The DEMS technique using isotopically labeled
H¥COOH makes it possible to distinguish each contribu-
tion inthe coadsorbed layer, providing unquestionable evi-
dence of whether the replacement reactions occur or not.
Fig. 2 displaysthe MSCVsfor m/z = 44 ([12CO,] ™) related
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to the production of CO, from propargyl acohol (solid
ling), and m/z = 45 ([*3CO,]™) corresponding to formic
acid residue oxidation to CO, (dotted ling) in a 1%
H3COOH 2"YHC° CCH,0OH experiment. Theresultsfrom
this experiment, from a similar one but with reverse ad-
sorption order, and from the two pure compounds are
shownin Table2. Theion charge of them/z = 45 signal for
the oxidation of formic acid species in the coadsorbate
(14.0 a.u.) in the experiment of Fig. 2 is similar to that for
the adsorption of pure formic acid (15.1 a.u.), the differ-
ence being within experimental error. Thus, it is clear that
no replacement of formic acid residues by propargyl aco-
hol occurs. Onthe contrary, Q, for them/z = 44 signal from
propargyl alcohol oxidation in the coadsorbate (9.8 a.u.) is
about 50% of the ion charge for the oxidation of pure
propargyl alcohol residues. However, the charge density
corresponding to the anodic admission transient for
propargyl acohol in the experiment of Fig. 2, Qx = 6 nC
cm?, isonly 15% of the anodic transient of 40 nC cm for
the admission of pure propargyl acohol (Table 1). Asno
replacement of formic acid residuesis observed, a modifi-
cation in the composition of the adsorbed layer of
propargyl alcohol possibly occurs, especially since it has
been shown that propargyl acohol residues are a mixture
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Figure 2. MSCVs for the electro-oxidation of the coadsorbate 1%
HCOOH 2™ HC® CCH,OH formed at Eaq = 0.30 V on a porous Pt

electrode (real area=4cm?) in 0.5 M H2S0; (first cycle after adsorp-
tion): ( ) ioncurrentform/z=44and ( )ioncurrentform/z=

Table2. Integrated CO2 mass signals from MSCVs obtained during the el ectro-oxidation of H3COOH and HC® CCH20H residues and corre-

sponding coadsorbates (Eag = 0.30 V).

Compound Qi (au.)# m/z =44 Qi (au.)# m/z =45
(from HC® CCH20H) (from HCOOH)

H¥cooH — 151

HC® CCH20H 18.2 _

1% HB3COOH 2" HCP CCH20H 9.7 14.0

1% HCP CCH20H 2" HcoOoH 18.2 —

#(au.) = arbitrary units.
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of different adsorbates®. The value of Q. obtained in the
successive adsorption experiment agrees with the
dissociative adsorption of propargyl acohol on one Pt site,
producing Pt-CHOH-C°CH and Pt-C°C-CH,0H’.

It should be mentioned that propargy! alcohol residues
oxidizenot only at potentialsinthe Pt oxideregion, but also
in the double layer region in afirst peak at around 0.80 V
(seeMSCV inFig. 2- solidline). A similar MSCV was ob-
served for pure propargyl acohol adsorbed at E;q=0.05V.
Thus, propargyl acohol seems to adsorb in the same way
on a Pt surface covered by H or formic acid residues’.

Comparing the MSCVs in Fig. 2 with those from the
oxidation of the residuesformed from pure propargy! alco-
hol and formic acid, it can be concluded that both com-
pounds form domains that maintain their individual
characteristics.

1HC°CCH,0H 2™ HCOOH consecutive adsorption

The absence of formic acid adsorption at Esg = 0.30 V
on aplatinum el ectrode covered by propargy! alcohol resi-
duescanbeseenintheCV inFig. 1 (dashedline), which co-
incideswith that obtained for propargy! a cohol residues®’.
No current transient is observed upon the admission of for-
mic acid, and the charge Qox for the oxidation of propargyl
alcohol residuesis the same as for pure propargy! acohol
(Table 1). No potential-dependent mass signal for m/z =45
was observed’, which shows the absence of formic acid
residues. These experiments confirm that the reactivity of
formic acid on platinum is completely inhibited by
propargy! acohol residues.

1HCOOH 2" CH3CH,OH consecutive adsorption

For thisstudy, Exg was set at 0.35 V, because at this po-
tential the maximum coverage for the individual adsorp-
tion of ethanol was observed. The anodic current transient
during the adsorption of ethanol on a platinum surface
modified by formic acid residues has a charge of
Qw2 = 95 nC cm (Table 3). Figure 3a shows the first and
second CVs for the oxidation of the residues. During the
first forward scan, an oxidation peak appears at about 0.70
V, involving a charge density of 265 nC cm (Table 3).

Both ethanol and formic acid mainly oxidize in the
same potential region, i.e. before the onset of platinum ox-
ideformation, and therefore, the peak potential cannot give
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any information on the nature of the coadsorbed layer. It
should be mentioned that ethanol also showsasmall contri-
bution in the PtO region during the oxidation of its resi-
dues® whichisnot present in the case of formic acid adsor-
bates’. The Qu for pure formic acid and ethanol processes
are 7180 and 460 nC cm?, whereas Qo is 205 nC cm for
formic acid adsorbates and 300 nC cm for ethanol. The
value of Qu for the 1 HCOOH 2"¢ CH3;CH,OH
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Figure 3. Electro-oxidation of 1% H*3COOH 2" CH3CH,OH resi-
dues coadsorbed at Eag = 0.35V on aporous Pt electrode (real area=
15cm?) in 0.5 M H2S04: (a) the CV'sfor thefirst and second potential
cycle after adsorption starting with afoward scan; (b) the MSCVsfor
m/z=44( Yandm/z=45(........ ) for thefirst potential cycle after

Table 3. Chargedensities (Q) of thetransients produced by admission at Exq=0.30V of formic acid, ethanol, and the two compounds added suc-
cessively (seetext), and the anodic charge density (Qox) and peak potentials (Ep1 and Epz) obtained in a subsequent CV.

Compound Qu(nC cm™®) Qu(nC cm™®) Qox(NC cm™®)
HCOOH 7180 — 205
CH3CH20H 460 — 300
1% HCOOH 2™ CH3CH,0H 7180 95 265
1% CH3CH0H 2" HCOOH 460 2950 320
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coadsorption experiment lies between those obtained for
the individual adsorption of formic acid and ethanol. No
more information can be obtained from the CVs.

TheM SCVsfor themasssignalsm/z = 45 of H*COOH
oxidation (dotted line) and m/z = 44 for ethanol residues
(solid line) recorded simultaneously with the CV for the
stripping of the coadsorbate are given in Fig. 3b. Theinte-
grated ion currents are 6.2 a.u. for CO, from ethanol and
12.4au.for COzfromformicacid (Table4). Thesigna re-
lated to ethanol is much higher than 15% of the value of
21.2 obtained with pure ethanol. Sincefor the adsorption of
formic acid avalueof Q, = 16.0 a.u. ismeasured, areplace-
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Figure 4. Electro-oxidation of 1% CHsCH20H 2™ H¥*COOH resi-
dues coadsorbed at Egy = 0.35 V on aporous Pt electrode (real area=
15cm?) in 0.5 M H2S04: (a) The CVsfor thefirst and second potential

cycle after adsorption starting with aforward scan; (b) The MSCVs
for m/z=44( )Yand m/z=45( ) for thefirst potential cycle
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ment of about 25% of formic acid residues by ethanol is
established.

18'CH3CH,0H 2™ HCOOH consecutive adsorption

The anodic current transient of 2950 n€ cm obtained
at 0.35V for formic acid on aplatinum surface poi soned by
ethanol residuessuggeststhat bulk oxidation of formic acid
takes place at thismodified electrode. The CVsfor thefirst
and second potential cycles after the coadsorption of 1%
CH3CH,0OH 2" HCOOH are shownin Fig. 4a. Two poten-
tial regions for the oxidation of the adsorbates are distin-
guished: the first between 0.50 and 0.90 V with an anodic
peak at 0.70 V, and the second for E > 0.90 V as a broad
peak. These CVsare similar to thosefor the adsorption ex-
periment with ethanol®. Thus, it can be established that the
oxidation of ethanol predominates, but the presence of for-
mic acid residues cannot be disregarded. The MSCVsiin
Fig. 4b demonstrate that a small amount of formic acid is
coadsorbed (dotted line), involving an ion charge for
m/z = 45 of 2.1 a.u., in reasonable agreement with the ad-
sorption of formic acid on 15% of free Pt sites after ethanol
adsorption (16.0 x 0.15 = 2.4). In the same way, the ion
chargefor m/z =44, Q, = 19.8 a.u., obtained for the contri-
bution of ethanol in the coadsorbate (solid linein Fig. 4b)
coincides with the value of Q; = 21.2 a.u. for pure ethanol
within experimental error. Thus, it is concluded that no re-
placement takes place, formic acid only adsorbing on the
free sites of the Pt surface.

Concluding Remarks

The application of DEMS using isotopically labeled
compounds to study multicomponent systems makes it
possible to distinguish the contributions of the different
compounds in the coadlayer. Thus, the nature of the inter-
action between the chemisorbates of each compound can
be established. No replacement occurs during the adsorp-
tion of propargyl acohol on aplatinum surface covered by
formic acid residues, in opposition to the case of ethanal.
Thereactivity of formic acid with aplatinum surfaceisin-
hibited by propargy! alcohol residues, whereasit can react
without replacement on the free platinum sites of the sur-
face modified by the ethanol adsorbed layer.

Table 4. Integrated CO2 mass signals from MSCV's during the electro-oxidation of H*COOH and CH3CH20H residues, and corresponding

coadsorbates (Ex = 0.35 V).

Compound Qi (au.)# m/z =44 Qi (au.)# m/z =45
(from CH3CH20H) (from HCOOH)

H3cooH — 16.0

CH3CH20H 21.2 —

1% H3CcOOH 2™ CH3CH20H 6.2 12.4

1% CH3CH20H 2" H¥CcoOoH 19.8 2.1

#(au.) = arbitrary units.
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