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Differential Electrochemical Mass Spectrometry as aTool for

Interfacial Studies

Helmut Baltruschat
University of Bonn, Bonn, Germany

ABSTRACT

Using an appropriate experimental setup, differential
electrochemical mass spectrometry can be used to
characterize submonolayer amounts of adsorbates on
polycrystalline and single-crystal electrode surfaces by
means of their desorption. One possibility to achieve this
is to oxidize a carbonaceous species to CQO,, which is
quantitatively detected in the mass spectrometer. Many
adsorbates can also be desorbed at certain potentials as
such or as the hydrogenated product, allowing a more
direct characterization of the adsorbates. In some cases
anonreactive desorption canbeinduced by displacement
witha second adsorbate, yielding additional information.

I. INTRODUCTION

In heterogeneous catalysis, one of the most often used
techniques for the identification of adsorbates is
thermodesorption mass spectrometry [1,2}, which is
sensitive enough to allow the detection of desorption
preducts in the submonolayer range. It is used for the
quantitative determination of adsorbate states, desorp-
tion products, surface reaction mechanisms (esp. by
using isotope exchange reactions), and kinetic studies of
the desorption reaction, including the determination of
activation cnergies and the reaction order. Besides Kelvin
probe measurements, it is probably the least expensive
ultrahigh vacuum (UHV) technique.
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Of course, this technique is not directly applicable to
the solid phase—electrolyte interface. Notonly is the mass
spectrometric determination of species from an electro-
lyte more difficult (how to achieve this is one of the main
topics of this chapter) but also desorption cannot be
triggered by increasing the temperature due to the limited
temperature range at least in aqueous systems. Luckily,
desorption of many species can be achieved by applying
an appropriate potential, which therefore replaces tem-
perature as the variable.

Historically, the technique evolved out of the mass
spectrometric determination of gaseous electrochemical
reaction products as developed by Bruckenstein [3]. It
was later improved by Wolter and Heitbaum [4,5] so that
the time constant became short enough to allow the
on-line detection of electrochemical reaction products,
¢.g., during cyclic voltammetry. Due to a proper design
of the vacuum system, including two pumping stages,
product formation rates were detected; to distinguish
the technique from product sampling, 1.e., integrating
approaches, the method was called “differential” Even at
the beginning it was sensitive enough to detect desorption
products corresponding to about one monolayer of
adsorbed species at porous electrodes.

In some respect, differential electrochemical mass
spectrometry (DEMS) resembles the membrane intro-
duction mass spectrometry [6]. This technique is used in
analytical chemistry to detect trace amounts of nonpolar
molecules in water; thin nonporous membranes (silicon
or'leflon) are used to separate these molecules from water.
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- The nonporosity of the membranes has the advantage that
much less water is reaching the vacuum; therefore, special
pumping is not necessary. The drawback, however, is the
relatively large response time of usually more than 10 s.

A review article on DEMS appeared in 1991 [7].
Therefore, after having described the technique, most
examples deal with later developments.

Il. INSTRUMENTATION
A. Teflon Membrane: Interface to the Vacuum

Itis essential for DEMS to be able to separate the volatile
products from the electrolyte. Fortunately, for aqueous
systems and also for some organic electrolytes, e.g., pro-
pylene carbonate [8] and other solvents containing
dimethylamine as constituent [9], this can be achieved
by using porous Teflon membranes. Because of their
hydrophobicity, the liquid does not penetrate through
them, whereas dissolved gaseous and other volatile
species readily evaporate in the pores.

The critical pore size for aqueous electrolytes depends
on the surface tension of water and the contact angle
between water and Teflon. It is calculated to be r<0.8 um
[4]. The Teflon membrane is usually supported by a glass
or steel frit.

A typical Teflon membrane (e.g., from Gore-Tex) is
75 pm thick and has a nominal pore width of 20 nm with
aporosity of 50%. To achieve low time constants, the elec-
trode has to be positioned very close to the membrane.
One way to achieve this is to sputter the electrocatalyst
layer, e.g., Pt, onto the Teflon membrane. The resulting
catalyst layer typically has a thickness of 50-80 nm and
a roughness factor between 5 and 10 (a simple model of
such an electrode is shown in Fig. 1). Alternatively, as
was done in the first DEMS experiments, a metallic
lacquer (e.g., Doduco from Dirrwéchter KG, Germany)
containing small metallic particles can be painted onto
the Teflon membrane. It has the advantage of a large
roughness factor (50-100), permitting larger overall
product formation. The disadvantage is the lower mech-
anical stability, and a much higher thickness (50 to
100 pum) leads to less well-defined diffusion behavior.

Other electrode types and electrochemical cells are
discussed below; the common feature, however, is the
Teflon membrane.

B. Vacuum System

Despite the hydrophobicity of the Teflon membrane, an
appreciable amount of electrolyte evaporates. Because
the flow is molecular within the pores, a value of
J' =009 mbar L s~! cm~?iscalculated [4]fora porosity
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Figure 1 Schematic representation of a typical “sputtered”
electrode. (a) Electrolyte, (b) catalyst sputter deposited, (c)
Teflon, (d) pores in the membrane; and (e) vacuum.

of 0.5 and a vapor pressure for water of 23 mbar at
20°C, which corresponds to 0.25 mL of water per hour.
The highest expected vapor pressure lies at around
100 mbar (water at 40°C), corresponding to a flow of
J'=0.4 mbar L s™! cm™2,

Under stationary conditions, this amount has to be
pumped by the pumping system:

J=pxS (0

With an upper limit of 10~* mbar in the ion source and a
pumping speed S of 200 L s~!, a flow of 0.2 mbar L §
is allowed and therefore an electrode area of 0.5 cm? is
acceptable.

The time constant 7 for the detection of a species is
directly given by the ratio of the ionization chamber vol-
ume V; (total volume of the chamber in which the ion
source is situated; first pumping stage) to the pumping
speed, as seen in the following: under nonstationary con-
ditions, the change of pressure (e.g., aftera sudden change
of J') is given by

Vodp/dt =J —px S (2)
with the solution:
p=(/8)x(1—e") (3)

where =V /S.With a pumping speed of 200 L/s and a
volume Fy of 1 L, a time constant of 5 ms is thus
obtained, which is much less than the time constant
attainable with the electrochemical cells (see below).

The analyzer section, of course, has to be pumped sep-
arately to achieve la pressure below 10~ mbar. A 50-L/s
turbomolecular pump is sufficient. Figure 2 shows a typi-
cal experimental setup. The electrochemical cell is con-
nected to the first vacuum chamber via a valve at
position 5. Another valve at position 6 leads to the cali-
bration volume (see below). A shutter between the
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Figure 2 Thevacuum system. land 2, Rotary pumps; 3and 4,
turbomolecular pumps; 5, connection to the electrochemical
cell; 6, connection to the calibration leak: 7, ion source; 8,
quadrupol rods; 9, secondary electron multiplier. (From Ref.
44

ionization chamber and the analyzer section allows the
difference in pressure. The secondary electron multiplier
(10} is oriented 90~ off axis, which has the advantage that
light from the filament does not reach the multiplier.
Higher stabilities arc obtained using gas-tight ion
sources, because the filament operates at a lower pressure
than that existing in the ionization chamber.

The effort of pumping can be largely reduced by
allowing a much higher pressure in the chamber of the
first pumping stage of, c.g., 1072 mbar and by simply
pumping with a rotational pump at an accordingly lower
pumping speed [10]. A sufficiently low time constant
caneasilybeachieved by reducing its volume. In this case,
the ion source has to be placed in a separate chamber that
15 pumped together with the analyzer of the mass
spectrometer by a simple turbo molecular pump of
50 L/s. A commercial gas inlet system can be used. The
disadvantage of such a system is that condensation or
multilayer adsorption of the species might occur in that
pressure range (cf. the vapor pressure of naphthalene,
which is only 0.1 mbar at room temperature); heating of
the gas inlet system may thus be necessary.

Product formation rates can be easily monitored by
recording the corresponding ion current. The mass
spectrometrically determined ion intensity [; is directly
proportional to the partial pressure p; of that species {
and therefore

L=ap,=all/jS=RT Ja/S=K°J; 4
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whereqisaproportionality constant, J; = dn/d¢ = J//RT
is the incoming flow in mol s~!. K thus contains all
settings of the mass spectrometer and the ionization
probability of the corresponding species.

When the species is produced electrochemically, J; is
given by the faradaic current /g corresponding to that
process:

Ji = NIe/(z F) (5)

where z is the number of clectrons, F is the faraday
constant, and N is the transfer efficiency, i.e., the ratio of
the amount of the mass spectrometrically detected
species to the total amount of species produced
electrochemically. N may be less than 1 because a part of
the produced species diffuses away from the electrode
into the electrolyte. When the current efficiency is not
equal to 100%, fp has to be replaced by its product with
the current efficiency. Therefore,

I = (K" /) (6)

with K* = K°N/F. Experimentally, both the low time
constant of the vacuum setup of several ms and the
proportionality of I; with the faradaic current were
verified [4,5].

Calibration of the mass spectrometer is achieved by
connecting a separate calibration volume ¥ to the first
vacuum chamber via a calibration leak (e.g., aleak valve).
The inflow rate J is then given by the pressure decrease
in the calibration volume dp. /dr:

J; = Vedp /dt (7N

I = K°J; = K°J/RT = (K°/RT)V.dp. /dt (8)

K° can thus be calculated from the pressure decrease in
the calibration volume, i.e., from a plot of the ion current
I; vs the differentiated pressure p..

This calibration procedure cannot only be used for
gases (most commonly CO,;) but also for wvolatile
liquids. Special care, however, has to be taken that no
adsorption or absorption occurs in a part of the cali-
bration setup. Because of the limited linear range and
a possible mterference of the partial pressure of H,O
on the sensitivity, the same conditions as during the
measurement should exist during calibration of the
instrument. In particular, this means that during
calibration, the electrochemical cell is connected to
the vacuum system.

In some cases calibration 15 possible when using a
known electrochemical reaction, such as hydrogen
evolution. From Eq. (6), K*¥ and N . K" are obtained
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straight away. Often the oxidation of adsorbed CO on Pt
electrodes is used to calibrate the mass spectrometer from
CQOs. The integrated faradaic oxidation current and the
integrated ion current for CO; have to be used. In this
case, however, double-layer charging effects, which
amount to 20% of the oxidation charge even after back-
ground substraction, have to be taken into account. The
reason is the different double-layer charge at a given
potential in the double-layer region with and without
adsorbed CO and additionally the shift of the point of
zero charge due to the adsorption of CO 5,11,12].

C. Cell Types

1. Conventional Cell for DEMS

The cellshown in Fig. 315 optimized to have a low volume.
This allows the use of expensive isotopically labeled com-
pounds for mechanistic studies. In its first version, the
cell body wus made of Teflon; we now use glass because
the porosity of the former sometimes leads to the
absorbance of organic species.

The electrode has already been described in Chapter 1.
It is mechanically supported by a steel frit. The response
time for an electrochemical experiment was determined
to be about 0.1 s [13], which is much larger than that of
the vacuum systemn but still low enough for most electro-
chemical experiments.

A continuous forced convection may be achieved
by simply introducing the electrolyte via a Teflon tube
close to the electrode surface. When using volatile
educts, it has to be kept in mind that due to
evaporation, its concentration close to the surface of
a sputtered electrode may be largely reduced, even
when the electrochemical reaction is not diffusion
limited. The electrochemical reaction {and also the
adsorption process) and evaporation are competing
processes. In the case of the thicker lacquer
electrodes, the thickness of the porous electrode may
be comparable with the thickness of the Nernstian
diffusion layer (if the evaporation is diffusion limited)
and the educt concentration may be different at the
electrolyte side and at the Teflon membrane side of
the porous electrode.

2. Cells with Defined Convection

Transport of species to the electrode can be largely accel-
erated and also better defined by using rotating
electrodes. In some cases it might therefore be interesting
to use a rotating porous electrode as an inlet system to
the mass spectrometer as it was described [14].
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Figure 3 The conventional cell for DEMS.

Using such a rotating inlet system, the transfer
efficiency & can be determined under defined diffusion
conditions from a plot of the diffusion limited faradaic
currents from hydrogen evolution vs. the corresponding
values of f; for different rotation speeds.

Using sputtered platinum electrodes, a transfer
efficiency above 0.9 was obtained even at high rotation
speeds. Obviously, in the whole range of rotation speeds
the concentration gradient across the catalyst layer is
much larger than the concentration gradient away from
the clectrode into the bulk electrolyte, with a cor
respondingly large Nernstain diffusion layer (cf. Fig. 4).
Using lacquer electrodes 50 to 100 um thick, the transfer
efficiency only approached 0.7 at low rotation speeds
and was 0.3 at high rotation speeds. Here, the diffusion
layer from the surface of the electrode to the Teflon
membrane is comparable with the diffusion layer in the
bulk electrolyte.
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Figure 4 Product concentration profile, g, Thickness of the
electrode; dy, diffusion layer thickness. (From Ref. 14)

The situation is somewhat different when the transfer
efficiency for the desorption products of an adsorbate
layer is considered. For the case of a fully covered
clectrode, the product is formed evenly distributed within
the catalyst layer, including the pores (and not only
formed at the macroscopic surface). Therefore, for
carbon dioxide formation from adsorbed CO on P,
transfer efficiencies slightly above 0.5 were found for the
lacquer electrode even at high rotation speeds, whereas
the transfer efficiency for the sputtered electrode still
was around (.9.

To avoid the technically demanding rotational
feed-through into the vacuum, a much simpler approach
was described [15]. Here, a cylinder made up of an inert
material rotates approximately 5 mm above the station-
ary porous electrode. Defined mass transfer to the elec-
trode is achieved by the rotational flow.

3. Cell Types Allowing the Use of Massive
Electrodes

To be able to use massive electrodes, e.g., single-crystal
electrodes for DEMS, the thin layer cell of Fig. 5 was con-
structed [16,17]. The massive electrode with a diameter
of | cm is separated from the porous hydrophobic Teflon
membrane by a 50- to 100-gm-thick electrolyte layer. Vol-
atile species produced at the electrode surface diffuse to
the Teflon membrane within 2 s. The Teflon membrane
(75 um thick, pore width 0.02 pgm, porosity 50%) is
mechanically supported by a steel frit. The distance
between electrode and Teflon membrane is ascertained
by a spacer (or two to achieve a doubled distance: ID,
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Figure 5 Thin-layer cell. {(a) Electrode holder; (b)
single-crystal electrode; (¢) connection to reference electrode,
second counter electrode, and electrolyte outlet; (d) cell body
made from titaniumm; (e) steel frit; (f) stainless steel support;
(g) microporous Teflon foil, interface between electrochemical
cell and vacuum; (h) connection to counter electrode; (i) elec-
trolyte inlet via needle valve; (j) Teflon spacer, 50-100 um
thickness; inner diameter 6 mm. ( From Ref. 16)

6 mm; OD, 12 mm} made from the same Teflon
membrane. Because of compression of this soft spacer,
the distance is less than the nominal thickness.

The cell body is made out of passivated titanium
because of its mechanical stability and inertness (the
passivating procedure has to be repeated from time to
time). Attempts to use Kel-F were not successful due to
its hydrophobicity, which leads to the formation of gas
bubbles in the capillaries (or at the junction between
capillaries and the Teflon membrane or spacers).

Two capillaries positioned at opposite sides serve as
electrolvte inlet and outlet and as a connection to the ref-
erence and counter electrode. Because of the large ohmic
patential drop (product of current and electrolyte res-
istance) in the thin layer of electrolyte, it is advantageous
to use two counterelectrodes both in the outlet and inlet.
By connecting both counterelectrodes to the potentiostat
via different resistors, the total current is divided into
two parts such that the current through the capillary to
the reference electrode is much less than 50% of the total
current. Connecting some current flow through the
capillary to the reference electrode also leads to a much
higher electronic stability. Potential oscillations may
occur otherwise.
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Figure 6 Dual thin-layer cell from experiments under con-
stant flow through (Kel-F). 1, Kel-F support; 2, Kalrez
tightener; 3, single crystal; 4 and 5, Teflon tighteners; 6, porous
Teflon membrane; 7, stainless steel frit; 8, stainless steel connec-
tion to the vacuum system and the mass spectrometer; 9,
capillaries for flushing with Ar; 10, inlet—outlet capillaries; 11,
connecting capillaries. (a) Side view of Kel-F body of the cell;
(b) top view of the cell.

This cell can be used for both desorption experiments
under stopped flow conditions and for the measurements
of product formation rates during faradaic reactions
under continuous flow. In the first case, nearly all of the
desorption product can diffuse within 2 s to the Teflon
membrane, where it evaporates. (Experimentally, we
obtained transfer efficiencies N in the range of 0.9-0.95
[18].) During a continuous flow of electrolyte, however, a
considerable part of the product is transported out of
the thin-layer volume and lost, because a part of the prod-
uct is formed close to the outlet of the cell and has no
chance to reach the Teflon membrane. Experimentally,
transfer efficiencies of 0.2 and below for practical flow
rates of 1 ulL/s and above were found [19].

Better suited for faradaic reactions, which have to be
performed under a continuous flow of electrolyte on
account of the rapid depletion of the reactant in the
thin-layer cell, is the “dual thin-layer cell.” shown in Fig.
6. Here, the complete cell consists of two separate com-
partments for the electrochemistry and the mass
spectrometric detection. The electrolyte first enters the
thin-layer compartment in front of the electrode
(“wall-jet” geometry) and then flows through four
capillaries into the lower compartment, where volatile
products can reach theTeflon membrane. This cell offers
the additional advantage that it can be combined with a

quartz crystal microbalance; then, one of the electrodes

ofthe quartzisalsoused as aworkingelectrode for DEMS
[20].
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To test the applicability of DEMS for various
substances, an aqueous solution of test analytes was
delivered to the cell and the mass spectrometric ion cur-
rent was recorded as a function of the flow rate u = dV/dt
and, after calibration of the mass spectrometer, con-
verted to flux J through the membrane (Fig. 7a; the work-
ing electrode was replaced by a glass dummy). The
straight line corresponds to the assumption of complete
turnover of the incoming species. As expected, sensitivity
as given by the ratio J/c is highest for gases and lowest
for hydrophilic substances. Obviously, the transfer of
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Figure 7 Performance of the dual thin-layer cell. (a) Ion
currents converted to flux and normalized by the concentration
(COs; 38 mM; benzene, 23 mM; formic acid methylester,
2 mM; methanol; 2 mM). (b) Plot of the faradaic current of
CO oxidation at Pt (O) and the corresponding mass signal for
CO; (%), both converted to the flux J; 0.5 M H>S04 saturated
byCO. E=1V.
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soluble species is not diffusion limited. Under identical
conditions, benzene was even detected at concentrations
of 1 pM, demonstrating the high sensitivity of the
technique.

In electrochemical thin-layer flow cells, the faradaic
current is proportional to#* with x = 1/3 for diffusion lim-
ited processes, as long as the flow rate w = d }/dfis not so
small that most of the incoming species reacts at the elec-
trode surface. In the latter case, Ir is proportional to the
amount of species entering the cell and therefore to u'.
The same proportionality should hold for the ion current.
However, a logarithmic plot of the data gives a value of
0.6 for x in the case of CO; and also Ar, which might
reflect a certain similarity of the cell to wall-jet cells, for
which x = 3/4.

The collection efficiency f; is the ratio of reacting
species [given by Ir/(z x F)] to the amount of species
entering the cell compartment:

JSr=1p/(zF x ¢ x u) 9)

Similarly, the collection efficiency for the mass
spectrometric part of the cell is given by

L =L/(Ky x ¢, x u) (10)

This value can be obtained from Fig. 7a by forming the
ratio between the experimental value and the value given
by the straight line. In an electrochemical experiment,
the concentration of the product in the fluid leaving the
electrochemical part of the cell is given by

cp =Ip/(zF % 1) (an
Therefore,
li = foKolp/(zF) = N Ky I /(zF) (12)

and the collection efficiency of the “detection” cell f> is
identical to the transfer efficiency N as defined in Eq. (5).
This is not the case for the cell depicted in Fig. 5! A plot
of the faradaic current of CO oxidation at Pt and the
corresponding mass signal for CO,, both converted to
the flux J, is shown in Fig. 7b. Collection efficiencies,
as given by the ratio of mass spectrometric to the
faradaic current signal, are close to those expected from
Fig. 7a. This and their high values approaching 1 at low
flow rates confirm the suitability of this cell for quanti-
tative measurements.

A simpler approach, also allowing the use of massive
electrodes, was previously described [21]. Here, the gas
inlet is a pinhole, several micrometers in diameter,
located at the hemispherical end of a glass tube, 4 mm
in diameter, which is covered by a Teflon film of 50 um.
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Electrodes can be used in the hanging meniscus
arrangement. A further advantage is the small overall
amount of substance entering the vacuum system via the
pinhole. However, a disadvantage seems tobe that the vol-
atile products are sampled not only from a small cylindri-
cal volume between the pinhole and the electrode
surface in front of the pinhole but from a larger volume.
The superposition of the products’ planar diffusion away
from thesurface and the spherical diffusion to the pinhole
leads to a complicated time dependence and larger
response times.

A rotating rod in front of the porous Teflon membrane
was also used as amassive electrode [22]. The use of single
crystals, however, makes no sense, and mass transfer
and transfer efficiency are less defined than in the
thin-layer cells and the rotationat flow cell described
above.

The study of single crystals under illumination is also
possible using the cell of Fig. 8 [23]. Here, volatile prod-
ucts diffuse sideways through the ring made out of aTeflon
membrane. Because of the large response time, low scan
rates of 2 mV/s have to be used.

ill. CHARACTERIZATION OF ORGANIC
ADSORBATES

Organic adsorbates play an important role not only as
intermediates in electrocatalytic reactions but also as
inhibitors of corrosion and brighteners in metal plating.
When studying these adsorbates, the fundamental ques-
tions are as follows:

Is the adsorption associative or dissociative, i.e., does
bond breaking occur upon adserption?

What is the exact orientation and composition of the
adsorbate?

How stable is the adsorbate and how does the coverage
depend on concentration and potential?

Which are the desorption reactions?

What is the influence of the atomic structure?

In the following, it is shown that DEMS is a versatile
method in finding answers to these questions.

With DEMS, adsorbates can be characterized by
determining the amount and nature of desorbing species,
Desorption can be induced either by displacement by
other adsorbates, such as adsorbed hydrogen or
underpotential deposition (UPD) of Cu, or by a reactive
desorption, such as oxidation or hydrogenation.
Examples presented here focus on work done with
single-crystal electrodes and the effect of single-crystal
orientation.
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Figure 8 A DEMS cell for using massive electrodes under
illumination. (a) Schematic drawing of the cell. (b) Detail of
the inlet system. (From Ref. 23)

A. Benzene

Benzeneis anideal model compound to study adsorption
on Pt electrodes and the versatility of DEMS for two
reasons: it adsorbs quickly and irreversibly and the mol-
ecule is stable enough to stay intact upon adsorption
and not to break apart and lead to a variety of adsorbed
species, as 1s the case for, e.g., ethene (see below).

The typical experimental procedure for studying
adsorbates is as follows. After annealing, the cleanliness
of the single crystal is checked by cyclic voltammetry in
the supporting electrolyte, e.g., sulfuric acid. The crystal
is then transferred to the DEMS cell (Fig. 5), its surface
being protected by a droplet of electrolyte. After having
again been checked for cleanliness by cyclic voltammetry
and, sometimes, holding the potential at —50 mV to
achieve desorption of possible contaminants, the new
electrolyte containing the adsorbates (e.g., benzene) is

Baltruschat

flushed through the cell (typically | mL at a flow rate of
20 pl/s) at a fixed potential in the double-layer region.
Afteran electrolyte exchange with the supporting electro-
lyte (still at the same potential), a potential sweep is
started to induce reactive or nonreactive desorption.

The cyclic voltammogram and the corresponding
mass spectrometric cyclic voltammogram (MSCV) for
CO; during the oxidation of the benzene preadsorbed at
a Pt(111) electrode are shown in Fig. 9 [24].

Oxidation proceeds in two well-separated steps. The
MSCYV shows that no CO» is formed during the first peak
but only during the second one. Complementary exper-
iments in an H cell have shown that the adsorbate is not
desorbed after the first peak. The CO, detected in the
second peak is the only detectable oxidation product.
As shown by the ion current for CO; in the second and
third sweep, complete oxidation of the adsorbate is not
achieved in the first cycle. From an integration of the ion
current over the three sweeps, the total amount of CO»,
and therefore the total benzene coverage, can be
calculated. A coverage of 0.26 nmol/cm? is obtained.
The charge in the first oxidation peak amounts to one
fourth of the total oxidation charge. Because oxidation
of benzene tobenzoquinone requires the release of 6 elec-
trons or one fifth of the 30 electrons corresponding to
the complete oxidation to CO,, it is probable that
adsorbed quinone is formed as an intermediate, accord-

ing to

S

+ 2 H20

e
(13)

The oxidation of adsorbed benzene on Pt(110) and
Pt(100) and also on a roughened Pt(111) electrode is very
similar to that on a polycrystalline electrode and only
occurs in the oxygen adsorption region, leading to CO;
[24,25]. The faradaic current and the ion current can be
used to determine the coverage of the electrode with
benzene. A comparison of the faradaic oxidation charge
with the integrated ion current indicates five electrons
per formed CO; molecule consistent with complete
oxidation to CO,. When oxidation charges are evaluated
separately for the first and subsequent sweeps, it is found
not only for benzene but also for toluene [26] and acetone
[27] that the number of electrons per CO; molecule is
higher than the overall number in the first sweep and
lower in the subsequent ones. This means that in all these
cases adsorbed intermediates are formed that are in a
higher oxidation state than the educt.
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Figure 9 Oxidation of benzene preadsorbed on Pt(1113. Euq, 0.3 V; Cinenzene), 2 x 1074 M; v, 0.025 Vis, 0.05 M H,50.. (a) Cyclic
voltammetry, (b) mass spectrometric ¢yclic voltammogram (MSCV). (From Ref. 24)

In many cases, desorption can also be induced by
sweeping the potential in a negative direction after
adsorption and electrolyte exchange. This is demon-
strated again for benzene adsorbed on Pi(111) in Fig. 10,
The negative potential limit of —50 mV is far in the
hydrogen evolution region to make desorption as com-
plete as possible. The cyclic voltammogram in the sub-
sequent sweep has a form typical for Pt(111) in sulfaric
acid and shows that desorption of benzene is nearly com-
plete. The mass spectrometric cyclic voltammograms,
which were recorded in parallel for m/z =78 (benzene,
Fig. 10b) and m/z = 84 (cyclohexane, Fig. 10c), show that
benzene is desorbed at potentials below 150 mV and that
cyclohexane is formed below 50 mV. Integrating the cor-
responding ion current and taking into account the differ-
ent fragmentation probabilities for benzene and
cyclohexane, it shows that on Pt(111) only one sixth of
the adsorbate is hydrogenated, whereas the remaining
part is desorbed as benzene.

This ratio is reversed when the experiment is
performed with a roughened Pt(111) ¢lectrode, which is
known tobehave similar to a polycrystalline Pt electrode.
Here, 15% of the adsorbate cannot be cathodically
desorbed but are desorbed as CO; in a subsequent poten-
tial sweep into the oxygen adsorption region.Very similar
is the behavior at the Pt(110) electrode, at which all
adsorbed benzene is hydrogenated to cyclehexane. In
none of the cases could another cathodic desorption pro-

duct, such as cyclohexene or cyclohexadiene, be detected.
Adsorbate coverages calculated (after calibration of the
mass spectrometer for benzene, cyclohexane, and CO;)
from the sum of the integrated ion currents for desorbed
benzene, cyclohexane, and the COQ: formed during
oxidation of the residual adsorbate in the subsequent
positive sweep agree well (to within 15%) with that calcul-
ated when the adsorbate is directly oxidized to COs. In
all cases, it is around (.3 nmol/cm?.

Again, this coverage agrees well with that found for
benzene adsorbed on Pt(111) in UHV and suggests that
the benzene molecule is adsorbed in a flat (“ns™) orient-
ation. It also agrees with the Pt(111)-(/21*./21}R10.9°
benzene adlattice recently observed by scanning
tunneling microscopy [28], for which the theoretical
coverage is 0.34 nmol/cm?,

It is obvious that hydrogenation only occurs at
roughened surfaces or at the Pt(110) surface, which has a
fairly open atomic structure. Only little or no hydro-
genation occurs on Pt(111) or on Pt{100). Most probably
the reason is the stabilization of a polar intermediate
state during hydrogenation on the open surfaces, where
the electron density is varying locally due to the
Smoluchowski effect, which is missing on more densely
packed surfaces. Another reason may be a weaker
adsorption of benzene on Pt(111) and Pt(100), leading to
desorption at a less low potential, where hydrogenation
does not yet occur.
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Figure 10 Cathodic desorption of preadsorbed benzene from
Pt(111). (a) Cyclic voltammetry. (b) MSCV; m/z = 78 (benzene).
(¢) MSCV; m/z = 84 (cyclohexane). (From Ref. 24}

Moreinformation canbe obtained by using deuterated
benzene. When adsorbing benzene-ds in light water on
Pt(111} and desorbing it in the same electrolyte, the
absence of an exchange of D-atoms by H (D/H exchange)
in the desorbing benzene indicates that no C—D bond
cleavage occurs.

Baltruschat

This is different at Pt(100). Here, only one third of the
adsorbed benzene is desorbed as such; the remainder
stays on the surface even after extensive cycling to
—100 mV and can only be oxidatively desorbed as CO,.
When using CyDg, most desorbed benzene is CgDy, but
also other isotopic isomeres were observed, predomi-
nantly C¢D,H; [25]. This points to the existence of an
nz-oriented adsorbate, which involves the cleavage of
two C—H bonds. Such an », orientation was postulated
for hydrogquinone and its derivates adsorbed on poly-
crystalline Pt on the basis of coverage data determined
by the thin-layer electrode technique [29].

When doing similar experiments using Pt(110) or
polycrystalline Pt, all or most of the adsorbate is
hydrogenated. Using C¢Dy, desorption leads to CgH3Dg
as the predominant species {ca. 30%), but all isotopic
isomers with a lower D content (down to CgH 1) are also
present. This can be understood if one assumes that
during hydrogenation an intermediate is formed, which
isinequilibrium with the educt: H/D exchange 1s possible
in the reverse reaction of the preceeding equilibrium.

S e

(14)

So far, however, the possibility cannot be excluded that
the H/D exchange occurs during adsorption or in the
adsorbed state. Here, displacement of the adsorbate in
the double-layer region by another adsorbing species
can give additional information. In the experiment
depicted in Fig, 11, benzene adsorbed at 0.4 V was dis-
placed still at the same constant potential from a porous
polycrystalline electrode by introducing Cu?* ions into
the solution[30]. The cathodic current1s due to the forma-
tion of the Cu—UPD layer; an ion current for m/z =78
but not for m/z =84 is detected. Integration shows that
70% of the adsorbate are displaced as benzene. Further
desorption of benzene can be achieved when sweeping
the potential in Cu-free solution in cathodic direction,
as shown in Fig, 9. The amount of cyclohexane formed is
still negligible, and only a small amount of carbonaceous
species remains on the surface, as shown by the sub-
sequent MSCYV for CQO; (the peak at 0.7 Vin the CV cor-
responds to dissolution of Cu~UPD) The same
experiment, using CgDg, shows that a D/H exchange
takes place neither during adsorption nor in the adsorbed
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Figure 11 Displacement of benzene. (a} Current transient
during Cu deposition onto polycrystalline Pt covered by
preadsorbedbenzene. E,0.4 V,c{Cu?*),1 mM in0.5 M H-50,.
(b) Ion current for benzene (m/z = 78). (From Ref. 28)

state, confirming that the first step of the hydrogenation
reaction is also responsible for the D/H exchange and
therefore has to be reversible.

B. Cyclohexene

Another illustrative example for the use of this displace-
ment technique is the adsorption of cyclohexene. In
experiments involving potential sweeps into the hydrogen
region, the adsorbate formed out of cyclohexene on
Pt(110)is completely desorbed as cyclohexane. In the case
of polycrystalline Pt, some benzene (~20%) is found in
addition to cyclohexane. The adsorbate formed from
cyclohexene therefore behaves similar to adsorbed
benzene. This already suggests (but does not prove) that
cyclohexene is dehydrogenated to benzene upon adsorp-
tion on these surfaces.
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To verify this, cyclohexene was adsorbed on Pt{110} in
the thin layer cell and, after electrolyte exchange and still
under potential control, 10~ MCu?t containing sulfuric
acid was slowly introduced into the cell (cf. Fig. 5) ata flow
rate of 0.2-0.05 uL/s. The flow rate has to be low enough
for the desorbing species to reach the vacuum with a high
probability, i.e., the residence time of the electrolyte in
the thin-layer volume has to be high compared with the
time constant of diffusion from the electrode to the Teflon
membrane, which is approximately 2 s.

The only detectable species is benzene. As in the case
of preadsorbed benzene, about one third of the adsorbate
stays on the surface and is detected as CO; in a sub-
sequent anodic sweep. However, despite the low flow rate,
around 20% of the adsorbate is neither detected as ben-
zene nor as CO, in the anodic sweep. This may not only
be the case because benzene desorbing from the surface
close to the outlet of the cell has no chance to reach the
electrolyte vacuum interface but also because of edge
effects. In a similar experiment, using the porous elec-
trode in the conventional DEMS cell, at least 95% of the
adsorbate is detected as benzene. Therefore, cyclohexene
is dehydrogenated on polycrystalline Pt and Pt(110),
indeed (cf. Fig. 12).

On Pt(111) the situation is different: Because the
adsorbate formed on this surface is only desorbed as a
minor volatile species, it is probably cyclohexanol, which
is formed by addition of water to the double bound similar
to the case of ethene (see below) [31].

C. Ethene

In UHY, ethene is probably one of the most often studied
molecules. It has now been established that at low
temperatures, ethene adsorbs as a di-og-bound species
on Pi(111) and Pt{110}, which transforms to ethylidyne at
about room temperature [32-35]. Attempts to study the
adsorbate formed from ethene on Ptelectrodes by Fourier
transform infrared (FTIR) spectroscopy have, so far,
not been successful (E. Pastor, personal communication,
1994),

On both Pt(111} [36] and Pt(110) [31], oxidation of the
adsorbate formed from ethene starts at potentials only
slightly positive of an adsorption potential of 0.3 V. For-
mation of COa, though, is retarded by at least 200 mV.
This is similar to benzene adsorbed on Pt(111), although
no such well-separated peaks can be distinguished; this
means that oxidized intermediates are formed before
being completely oxidized to CO-. The number of elec-
trons necessary for the formation of a CO»; molecule out
of the adsorbate decreases from 6 at an adsorption poten-
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Figure 12 Illustration of the displacement process. (a) Adsorption of cyclohexene as benzene (b). (¢) Displacement.

tial of 0.3 V tonearly 3 atanadsorption potential of 0.9 'V,
suggesting that at higher potentials adsorption proceeds
oxidatively.

Again, more information on the adsorbed species is
obtained from experiments in which the adsorbate is
desorbed at low potentials, as demonstrated in Fig. 13
for a Pt(110) electrode. Ethane, butane, and methane (not
shown) are formed. Experiments with C,D4 show that
H/D exchange is nearly complete: Approximately 80%
of the ethane and butane are dg species, and 20% are cor-
responding d; species.

Oxidation of the remaining adsorbate (Fig. 14) shows
that parts of the adsorbate stay on the surface, half of
which is oxidized in a peak at 0.7 V [37]. This is indicative
of adsorbed CO, which is substantiated by comparing
the amountof CO, formedin this peak to the correspond-
ing oxidation charge, yielding an n,y of two electrons
per CO, molecule formed. Because such a well-defined
oxidation peak, which is typical for adsorbed CQO, is not
present when the adsorbate is oxidized without
preceeding cathodic desorption, we conclude that this
CO is formed during the cathodic sweep. The formation
of C'"*0Q'%0 after adsorption in H,'*O proves that the
adsorbate contains oxygen (Fig. 14).

Similarly, when the adsorbate is oxidized in H,'%0O
after adsorption in H,'®O without cathodic desorption,
a significant amount of C'*0'°0 is formed below
0.8 V, largely exceeding the amount of C'*0,. The
oxygen-containing adsorbate might be formed by
oxidative addition of water to the double bound:

+H,0 -e- /OH -e- /GH
H,C=CH, — H,C_—-CH, e H,C—-CH — H,C_C=0
(Ll R N S L
i Ny ey
(15)

The results for different adsorption potentials are
summarized in Fig. 15. The more positive the adsorp-
tion potential, the lower the overall amount of
adsorbed species and the higher the amount of
adsorbate, which can be desorbed as methane, and also
the amount of adsorbed CO, except for 0.9 V, a poten-
tial at which this CO is directly oxidized to CO,. The
amount of methane is correlated to the amount of CO
formed during the cathodic sweep, where CO is formed
only although oxygen is present in the original
adsorbate. Therefore, it is probable that an
oxygen-containing C, adsorbate is formed, the amount
of which increases with increasing potential and which
decomposes at low potential to methane and adsorbed
CO.

The reaction scheme in Fig. 16 summarizes the likely
reactions and the structures of the adsorbate states. It
seems clear from the results shown in Fig. 13 that besides
the abovementioned oxygen-containing species, another
adsorbate state is formed, leading to ethane, possibly
di-o-bound ethene (C,)# and butane. Whether the
dimerization occurs upon adsorption or upon cathodic
desorption still has to be clarified.

All the adsorbates that cannot be cathodically
desorbed belong to a third adsorbate state
[(C,)7-state], possibly ethydidyne, as known in UHY,
but it is also possible that its molecular identity is
not different from the previous one. The existence
of a further fourth adsorbate state is revealed when
trying to displace adsorbed ethene by other
adsorbates. The using of I-, CO, or Cu’" leads to
desorption of about 10% of the adsorbate as ethene
[38]. It is tempting to assume that this state corre-
sponds to a weakly m-bound species, recently
observed in UHV [39].
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Figure 13 Cathodic desorption of preadsorbed ethene on
Pt(110). Eud, 07 V: Cethene, 5.5 x 1073 M; v 12.5 mV/is, 0.1 M
H,5804. (a) Cyclic voltammetry: ——, first reduction sweep;
- - - -, second reduction sweep; , sweep in the supporting
¢lectrolyte before adsorption. (b) MSCV: ——, m/z=27
(ethane and butane); - — —, m/z =43 (butane). {From Ref, 31.)

Similar adsorbate states exist on a Pi(111) electrode.
However, cathodic desorption is less complete, and the
(C,)’ state is more abundant than on Pt(110).

D. Ethanol and Propanol

Studies of the adsorption and oxidation of ethanol are
usually motivated by its possible use as a fuel in fuel cells.
Here, as in the case of methanol, the adsorbate is believed
to act as a catalyst poison; therefore, the conditions of
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Figure 14 Oxidation of the cathodically nondesorbable
adsorbate of preadsorbed ethene on Pt(110); adsorption in
H>'®0/H;80,. Cathodic sweep and oxidation in
H3!%0/H,804. Euy, 0.5 V; Cehenes 5.5 x 107* M: v, 12.5 mV/s,
0.1 M H;80,. {a) Cyclic voltammetry: ——, first sweep; — — —,
sweep in the supporting electrolyte before adsorption; — - — - ~ X
shape of the voltammogram after a few sweeps to 1.45 V. (b)
MSCV for C'®0; and C*0'%0. (From Ref. 37)

the adsorbate formation and its possible reactions are of
primary importance.

After adsorption at Pt(110) and after a subsequent
electrolyte exchange at a constant potential of 0.3 V,
methane desorbs during a potential sweep in a negative
direction. This is seen in the MSCV for m/z =15 (Fig.
17y [37]. On porous Pt and afier adsorption from 0.1 M
ethanol solution, also the desorption of ethane was
observed [40]. Complete D/H exchange occurs in the
formed methane; in the case of ethane, D/H exchange is
only complete for the 2-C atom, as shown by using CH,
CD; OH in H,0 [41}.

The residual adsorbate is oxidized mainly in a peak at
0.7 V, indicative of adsorbed CO, and in the oxygen
adsorption region. The most straightforward interpret-
atton would be that CO is formed from the COH group
(i.e., the 2-C atom), whereas methane originates from
the methyl group.
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A closer inspection using *CH;'*CH,OH, however,
shows that the reactions are more complicated. Figure
18 shows the MSCV for CO, and “CO; for the
oxidation of the adsorbate with and without preceeding
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Figure 17 Cathodic desorption of preadsorbed ethanol from
Pt(110) and subsequent oxidation of the remaining adsorbate.
Eaa, 0.3 V; Cananet. 0.1 M: v, 00125 V/s, 0.1 M H,S0.. (a) Cyclic
voltammetry: ———, first sweep in cathodic direction;
. subsequent oxidation; ..., PUI10) in supporting
electrolyte; — — — cyclic voltammetry after a few cycles between
0.06 and 1.45 V. (b} MSCV. (From Ref. 37)

cathodic sweep. Obviously, a CO-like species is formed
from both C atoms. Moreover, this experiment shows that
only a part of the f-C atoms are cathodically desorbed.
The amount of '*CQO> decreases in both oxidation
regions, whereas the amount of '2COQj is hardly affected.
It is also informative to evaluate the number of electrons
corresponding to the formation of one €O molecule in
the two oxidation regions. Whereas for the oxidation
of adsorbed CO a value of n,, =2 is expected, the
experimental value for the oxidation peak at 0.7 Vis more
than 4 without preceeding cathodic sweeps and still 3.4
after the desorption of methane. Therefore, other species
than CO are oxidized at this potential. This is substan-
tiated in an experiment, where the adsorption of ethanol
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Figure 18 (a) Cyclic voltammogram of 2CH,"*CH,0H
adsorbates on sputtered Pt (real area, 10 ¢m?)in 0.05 M H;50,.
E.q, 0.30 V; sweep rate, 0.01 V/s. (b} Simultaneously recorded
mass signal for m/z = 44 ('2CO,) and 45 ('*CO;). , direct
electrooxidation; — — —, oxidation after the application of four
cyclesbetween0.35and 0.05 V; .- . Ptclean surface. (From Ref.
40}

[42] and propanol [43] was performed in H,'*O and,
afterwards the adsorbate was oxidized in H,!'°0. As
shown in separate experiments, a complete exchange of
OH takes place during the adsorption. In the peak at
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0.7 V, both C'*0'"%0 and C'*Q; are formed, whereas in
the oxygen adsorption region, only C'°0, was detected.
Therefore, because no oxygen exchange occurs in
adsorbed CO, also C atoms not yet bound to oxygen
atoms are oxidized to CO; inthe peak at 0.7 V. In the oxy-
gen adsorption region, an n,, of five to six electrons is
obtained, as expected for CH, species (x=1-3). The
results were very similar for Pt(110) and a polycrystalline
Pt electrode [37].

The questions remain of what the actual nature of the
adsorbate species is and whether the C—C bond cleavage
already occurs during adsorption or during the cathodic
sweeps. Other techniques have to be used to gain
additional information. With FTIR spectroscopy, it
was possible to exclude the presence of adsorbed CH;
or CH; species [40]. Instead, it was suggested that
=COH—CH;, —0OCH, CH3, —CO—CH;, and CO
were present on the surface; CO would be formed simul-
taneously to methane even at an adsorption potential of
0.3 V, which is close to that where CH4 formation starts
in the cathodic sweep.

The possibility of splitting the C—C bond
electrocatalytically is of primary importance for the
use of ethanol in fuel cells, where a complete com-
bustion is necessary. Figure 19 shows the cyclic vol-
tammetry and the MSCV in an ethanol-containing
electrolyte: to distinguish between the oxidation prod-
ucts CO; and CH3;CHO (ethanal), ethanol-ds was
used here [44]. In the anodic sweep, the ion intensity
for CO; is larger than that for ethanal; however, the
true ratio of the two species has not been evaluated.
Because of the higher solubility of ethanal in water,
a larger part of this product remains in the aqueous
phase. In the cathodic sweep, the amount of ethanal
is much larger than that of CQO; Thus, ethanal is
the main oxidation product during ethanol oxidation
and the C--C bond cleavage, leading to CO» only
occurs to a minor extent. Formation of CO» in the
anodic sweep is probably mainly due to oxidation of
the adsorbed species. Because some CO; is formed
during the cathodic sweep, there is the possibility of
a C—C bond cleavage during a continuous oxidation.
Using a direct methanol fuel cell at 175°C and direct
mass spectrometric detection of products. Wang et
al. [45] found up to 40% CO,, besides 60% ethanal.
This ratio was hardly influenced by using a Pt-Ru
alloy [45]. Similar experiments have been performed
with l-propanol [4346]. 1-Propanal is the main
oxidation product formed above 0.4 V. Above 07 V
propionic acid is also formed as detected by FTIR.
Cathodic desorption of preadsorbed l-propanol leads
to formation of ethane and propane.
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Figure 19 Oxidation ofethanol on a porous Pt-lacquer electrode (1072 Methanolin 0.5 M H2804, v, 3.1 mV/s){42.44]. (a) Cyclicvol-
tammetry (thin line without arrows: supporting electrolyte). (b) MSCV for the ions as indicated, anodic sweep with ethanol-ds in

solution. (c) Same as (b), cathodic sweep. (From Ref. 44.)

E. Other Organic Adsorbates on Pt

Of primary importance in fuel cell research is the adsorb-
ate formed from C| compounds, which acts as a catalyst
poison. It is now generally accepted that this species is
CO. Except for confirming the identity of this species by
evaluating the number of electrons necessary for
oxidation to CO;, DEMS is superior to simply using
cyclic voltammetry in elucidating the onset potential of
oxidation and coverages, especially when using less noble
catalysts or bimetallic catalysts, because of the appreci-
able pseudocapacitive currents on those surfaces. The
same is true for the adsorbate directly formed out of CO,

which is present in the H; formed in methanol reformers;
for Pt-Ru catalysts pseudocapacitive currents have been
shown to amount to 50% of the overall oxidation charge
[20].

In addition, halogenated methanes and 11,1,
trichlorocthane and tetrachloroethene have been
studied by DEMS [474R]. Astonishingly, all of the
adsorbates formed behave in avery similar way: cathodic
desorption leads to methane and ethane and, in the case
of tetrachloroethene compounds, also to propane.
Therefore, in all of these cases CH,, (with n = 2) fragments
seem to be formed, involving a C—C bond cleavage
in the case of tetrachlorocthene, Adsorption of
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trichloroethane accordingly leads to species desorbing as
ethane and propane, H/D exchange is appreciable. In
addition, an adsorbate behaving like adsorbed CO is
formed.

Results achieved by DEMS clearly show that many
organic species form a variety of adsorbate states.
This has also been shown for acetonitrile [49],
dimethylsulfoxide, and sulfolane [50]. In the case of
acetonitrile it is particularly interesting that a part of the
adsorbate formed at Pt in the double-layer region is
desorbed at more anodic potentials without being
oxidized, similar to benzene adsorbed on Rh or Pd (see
below). Oxidation of nitrogen-containing organic
adsorbates not only leads to CO; but also nitrogen oxide
and, in the case of adsorbed aniline, to HCN [51}.

The high sensitivity of DEMS is demonstrated by the
fact that even desorption products of biphenyl, desorbing
as biphenyl from a Pt(111) electrode, and naphtalene,
desorbing as naphtalene and as the partially
hydrogenated tetralin, were detected [52].

F. Adsorbates on Less Noble Electrodes

Organic adsorbates are often used as inhibitors of
corrosion or as brighteners in metal plating. Fundamen-
tal studies of the adsorption on these less noble metals,
like Cu, Ni, or Fe, are much more difficult. Metals like
Pd and Rhcan serveas modelelectrodes, because the nor-
mal potential of the corresponding metal electrodes is in
betweenthat of Pt or Au and the above mentioned metals.

InFig 20, the cyclicvoltammetryand MSCVofa poly-
crystalline Rh electrode with preadsorbed benzene in
sulfuric acid is shown [51}. A part of the adsorbate is
desorbed cathodically as benzene or cyclohexane, but a
significant part is also desorbed as benzene during the
subsequent anodic sweep at potentials where oxygen
adsorbs. Only a part of the adsorbate is oxidized to CO.
Note that an appreciable amount of CO; is formed out
of the adsorbate during the cathodic sweep at potentials
where adsorbed oxygen isreduced, indicating the necess-
ity of a partially uncovered surface for the oxidation
reaction.

Similarly, when CQOis adsorbed on an Nielectrode and
the potential is changed to more positive values, only a
part is oxidized to CO; and the other part is desorbed as
CO, the relative amounts depending on the pH [53].

IV. FARADAIC ORGANIC REACTIONS

The hydrogenation reactions described in the previous
sections are reactions of species previously adsorbed,
usually at a different potential. From these, the continu-
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Figure 20 Cathodic desorption of preadsorbed benzene and
subsequent oxidation of the remaining adsorbate at poly-
crystalline rhodium. E,q, 0.15 V; v, 25 mV/s, 0.5 M H.S80,;
Chenzene> 2%1072 M. (a) Cyclic voltammetry: ——, first cycle
(initial cathodic direction); — — —, second cycle; —-—- -, in
supporting electrolyte. (b and ¢) MSCV. Below 0.1 V, the ion
currents of cyclohexane and benzene are enlarged by a factor
of 10, {From Ref. 51)
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Figure 21 Bulk hydrogenation of ethene-d4 at P1(110). (a) Cyclic voltammetry in 0.1 M H;50,; flow rate 1 =0.45 pL/s; scan rate
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{From Ref. 16)

ous reaction of species from the bulk has to be dis-
tingmshed. Here, adsorbed intermediates may be
formed, but this occurs at the same potential as the con-
tinuous reaction; moreover, their surface concentration
may be very low. Such intermediates therefore may but
do not have to be different from those preadsorbed
species. To distinguish reactions of an adsorbate
accumulated on the surface and the “bulk” reaction, it is
advantageous to work under conditions of constant mass

transport, €.g., by using a constant flow of electrolyte in
the thin-layer cells (cf. Fig. 5 or 6) or by using forced con-
vection.

A. Continuous {Bulk) Hydrogenation

The hydrogenation of most of the unsaturated species
mentioned above has also been studied by DEMS. Tt
usually leads to the formation of the alkane correspond-



DEMS as a Tool for Interfacial Studies

ing to the carbon skeleton. The influence of the surface
structure of Pt electrodes on the hydrogenation has been
studied for ethene [16], ethine [21], and cyclohexene [31].
As for desorption reactions, the Pt(11() surface or
roughened surfaces are much more active than the Pt{111)
surface. Hydrogenation of ethene and acetene [27] in
deuterated electrolyte( on using the deuterated com-
pound in light water) results in a broad distribution
of the isotopic isomeres formed (cf. Fig. 21). Because
hydrogenation of the preadsorbed species results in a
nearly complete H/D exchange (e.g., adsorbed C,Dy 13
hydrogenated to C,Hg), the residence time in the
adsorbed state, where the H/D exchange is occuring, is
comparable with the overall hydrogenation rate. Accord-
ing to the reaction sequence of Eq. (16), obviously the first
step of hydrogenation (after adsorption) is reversible and
occurs at a rate comparable with the final hydrogenation
and desorption step. (If the addition of the first proton is
fast, i.e., if this reaction is in equilibrium, complete H/D
exchange should occur. If the final step is fast compared
with the first one, no H/D exchange can occur,)

+H¥ e +H* e
{C2D4)ad - (C2D4H)ag
-H* e

+Ht, e~
{C2D3H)ad

C2D4

C2D4H2

+ Ht, e-
(C2D3Hz)ad —= C2D3H3

,e
%

(16)

B. Reactions onlb Metals

Inthe case of Au, Ag, and Cu, adsorption of most organic
species is much weaker than on Pt; therefore, most DEMS
studies deal with faradaic reactions.

1. Unsaturated Hydrocarbons on Au

Ethene is oxidized on Au in sulfuric acid to COQ,,
acetaldehyde, and acetic acid, which was identified by
FTIR [54,55]). Propene has been shown to yield acetone,
acetaldehyde, and CO, upon oxidation [56]. Allyl alechol
and propargyl alcohol are oxidized to CQ, and acrolein
or propargylaldehyde; respectively, propargyl alcohol
can be reduced to propene, propine, and allyl alcohol [57].
Only ethine and propargyl alcohol form strongly bound
adsorbates.
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2. Reduction of CO»

Copper is known to be a good catalyst for reduction of
COo.. In carbonate solutions, however, a variety of prod-
ucts are formed. DEMS is ideally suited to study the rela-
tive amounts of the volatile products, mainly methane
and ethene, as a function of electrolyte composition, etc.
[22,58]

3. Hydrogen Evolution During Fermaldehyde
Oxidation
Probably one of the most puzzling electrochemical
reactions, which isalso of greattechnologicalimportance
in currentless metal deposition, is the hydrogen evolution
during formaldehyde oxidation at Ib metal electrodes
and at potentials very positive to the reverse hydrogen
evolution potential. It hasbeen known for along time that
this reaction proceeds via the overall equation

2ZHCHO +40H™ — ZHCOO™ + 2H,0 + Hy + 2e”

Using DEMS, thishasbeen verified by Jusys and Vaskelis
[59-62], who have also studied the kinetic isotope effect
and who, by using isotopic isomers, verified that the
evalved hydrogen solely originates from the formaldehyde
molecule and not from water. When using a mixture of
HCHO and DCDO, not only H> and D; but also HD
are formed; therefore, both atoms in the hydrogen mol-
ecule originate from separate formaldehyde molecules,
which is only possible if hydrogen atoms are adsorbed
on these electrodes [63]. It is clear that H; molecules are
not oxidized at positive potentials at 1b metals because
their dissociation is not possible at these surfaces. It is,
however, astonishing that adsorbed H atoms are not
oxidized either but desorbed as H,.

V. INORGANIC REACTIONS

Besides carbon, the element with the largest number of
abundant volatile compounds is nitrogen. Reaction of
nitrogen compounds are therefore well suited for being
studied by DEMS. Among these are NO3 [64,65], lead-
ing to NO» upon oxidation and N;O upon reduction,
and NH;OH [64], leading to a variety of oxidation pro-
ducts. The reduction of NO was also studied on Au
single-crystal electrodes [66]. N7 is oxidized to N,, NO,
NO,, and N2O on Au and Pt electrodes. Only on Pt
clectrodes it is also reduced, leading to N, N;Hy, and
possibly NHj; [67].

Using '*O-tracers, it has been shown that no oxygen
exchange occurs during O, evolution at Pt oxide [68]
but at RuQ; [69]. Interestingly, even the formation of
RuQy could be observed mass spectrometrically. Further
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studies of other elements involve the reduction of As,
deposited on Au, to AsHi (A. Dilberg and H.
Baltruschat, unpublished data 1991), the photocatalytic
oxygen and chlorine evolution at TiO; electrodes [70],
and the photocatalytic corrosion of InP single-crystal
electrodes to PH;y [23].

VL. CONCLUDING REMARKS

We showed here that DEMS can be used for both on-line
detection of electrochemical reaction products and the
study of adsorbates. Reaction and desorption products
can be determined semiquantitatively. Because in many
cases several products are formed, itis important to know
their amounts to distinguish between the main and side
reactions.

As to the detection of electrochemical reaction pro-
ducts, it has the advantage over other methods, e.g.,
chromatography, of being fast and highly sensitive.
Amounts below 1 nmol can be easily detected. Thus, it is
ideally suited for studying reactions at single-crystal elec-
trodes with their limited overall surface area; besides,
the maximum time of reaction at single crystals is limited
due 1o their possible deterioration by contaminants. In
comparison with FTIR spectroscopy, DEMS has the
advantage of an easier potential control, because the thin
layer is 50100 pm thick instead of only (ill-defined)
1 um. The disadvantage of course is that only volatile
products can be detected.

For the study of organic adsorbates, FTIR
spectroscopy again is the technique most often used
besides DEMS. Both techniques yield complementary
information. Different adsorbate states and their
reactions can be identified semiquantitatively by DEMS
(including their oxidation states). Additional information
about the binding geometry and elementary composition
can often be obtained using tsotopically labeled com-
pounds. For elucidation of the exact nature of the
adsorbate, a spectroscopic method like FTIR has to be
used (see Chapter 21). The sole use of such a method,
however, is not able to yield complete information
because only adsorbates with a vibrationat dipole to the
surface can be detected and because it is not quantitative.
For such (semi-) quantitative measurements, DEMS is a
powerful technique.
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