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Abstract

Reversible electrochemically controlled dosing (back-spillover) of sodium on Pt(111) at atmospheric pressure was imaged via
atomically resolved STM. The Pt(111) monocrystal was interfaced with a flat polycrystalline sample of p”-Al,O,, a Na™ conductor.
Application of an electrical current between the Pt(111) monocrystal and a counterelectrode also in contact with the
B’-Al,O; Na*-conducting solid electrolyte causes reversible migration (back-spillover and spillover) of sodium, which forms a
(12 x 12) hexagonal structure on the Pt(111) surface. In addition to explaining the phenomenon of electrochemical promotion in
heterogeneous catalysis, these observations provide the first STM confirmation of spillover phenomena which play a key role in
numerous catalytic systems.
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1. Introduction

Since the pioneering work of Rohrer and Binnig
[1], scanning tunneling microscopy (STM) has
been used to image atomic-scale features of con-
ductive surfaces under ultra-high vacuum (UHYV)
[2—-4], but also at atmospheric pressure [ 5] and
in aqueous electrochemical environments [6-9].
The ability of STM to image surface reconstruction
[10] and chemisorption [11] is well documented
[12], and is of paramount importance in the fields
of surface science [13] and heterogeneous cataly-
sis [14].

* Corresponding author. Fax: + 30 61 997269;
e-mail: cat@rea.iceht.forth.gr

In addition to reactant chemisorption and sur-
face reconstruction, promotion also has a key role
in heterogeneous catalysis [ 15-18]. Promoters are
routinely used in most industrial heterogeneous
catalytic systems at atmospheric or higher pres-
sures, (e.g. K-promoted Fe catalysts used for
ammonia synthesis [167), yet their exact role is
only well understood at the molecular level for a
few model systems under UHV [17,18].

Spillover/back-spillover of reactants and pro-
ducts from/to catalytically active metal surfaces
to/from oxide supports has been invoked to explain
numerous observations in heterogeneous catalysis
[19]. The evidence for spillover or back-spillover
is usuvally indirect [19], and only recently has
X-ray photoelectron spectroscopy (XPS) been used
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to show that oxygen spillover and back-spillover
is a real phenomenon for some systems [ 207].

Back-spillover and spillover of promoting ions
has also been proposed as the cause of the effect
of non-Faradaic electrochemical modification of
catalytic activity (NEMCA) [21] or electrochemi-
cal promotion [22,23], which has been reported
recently for over 40 catalytic reactions [ 24]. It was
found that the catalytic activity and selectivity of
metals interfaced with solid electrolytes such as
Y,0;-stabilized ZrO, (YSZ), an O~ conductor,
or ff”-Al,O;, an Na™ conductor, can be varied
dramatically and reversibly by applying electric
currents or potentials between the catalyst film
and a counterelectrode also deposited on the solid
electrolyte [21,22,247. The increase in the rate of
catalytic reactions is up to a factor of 3 x 10° higher
than the rate of supply of ions to the catalyst
electrode [24] and up to a factor of 100 [24,25]
or higher [267] than the open-circuit (unpromoted)
catalytic rate. The importance of electrochemical
promotion in catalysis [16] and electrochemistry
[27] has been discussed recently by Haber [16]
and Bockris [277], respectively. Recent kinetic
[21-257, work function [21,28], XPS [20,26,29],
UPS [30], surface-enhanced Raman spectroscopic
(SERS)[31,32], temperature-programmed desorp-
tion (TPD) [33] and cyclic voltammetric [24,33]
studies have provided strong evidence that the
effect of electrochemical promotion is due to elec-
trochemically induced and controlled back-spillo-
ver of promoting ionic species from the solid
electrolyte onto the catalyst surface. These ionic
species (O°~ in the case of YSZ, Na’" in the case
of B’-Al,0O;) form an “effective electrochemical
double layer” on the gas-exposed catalyst-electrode
surface [24,34] which affects the chemisorptive
bond strength of coadsorbed reactants and inter-
mediates [24,35], and thus causes very pro-
nounced changes in catalyst activity.

In this work we show that, in addition to
reactant chemisorption and surface reconstruction,
STM can also be used to image promoters on
metal catalyst surfaces under conditions relevant
to catalysis. We also provide concrete STM evi-
dence that both spillover and back-spillover are
real phenomena over enormous distances (mm),
and that electrochemically controlled back-spill-

over is the cause of electrochemical promotion in
catalysis [21-241.

2. Experimental

Fig. 1 shows the sample geometry. The polished
Pt(111) single crystal (10 mm x 10 mm x 1 mm)
was mounted on the appropriately shaped surface
of the polycrystalline ”-Al,O5 sample (20 mm x
20 mm x 3 mm). Good mechanical and elec-
trical contact between the metal and the solid
electrolyte was established by coating a thin (~ 10
um) Au layer along the perimeter of the
Pt/"-Al1,05 contact. The Au layer was covered by
a porous Pt film (thickness ~ 10 um) similar to
those used in electrochemical promotion experi-
ments [21,22,24,257]. The Au and Pt films were
prepared using thin coatings of unfluxed Au and
Pt pastes followed by calcination at 850°C as
described elsewhere [24]. This design permits the
same type of interfacing between single-crystal
metal surfaces and solid electrolyte components as
that between polycrystalline metal films and solid
electrolytes used in all previous electrochemical
promotion experiments [ 21,22,24,28]. This electri-
cal interfacing between the Pt single crystal and
the solid electrolyte provides a significant extent
of three-phase boundaries between the solid
electrolyte, the metal catalyst-electrode and the gas
phase. These three-phase boundaries contain the
active sites for charge transfer reactions, e.g. for
the transformation of Na™ in $"-Al,O; to Na’*
adsorbed on the Pt surface upon negative current
application [21,24].

Constant currents I between the Pt(111) single
crystal and the Pt counterelectrode were applied
via an AMEL 553 galvanostat while monitoring
the Pt(111) potential Vg with respect to the
reference Pt electrode. The STM used in this work
was a Besocke beetle-type [ 36] made by Besocke-
Delta-Phi FElectronic. The tunneling tips were
mechanically etched 80mol%Pt—20mol%Rh wires
(Longreach Scientific Research).

3. Results

Atomic resolution STM images of the ambient
air-exposed Pt(111) surface before current
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Fig. 1. (a) Experimental setup. (b) STM image (unfiltered) of the initially sodium-contaminated Pt(111)-(2x2)-O adlattice.
(¢) Corresponding Fourier transform spectrum. (d) Fourier-filtered STM image of the overlapping Pt(111)4(2x 2)-O and Pt(111)-
(12 x 12)-Na adlayers (V,=80 mV, I,=10 nA, total scan size 319 A).

application showed the Pt(111)-(2 x2)-O ad- (12 x 12)-Na adlayer (interatomic distance 33.2 A,
lattice (interatomic distance 5.61 A, Fig. 1b) Fig. 1b). \
and local patches of an overlapping Pt(111)- This second adlayer results from thermal diffu-
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sion of sodium on the Pt(111) surface during the
preparation of the connecting polycrystalline Pt
film [227. The presence of this second adlayer is
also manifest by the dots near the centre of the
corresponding two-dimensional Fourier transform
spectrum (Fig. 1c). Fig. 1d shows the Fourier-fil-
tered STM image of the overlapping Pt(111)-
(2x2)-O and Pt(111)(12 x 12)-Na adlayers.

Positive current application (I =1 uA for t =360
s at 550 K), corresponding to the electrochemical
removal of It/F=3.7x10~° mol Na, and leading
to a Pt(111) catalyst potential Vyr=04 V with
respect to the reference electrode, caused the disap-
pearance of the Pt(111)-(12x12)-Na overlayer
structure, leaving the Pt(111)-(2x2)-O adlattice
intact (Fig. 2a). This shows that sodium spillover
from the Pt(111) surface to the p"-Al,O; solid
electrolyte has taken place, and that the gas-
exposed electrode surfaces of metals interfaced with
solid electrolytes can be cleaned electrochemically
as proposed previously [22,24].

Subsequent application of negative current (I =
—1 pA for t=1400 s at 550 K), corresponding to
the electrochemical supply of —It/F=15x10"%
mol Na and leading to a 1 V decrease in catalyst
potential Vyyg, and thus [21,24] a 1eV decrease
in the work function e® of the Pt(111) surface,
caused the reappearance of the Pt(111)-(12x 12)-
Na overlayer structure everywhere on the Pt
surface (Fig. 2b).

Figs. 3a and 3b show atomically resolved images
of larger areas of the sodium-free (Fig. 3a) and
sodium-doped (Fig. 3b) Pt(111) surface with the
corresponding two-dimensional Fourier transform
spectra. Both the unfiltered STM images and the
Fourier transform spectra clearly show the revers-
ible appearance and disappearance of the Pt(111)-
(12x 12)-Na structure. Smaller areas of the
sodium-free and sodium doped Pt(111) surface are
shown in Figs. 4a and 4b. It is worth noting that
each Na atom appears to perturb the electron
density of the Pt(111) surface over large (~12)
atomic distances. This can explain the observed
“long-range” promotional effect of Na on Pt sur-
faces [24] and is strongly reminiscent of the IR
spectroscopic work of Yates and co-workers [ 37],
who showed that a single adsorbed alkali ion can

®

Fig. 2. STM images (unfiltered) of the (a) sodium-cleaned and
(b) sodium-dosed Pt(111)-(2x2)-O adlattice showing the
reversible appearance of the Pt(111){12x12)-Na adlayer
(V,=+100 mV, I,=1.8 nA, total scan size 319 A).

affect the IR spectra of up to 27 coadsorbed CO
molecules [ 37].
The Pt(111)-(12x12)-Na adlattice on the
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Fig. 3. STM images (unﬁltered) and corresponding Fourier spectra of the (a) sodium-cleaned and (b) sodium dosed Pt(111)-(2 x 2}-O
adlattice. Total scan size 638 A, other conditions as in Fig. 2.

sodium-doped surface is present over atomically 4. Discussion

enormous domains of the Pt(111) surface, as

shown in Fig. 5. We could find no patches of the The electrochemically induced creation of the
Pt(111) surface not covered by the Pt(111)- Pt(111)«(12 x 12)-Na adlayer, manifest by STM at

(12 x 12)-Na adlattice. low Na coverages, is strongly corroborated by the
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Fig. 4. Low scanning-area STM images (unfiltered) of the (a)
sodium-cleaned and (b) sodium-dosed Pt(111)-(2 % 2)-O adlat-
tice. Total scan size 159 A, other conditions as in Fig. 2.

corresponding catalyst potential Vygr and work
function e® response to galvanostatic transients in
electrochemical promotion experiments utilizing
polycrystalline Pt films exposed to air and depos-

Fig. 5. Large scanning-atea STM image (unfiltered) of the
Pt(111)-(12 x 12)-Na adlattice. V;=500 mV, I,=2.5 nA, total
scan size 1275 A.

ited on B”-Al,O5 [22,38]. Previous exploratory
STM studies have shown that the surface of these
films is largely composed of low Miller-index
Pt(111) planes [24].

Two examples of the observed Vyy variation
with sodium coverage on the Pt catalyst surface
are shown in Fig. 6, together with the concomitant
variation in the rates of CO [22] and C,H, [38]
oxidation. In these experiments the Na coverage
69, was varied via galvanostatic negative current
application, corresponding to the supply of
(—It/F)mol Na onto the Pt catalysts of measured
maximum reactive oxygen uptake (N mol of O).
Consequently, the resulting Na coverage 03,, based
on the maximum number of surface oxygen atoms,
can be computed from [22,38]

09, = —It/FN. (1)

Assuming that the reactive oxygen corresponds
to the oxygen which forms the well-known Pt(111)-
(2 x 2)-O structure [39], one can define the second
Na coverage scale, 0%,, shown in Fig. 6, which is
based on the number of surface Pt atoms, and
equals

0RL, =(0.25)0%,. (2)
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Fig. 6. Effect of sodium coverage on the change AVyy of poly-
crystalline Pt catalyst potential Vyy and on the catalytic rates
of CO oxidation (solid lines, Ref. [387) and C,H, oxidation
(dashed lines, Ref. [36]). Comparison with the theoretical Na
coverage required to form the Pt(111)-(12x 12)-Na adlayer;
6%, is based on the number of surface Pt atoms; 69, is based on
the number of surface O atoms corresponding to the Pt(111)-
(2 x 2)-O adlattice. See text for discussion.

As shown in Fig. 6, increasing sodium coverage
initially causes (0%, <0.015) a decrease in catalyst
potential Vy (and thus [21-24] work function
e®) followed by a rather wide sodium coverage
region A8, ~(0.035) where Vyy remains practi-
cally constant. The constancy of AVwg with chang-
ing Na coverage strongly indicates the formation
of an ordered structure whose chemical potential
is independent of coverage. The osberved A6Y,
and AGY, values over which Vyy remains constant
(0.035 and 0.00875, respectively) are in excellent
agreement with the corresponding theoretical geo-
metric Na coverages (A0S, =1/36=0.0278, AGL, =
1/144=0.00695) required to form the Pt(111)-
(12 x 12)-Na adlattice (Fig. 6).

It is worth noting that for both systems, the
observed AVyy value corresponding to the onset
of the formation of the ordered Na adlattice is
practically the same, which strongly supports the
idea that this AVyyg value is characteristic of the

chemical potential of this structure. The fact that
a small but not negligible Na coverage (63, <0.015)
preceeds the formation of the ordered Na structure
on the surface of polycrystalline Pt samples (Fig. 6)
may indicate preferential Na adsorption on stepped
surfaces before Na adsorption on Pt(111) starts
taking place.

It should be noted that in the present study Na
back-spillover takes place not only on the surface
of the Pt(111) single crystal (surface area 1 cm?
thus 1.53 x 10'% surface Pt atoms or 2.54x 10~°
surface Pt mol) but also on the surface of the
connecting porous Pt film along the perimeter of
the Pt(111) monocrystal. Therefore only a small
fraction (1.76 x 10~ mol Na, i.e. roughly 0.12%
of the totally supplied Na) creates the (12 x 12)-Na
adlayer on the single-crystal surface, and the rest
is used to establish an equivalent Na coverage on
the connecting porous Pt film of surface area
~ 800 cm?. It is worth emphasizing that the change
AVyr=—1 V in the Pt(111) catalyst potential
during electrochemical Na supply measured in the
present work and the concomitant [21,24]
decrease of 1 eV in the work function of the Pt(111)
surface is consistent, in view of Fig. 6, with the
completion of the (12 x 12)-Na adlattice, i.e. with
a 03, value in excess of 0.05.

As previously noted the constancy of catalyst
potential Vg during the formation of the
Pt-(12x 12)-Na adlayer, followed by a rapid
decrease in catalyst potential and work function
when more Na is forced to adsorb on the surface
(Fig. 6), is thermodynamically consistent with the
formation of an ordered layer whose chemical
potential is independent of coverage. A systematic
study of the temperature dependence of Vg may
allow for the estimation of the enthalpy and
entropy of this ordered adlayer.

The formation of the ordered Pt-(12x 12)-Na
structure over the entire Pt(111) surface shows
that the repulsive dipole—dipole interactions of the
partly ionized Na atoms (which are accompanied
by their image charges in the metal [21,24]) over-
balances the attractive Madelung-type attraction
between the Na adlayer and the underlying
(2x2)-O adlattice. This is corroborated by the
fact that the catalytic rate relaxation time constant
T during galvanostatic transients in electrochemical
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promotion studies utilizing Pt/Na-$"-Al,0; has
been found to be given by [24]

t=FN6%,/I, (3)

where N is the catalyst surface area expressed in
mol adsorbed O. Eq.(3) strongly suggests that
electrochemically supplied Na spreads uniformly
everywhere on the gas-exposed catalyst surface due
to the dominating repulsive dipole—dipole inter-
actions of Na adatoms.

5. Conclusions

The present STM results show that:

(1) Spillover—back-spillover phenomena can take
place over enormous (~mm) atomic distances.

(2) Electrochemically induced and controlled Na
back-spillover is the origin of electrochemical
promotion on Pt when using Na-f"-Al, O,
solid electrolytes.

(3) Promoters can form ordered structures on
catalyst surfaces under ambient conditions
relevant to industrial practice.

The use of STM to image promoters and to study
spillover and back-spillover phenomena on catalyst
surfaces under atmospheric pressure conditions
relevant to industrial catalysis is a valuable tool
for studying promotional phenomena at the molec-
ular level.
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