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Abstract

Electrochemical polarization of porous metal electrodes on solid electrolytes often leads to an increase of their catalytic
activity in heterogeneous reactions. Thin microstructured Pt films on single crystalline Y SZ (yttria stabilized zirconia) are
investigated as structurally and geometrically well-defined model systems in order to understand the origin of this effect.
Photoel ectron emission microscopy (PEEM) and scanning photoel ectron microscopy (SPEM) have been applied as spatially
resolving methods in situ to study the processes in the vicinity of the three-phase boundary (tpb). Measurements with SPEM
show that atomic oxygen is created under anodic polarization and covers the Pt film homogeneously. A specific spillover
species is not found, rather the formation of atomic oxygen is detected, which has the same Ol1s binding energy as

chemisorbed oxygen from the gas phase.
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1. Introduction

The catalytic activity of metals in a large number
of heterogeneous reactions is well known. A very
common example is the oxidation of carbon monox-
ide on a Pt catalyst. Due to extensive studies by
Vayenas et al., it is now aso well known that the
catalytic properties of a metal can be changed by
electrochemical polarization, i.e. if the metal is used
as an electrode in a solid state galvanic cell. As
Vayenas et a. [1] demonstrated for more than 40
different reactions, the application of such metal /
solid electrolyte electrodes may lead to a strong rate
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increase. The solid electrolyte mostly used in these
studies is the oxygen ion conductor YSZ (yttrium
stabilized zirconia) on which porous metal films are
deposited. The yield of catalytic reactions can be
increased by afactor up to 200 as shown by Vayenas,
and the rate increase being observed upon applica-
tion of a suitable electric potential surmounts the
electric current up to a reported factor of 10°. Due to
this strong non-linear relation between the ionic cur-
rent (through the solid electrolyte) and the catalytic
rate increase, this promoting effect is often caled
‘non-faradaic electrochemical modification of cat-
alytic activity’, abbreviated as ‘NEMCA'.

Vayenas et al. [2] attribute this effect to an elec-
trochemically produced spillover species formed at
the three-phase boundary and spreading over the
metal surface. The spillover species shall create an



‘effective double layer’ and influence the catalytic
behaviour. However, both the nature of the spillover
species and the exact microscopic mechanism of the
promotion are not yet clarified.

It is the am of our experimental study to obtain
more information by investigating a geometrically
well-defined electrode model system. This electrode
system consists of a microstructured thin Pt film
deposited on Y SZ single crystals being studied under
chemically well-defined experimental conditions in
an ultra high vacuum chamber.

In our experiments—by combining electrochemi-
cal and in situ microspectroscopic methods—we at-
tempted to answer two essential questions. firstly,
what is the chemica identity of the so-caled
spillover species? Secondly, can we prove that this
species is formed at the three-phase boundary? In
this case, we should be able to observe diffusion
fronts of this species with suitable in situ methods.

2. Theory

A standard three-electrode set-up with the cata-
Iyticaly active metal as working electrode (WE) on
one side of the YSZ sample and the counter (CE)
and reference eectrode (RE) on the other side is
depicted in Fig. 1. Without applying an electric
potential to this cell, an electromotive force is estab-
lished, which only depends on the oxygen activities

in the gas phases above the working and the refer-
ence electrode:

Vir(1=0) = = - [ 1o WE.) — i, RE.ga9)]
(1)

This arrangement is a simple concentration cell,
and the observed catalytic rate shall be denoted as r,
(1=0).

The catalytic rate r(l) that is observed if an
anodic potential is applied to the working €electrode
should be higher than in the zero-current case, since
oxygen as the oxidizing agent is now transported
towards the surface. However, beyond this expected
Faradaic rate increase, one often observes much
larger effects. The factor A isintroduced by Vayenas
to describe the measured rate increase Ar=r —r,
relative to the theoretical rate increase in the Faradaic
case:

r(l)y—r
= # (2)
/2F

A =1 corresponds to the Faradaic case (F being
the Faradaic constant), and A can take values up to
10° [2].

A number of empirica relations have been de-
rived by Vayenas et a. [2,10], relating r(1) and A
to V,,r and the electrode properties. These can be
interpreted on the basis of thermodynamic and ki-
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Fig. 1. (& Schematic drawing of the electrochemical cell consisting of a Y SZ single crystal (d = 1 mm diameter) with the working electrode
on the top and the counter and reference electrode on the back side. (b) Optical micrograph of the microstructured electrode.



netic arguments as a consequence of exponential
relations between (a) the concentration of a surface
species and its chemical potential, and (b) between
overvoltage and current. For details, the reader is
referred to Ref. [6].

3. Experimental

For the electrochemical measurements we used
the microfabricated Pt electrode on the top side of
the YSZ pellet as working electrode and a counter
and a reference electrode—both prepared with Pt
paste (Demetron Leitplatin 308 A)—on the back
side of the YSZ single crystal (purchased from
Kristallhandel Kelpin (Leimen, Germany)). The ap-
plied potential is controlled with a potentiostat. If the
working electrode is positively charged, oxygen ions
are transported towards the anode where they are
discharged to create molecular oxygen.

As analytica methods, scanning photoelectron
microscopy (SPEM) [3] and photoelectron emission
microscopy (PEEM) [4] have been applied to study
the processes at the three-phase boundary.

The SPEM measurements were performed at the
storage ring Elettra at Trieste. The X-ray beam from
the synchrotron is focused to a small spot of = 0.15
pm diameter by means of a zone plate optics. Two
operation modes are possible: (a) spectroscopy from
asmall spot and (b) imaging by scanning the sample
while selecting a specific kinetic energy with the
analyser. During the measurements presented here,
we used 643.2 eV photons and an energy resolution
of 0.5 eV to take spectra at fixed points of the
surface.

With photoelectron emission microscopy, the
sample is illuminated by a D, discharge lamp and
the emitted photoelectrons are collected on a channel
plate and visualized on a phosphorous screen. There-
fore, low work function areas appear bright, high
work function areas appear dark in the PEEM im-
ages. The gpatial resolution is =5 pm. The work
function is sensitive to changes of the surface dipole
character (in this case: Pt metad and YSZ solid
electrolyte), and thus is changed when a gas is
adsorbed. In the case of oxygen, an increase in
oxygen coverage leads to an increase of the work

function of Pt, and correspondingly, the PEEM im-
age darkens.

The temperature was chosen between 350°C and
400°C in order to have a sufficient ionic conductivity
of the solid electrolyte. All experiments were con-
ducted under UHV conditions with a base pressure
p < 10~° mbar.

4. Results and discussion

The first and basic experiment is to compare by
local XPS the chemical identity of oxygen, which is
adsorbed on Pt from the gas phase with electrochem-
ically generated oxygen.

Fig. 2 shows three XPS spectra [5]. Fig. 2(a)
depicts the Ols signa of the Pt surface after several
cleaning cycles. The remaining oxide components
(Pt and Si, labelled as 11, 12, and 13) are most
probably a result of the sample preparation. These
components remain constant during all experiments,
thus Fig. 2(a) represents the oxygen ‘free' reference
spectrum.

The first experiment (Fig. 2(b)) is the adsorption
of oxygen from the gas phase under a constant
oxygen partial pressure of py =1X 107% mbar.
The well-known peak for chemisorbed oxygen at a
binding energy of 530.4 eV appears (labelled as
‘P1’), and the spectrum corresponds to the stationary
oxygen coverage reached in adsorption/desorption
equilibrium. The oxygen is turned off, the surface is
cleaned again, and now in Fig. 2(c), the polarization
experiment starts with an anodic potential of +1.1
V, such that oxygen is electrochemically * pumped’
to the surface. The same peak as in Fig. 2(b) (at a
binding energy 530.4 eV) rises up, and thus, we have
to conclude that the same adsorbed oxygen speciesis
formed.

Two small differences occur: the peak due to
‘pumped’ oxygen is about 1.5 times larger than in
Fig. 2(b). Additionally, a second component (labelled
as ‘P2) isvisible at a dightly lower binding energy
of 530.0 eV. This second peak probably results from
oxygen adsorbed on different adsorption sites, which
are only populated at higher coverages. The differ-
ence in binding energies is too small to be attributed
to real chemical differences or different charge states.
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Fig. 2. Comparison between loca XPS spectra of oxygen ad-
sorbed on Pt from the gas phase and the electrochemically gener-
ated oxygen: (&) the residual Ols spectrum after the cleaning
cycles; (b) the Ols spectrum measured under a constant oxygen
pressure po,=1-10"° mbar; and (c) the Ols spectrum during
anodic polarization of the WE (Vg = +1.1 V).

This clearly leads to the conclusion that adsorbed
and electrochemically generated oxygen are identical
under our experimental conditions ( p,.,(O,) <1 X
107% mbar). However, the electrochemical way of
‘producing’ adsorbed oxygen seems to be more ef-
fective under the given conditions.

In a second experiment, we tried to answer the
guestion where exactly the electrochemically gener-
ated oxygen is created and how it distributes along
the surface. Here, photoelectron emission mi-
croscopy was applied as a method to map the work
function of the polarized Pt film.

The left picture of a series of PEEM images in
Fig. 3 shows a part of the microstructured Pt surface.
Bright areas represent the Pt metal, dark areas the
solid electrolyte YSZ; the characteristic length of a
Pt squareis = 40 pm.

Once a positive (i.e. anodic) potential is applied
(in this case +04 V), the Pt areas darken—as
expected—due to an increased oxygen coverage.
This darkening occurs homogeneously, and within
the spatial resolution of =5 wm and the temporal
resolution of video frames (40 ms), no increased
oxygen concentration at the three-phase boundary
indicating a diffusion front could be detected.

Taking 40 pm as the characteristic diffusion
length (typical length of microstructure) and 40 ms
as temporal resolution one estimates from

1(12

Di=z(7) (3

adiffusivity of D =1-10"* cm?/s. If the spillover
species diffuses faster, any diffusion front would not
be detectable in the PEEM experiment. Literature
values for oxygen diffusion on Pt(110) are lower
(D=10"7 cm?/s a T~670 K [8]), and thus, it
should be possible to image diffusion fronts if the
spillover species spreads from the tpb. A possible
explanation for the lack in a diffusion front could be
the porosity of the thin Pt film (d = 50 nm), so that
the characteristic diffusion length for the given time
resolution gets smaller than assumed. Thus, so far
our attempt to see diffusion fronts of electrochemi-
cally produced oxygen has failed.

In a third experiment, we applied a cathodic
potential to the Pt electrode since an increase in
catalytic activity is also often observed upon polar-
ization with Vi, <0 [9]. And in this case, we find
also a change of the solid electrolyte during electro-
chemical polarization. After applying the negative
(cathodic) potentia to the Pt electrode (in this case:
Vywr = —0.4 V), abright zone is observed in PEEM
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Fig. 3. PEEM images of the microstructured Pt electrode without polarization (left image) and upon anodic polarization (right image;

Vg = +0.4 V). The dotted lines indicate the edges of the Pt electrode.

after a few seconds, which spreads on the zirconia
starting from the three-phase boundary and which
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finaly covers the complete electrolyte surface (Fig.
4). Again, this brightness change is equivalent to a
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Fig. 4. PEEM images of the surface of a microstructured Pt electrode used as working electrode in a Pt /Y SZ /Pt polarization cell (Fig. 1).
Bright areas correspond to a low local work function, dark areas to a high work function. The series of images was taken during a
polarization experiment with an anodic potential of V,,gz = —0.4 V and shows a moving reduction front starting from the three-phase

boundary, which finally covers the complete electrolyte surface.
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Fig. 5. Time series of XPS local Zr3d spectra of solid electrolyte
YSZ surface at fixed point in a distance of =20 pum to the
three-phase boundary. The first spectrum on top was taken with-
out any applied potentia. A negative (cathodic) potential of
Vwr = —1V is adjusted and a reduction front on the YSZ starts
from the tpb. The following spectra show the change of the Zr
spectrum after the reduction front has reached the beam spot
where the spectra are taken.

change of the work function. However, in contrast to
metals, the work function of compounds can be
modified both by changes in the electron concentra-
tion and by changes of the surface dipole. If we
assume that the surface dipole remains constant, we
image—via work function changes—Ilocal changes
of the electron concentration with PEEM. Thus, the
brightening of the YSZ is interpreted as a local
increase of the electron concentration due to the
reduction of YSZ [6].

To obtain more information on the identity of the
reduced electrolyte, we observed a moving reduction

front again with SPEM: approximately 20 pwm away
from the three-phase boundary, we took a series of
Zr3d-spectra from the zirconia surface as a function
of time.

The first spectrum in Fig. 5—without any applied
potential —shows the typical 3d-double peak of Zr**
and aready a small signal of Zr metal due to the
reductive conditions in ultra high vacuum. Now, we
applied a cathodic potential of Vg = —1 V to the
Pt electrode. The Zr3d spectrum indeed remained
unchanged until the reduction front passes the spot
where the spectra are taken. Thereafter, the contribu-
tion of reduced species—represented by peaks of
Zr3* and a growing Zr° peak—increases; thus, it is
proven that zirconiais at least partially reduced.

5. Conclusions

A main result of our experiments is, firstly, the
observation of a spillover species at the Pt/YSZ
interface. This species has—according to SPEM
measurements—a binding energy of Eg; = 530.4 eV
and is identical to chemisorbed atomic oxygen. A
different oxygen species at a lower binding energy
(Eg =528.8 eV) found in an earlier XPS study [7] is
not detected. PEEM measurements also prove the
coverage with oxygen but show no enhanced oxygen
concentration at the three-phase boundary or time-
dependant spatial intensity profiles upon anodic po-
larization. Since the temporal (40 ms) and the spatial
resolution (5 wm) of PEEM should be sufficient for
the observation of diffusion fronts on the electrode
surface, we assume that oxygen is not only created at
the three-phase boundary.

Upon cathodic polarization of the Pt electrode, a
moving brightness front on the solid electrolyte Y SZ
is observed with PEEM starting at the three-phase
boundary. These low work function areas are related
to a high electron concentration and reduced Zr
species at the surface of the solid eectrolyte. By
SPEM measurements, the reduction of ZrO, was
confirmed.
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