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The surface properties of YSZ (111) have been investigated by X-ray photoemission spectroscopy (XPS),
scanning tunneling microscopy (STM), temperature programmed desorption (TPD) of adsorbed formate, and
computational studies using the ReaxFF reactive force ﬁeld approach. XPS and computer simulations showed
enrichment of the surface with yttria. STM studies indicated that a high density of step edges are readily
formed with ∼35% of the surface sites located at steps. Step edges are identiﬁed as the primary adsorption
sites for formate. The formate oxidizes in a dehydration reaction producing carbon monoxide and water at
∼600 K. This is contrasted to the reaction of formate on pure zirconia where formate reacts by both dehydration
and dehydrogenation reactions. This shift in the selectivity between pure zirconia and yttria-doped zirconia
is attributed to the modiﬁcation of the active step edge sites by yttria segregation. Therefore, the modiﬁcation
of active sites by minority species in a mixed oxide can control the chemical surface functionality.
1. Introduction
Mixed oxide ceramics, i.e., solid solutions or alloys of two
or more oxides, are an important class of functional materials,
where the second component (additive) can strongly affect
mechanical1 and chemical properties. The chemical surface
properties of these ceramics depend on their surface composition
and structure. Segregation of minority components may alter
the surface properties and consequently allow tuning of the
chemical functionality of the material. Here we examine the
surface properties of yttria-doped zirconia as a model system
for mixed oxide catalysts.
Yttria-stabilized zirconia (YSZ) is a solid-solution ternary
system with an yttrium-to-zirconium ratio typically around 1:9.
Yttria is added to zirconia to stabilize zirconia’s cubic high
temperature phase. Furthermore, the difference in the valency
of Y(III) and Zr(IV) results in a high density of unoccupied
anion sites in the ﬂuorite structure of zirconia. This is the
underlying reason for the high oxygen-ion conductivity of YSZ
that was discovered already by Nernst more than 100 years ago,2
and is exploited today for oxygen sensors and in membranes
for solid oxide fuel cells. Other prominent applications of YSZ
are as heat barrier coatings for turbine and jet engine blades3
and as heterogeneous catalyst and catalyst support material.4
YSZ is a potential catalyst, with superior stability compared to
noble metal catalysts, for the partial oxidation of methane to
synthesis gas. YSZ is a more active catalyst than its components,
i.e., pure ZrO2 or Y2O3.5 In order to fundamentally understand
this special activity of the mixed oxide, we use surface science
techniques in ultrahigh vacuum (UHV). We investigate the
reaction of formate by temperature programmed desorption
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(TPD) on YSZ and compare it with reactions on thin ﬁlms of
pure zirconia and yttria grown on the YSZ substrate.
Formate is an important reaction intermediate in the wateras shift reaction of metal oxides and the partial oxidation of
methane to synthesis gas. It is also a common probe molecule
to characterize the base/acid properties of oxides in TPD
studies.6 Typically, dehydration reactions of adsorbed formate,
formed by dissociative adsorption of formic acid, (HCOO* +
H* f CO + H2O) occurs on acidic oxides, while dehydrogenation (HCOO* + H* f CO2 + H2) is observed on basic
oxides. Contrary to this assessment, single-crystal UHV studies
have observed dehydration reactions on basic MgO(100)7 and
CeO2(110)89 surfaces. This implies that the reducibility of the
substrate is equally important for the dehydrogenation reaction
and that lattice oxygen is directly involved in forming CO2
reaction products.10,11
Previous experimental12,13,5 and theoretical14,15 investigations
on the surface composition of YSZ-ceramics suggest yttrium
enrichment compared to the bulk. Surface segregation is a
common phenomenon in multicomponent materials and can
dramatically inﬂuence the functionalities of materials.161 Segregation can, for instance, cause the formation of highly active
sites for surface reactions. In studies of partial methane oxidation
to synthesis gas over YSZ catalysts, Zhu et al. reported that the
yttrium doping of zirconia improves the catalytic performance
signiﬁcantly compared to pure zirconia due to the formation of
more active sites.5 On YSZ, methane was activated to formate
at the surface, which then decomposed to an almost equimolar
mixture of CO, CO2, H2 and H2O.4 The activity of YSZ
increased with increasing calcination temperatures. This was
associated with the exposure of low index planes,17 in particular
the (111) face, which exhibits the lowest surface energy for
YSZ.15 Previous studies on YSZ catalysts thus illustrate that
yttria in the surface layer strongly affects the surface chemical
properties.
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The complexity of “real” catalyst materials makes a conclusive interpretation between structure/composition and chemical
properties difﬁcult. Thus we use simpliﬁed single-crystal model
systems in connection with atomistic computations to unravel
the synergy between segregation behavior and surface chemical
reactivity of YSZ. There are only a few reports of surface
science studies that have attempted to investigate the role that
different components in mixed oxides play in determining the
surface chemical properties.18 Here we show that step-edges are
important active sites on YSZ and that yttrium segregation to
step edges shifts the selectivity of formate oxidation from
dehydration to dehydrogenation compared to pure ZrO2. Computational results using density functional theory (DFT) and
reactive force-ﬁeld (ReaxFF) methods are used to corroborate
the segregation of Y to the surface and step edge sites.
2. Methods
To understand the synergies between surface composition and
structure and the chemical surface properties of complex mixed
oxide materials, we employed a combination of UHV surface
science studies and advanced computational modeling. In the
following two subsections, we brieﬂy describe the experimental
and theoretical methods.
2.1. Experiment. Epi-polished single-crystal YSZ(111)
samples were obtained from MTI Corporation. The samples
were cleaned by sonication in acetone, ethanol, and deionized
(DI) water. Another set of samples was additionally annealed
in a tube furnace to 1300 K in atmospheric pressure O2 prior to
introduction into the vacuum chamber. The scanning tunneling
microscopy (STM) measurements and TPD studies were
performed in two different UHV chambers. In the STM
chamber, the samples were heated by an indirect resistive
heating plate to 1000 K in 10-6 Torr O2. The sample temperature
during annealing was calibrated by a thermocouple directly
attached to the surface of a YSZ plate with a ceramic adhesive
(Aremco 835). The samples were then investigated by hightemperature STM at a sample temperature of around 550 K using
an Omicrometer VT-STM. At lower temperatures, the ion
conductivity was too low for STM measurements to be made.19
Samples treated by the two ex-situ prepreparation methods
differed in the large scale step edge morphology, as has been
reported previously.20 The terrace structure did, however, exhibit
similar nanoscopic monolayer deep holes. Samples were cleaned
in situ by ion sputtering with 0.8 keV Ar+ ions at an elevated
sample temperature of 600 K. The elevated temperature avoids
surface charging and ensures that preferential sputtering of
oxygen is compensated by oxygen diffusion from the bulk. After
sputtering, samples were annealed in situ in 10-6 Torr O2 at
1000 K prior to STM imaging.
In order to determine the surface composition, we employed
high-resolution X-ray photoemission spectroscopy (XPS) at the
Scienta ESCA-300 system at Lehigh University. Samples from
the same batch used for the other experiments were examined
by angle-resolved photoemission studies. The Y-3d and Zr-3d
peaks were monitored as a function of polar emission angle.
These polar scans were taken at a random azimuthal orientation
with 5° steps from normal emission to 75°.
TPD studies were performed in a separate UHV chamber.
Sample preparation was similar to those in the STM chamber.
The samples were mounted on a Ta-plate that was heated
resistively with a constant heating rate of 1 K/s, and the
temperature was monitored by a thermocouple directly attached
to the surface of the YSZ sample by a ceramic adhesive. Formic
acid was dosed with a direct gas doser with the sample at room

Figure 1. (a) Thinnest ReaxFF slab model of the YSZ surface with
blue atoms corresponding to surface metal atoms, green atoms as second
layer metal atoms, purple atoms as third layer metal atoms and red
atoms as oxygen. (b) Y% at the step edge (b), surface (9), second
surface layer (1), and third surface layer (2) on the YSZ surface as a
function of slab thickness.

temperature. All samples discussed here were exposed to ∼1 L
(Langmuir) formic acid measured with an ion gauge in the
vacuum chamber without taking doser enhancement factors or
ion gauge sensitivity factors into account. The dose corresponded
to a saturation dose, i.e., larger doses did not cause increases in
the desorption peaks. The desorption products were monitored
with a UTI quadrupole mass spectrometer. CO, CO2, and H2O
were monitored because these are the reaction products for
oxidation of formate. Formic acid desorption was also monitored, but no desorption signal was detected. Prior to every dose,
the samples were annealed in 10-6 Torr O2 for 30 min at 700
K and subsequently in UHV for 10 min at the same temperature.
Ultrathin ﬁlms of pure ZrO2 or Y2O3 were grown by reactive
molecular beam epitaxy (MBE). Zr or Y was evaporated from
a solid rod by a mini e-beam evaporator in 10-6 Torr O2
background pressure and a sample temperature of 600 K. The
deposition rate was ∼0.1-0.2 nm/min calibrated by a quartz
microbalance. The total ﬁlm thickness was ∼3 nm. In-situ XPS
was used to verify that the Y or Zr signal was suppressed to
ensure a pure ZrO2 or Y2O3 surface termination, respectively.
2.2. Computer Simulation. Simulations were performed
using the ReaxFF Monte Carlo Reactive Dynamics Method21
to sample possible surface conﬁgurations of yttrium atoms and
oxygen vacancies and locate minimum energy geometries. DFT
calculations were used to reparameterize the ReaxFF force ﬁeld
to accurately model the YSZ (111) surface. Figure 1a displays
the surface model used in our ReaxFF Monte Carlo simulations.
The stepped YSZ (111) surface was modeled by vicinal surface
slabs of termination (10 10 8), with one step on each side of
the slab. Simulations were performed using different slab
thicknesses to investigate the dependence of yttrium surface
segregation on the YSZ bulk:surface ratio. Figure 1a represents
the thinnest slab used. A detailed description of the DFT and
ReaxFF methodology and results is given elsewhere.22
3. Results
3.1. Surface Composition of YSZ(111). High-resolution
XPS shows that the as-received samples have small amounts
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emission. Atomic sensitivity factors for Zr-3d (AZr-3d ) 2.1)
and Y-3d (AY-3d ) 1.76) were taken from ref 24. Using these
values, we can write the peak ratios by the following expression
for the two layer model:
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Figure 2. Polar-angle-dependent photoemission intensity ratio of Zr3d and Y-3d peaks for experiments (black squares) and calculated
intensity ratios for a two-layer model. Different Y-enriched surface layer
thicknesses are considered with one monolayer (a), two monolayers
(b), three monolayers (c), and ﬁve monolayers (d). The bulk composition was kept at 90% Zr and 10% Y, while the surface composition
was varied from 20 to 60% yttrium. From the match of the intensity
ratio and angle dependence, we deduce that the surface layer is best
described by a one or two monolayer-enriched region with a 45% or
30% Y concentration, respectively.

of surface contaminations, such as Si and P. Also, angledependent XPS studies show an enrichment of the surface with
yttrium. Figure 2 shows the variation of the peak intensities of
Zr-3d/Y-3d as a function of takeoff angle for a random azimuthal
crystal orientation. As the emission angle increases, the relative
intensity of the Y-3d peak relative to the Zr-3d peak increases
and thus the Zr/Y intensity ratio decreases. This indicates that
the surface layer is Y-enriched because at larger emission angles
XPS becomes more surface sensitive. The Zr/Y ratio does not
decrease uniformly with increasing emission angle, but instead
peaks at ∼40°-60° are observed. These variations are due to
photoelectron diffraction effects on the single crystal sample.
These variations are very pronounced for the intensities of the
individual elements. One may expect that Zr-3d and Y-3d show
very similar photoelectron diffraction effects because of the same
symmetry of the electronic state and because Zr and Y occupy
the same lattice sites in YSZ. Consequently, the photoelectron
diffraction effects are suppressed noticeably in the ratio of the
intensities. Nevertheless, residual ﬂuctuation is observable
mostly because of the composition variation in the surface layer.
If we neglect the photoelectron diffraction effects, we can
estimate the surface enrichment of YSZ with yttrium. The
variation of the intensity ratio as a function of polar angle can
be compare with the theoretical intensity ratio for a model
system consisting of a Y-enriched surface layer and a bulk with
a Zr/Y ratio of 9:1. Such a stratiﬁed model is a simpliﬁcation
and does not take into account a more realistic gradual
concentration variation. Nevertheless, it provides a reasonable
estimate for the surface enrichment, in particular if the enriched
layer is very thin, and it becomes an accurate model if only the
topmost layer is enriched. The advantage of this model is that
we have only two parameters, i.e., the surface layer composition
and the thickness of the surface layer. Estimating the inelastic
mean free path of photoelectrons according to the method of
Seah and Dench23 for the Zr-3d and Y-3d lines gives values of
λZr ) 4.28 nm and λY ) 4.31 nm, respectively, which are close
to the values expected from the “universal curve” for photo-
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Here the summation is over the number of surface layers n
with every layer having a separation of d ) 0.3 nm, i.e., the
interlayer separation between (111) planes. The bulk contribution
has been evaluated by integration of the intensity from the ﬁrst
bulk layer, i.e., (n + 1), to inﬁnity. The surface-layers have a
yttrium composition of cY,s (the surface zirconium concentration
is cZr,s ) 1 - cY,s, accordingly), and the bulk was kept constant
at cY ) 0.1 and cZr ) 0.9. Calculated results for n ) 1, 2, 3,
and 5 and various surface concentrations for yttrium are shown
in Figure 2a-d, respectively together with the measured
intensity ratios. First, we consider normal emission only, i.e., θ
) 0. If there was not any surface enrichment in yttrium, i.e.,
the sample was uniform, we would expect a ratio of IZr/IY )
7.5. The experimental value of IZr/IY ) 4 thus indicates a
Y-enrichment in the surface layer. Depending on how many
layers (n) are enriched, we ﬁt the experimental value to a surface
concentration of yttrium of cy,s ) 45%, 30%, 25%, or 22% for
n ) 1, 2, 3, or 5, respectively. This leaves us with the questions
of how many of the surface layers are in fact Y-enriched. By
investigating the variation of the IZr/IY as a function of angle,
we ﬁnd that only for n ) 1 or 2 is the experimental angle
dependence reproduced satisfactorily. For thicker enriched
surface layers, the variation as a function of polar angle is less
strong. This visual inspection is conﬁrmed by calculating the
agreement between experimental values and expected intensity
ratios from the layer model. Using the r2 method, the reliability
values can be calculated as follows:

r2 ) 1 -

∑ (YiCal - YiExp)2
i

∑ (YiCal - YExp)2
i

We obtain values of 0.95, 0.98, 0.84, and 0.45 for n ) 1, 2,
3, and 5, respectively, indicating that the best agreement between
experiment and the layer model is achieved for n ) 1 and 2.
Therefore, we conclude that the surface has a Y concentration
between 30-45%, and the enrichment is either only in the ﬁrst
or the ﬁrst two layers. The ReaxFF simulations discussed below
support enrichment in the topmost surface layer only, with a
slightly higher enrichment (∼49%) than deduced from the XPS
measurements.
3.2. Surface Morphologies. The insulating character of many
bulk oxide surfaces makes a determination of the nanoscale
surface structure challenging. Recently we reported that the high
ion mobility in YSZ enables STM characterization of YSZ at
elevated temperatures.19 Although detailed atomic scale information has not yet been achieved, important information of the
nanoscale defect structure is obtained. Figure 3 shows the
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Figure 4. STM images of ZrO2 ﬁlm grown on YSZ(111). The asgrown ﬁlm shown in panel a has a large density of monatomic height
step edges. After annealing in atmospheric pressure O2, the surface
exhibits large terraces as shown in panel b. The origin and composition
of the “bright spots” on these terraces is unknown.

Figure 3. STM images of YSZ(111) surfaces as-received (a), annealed
in atmospheric pressure O2 at 1000 °C (b), sputtered and annealed in
UHV at 800 °C (c), and after many sputter and annealing cycles (d).
The STM images are 100 × 100 nm2; the insets in panels a, b, and c
are 200 × 200 nm2. In c, the surface is covered with a high density of
monatomic height “islands” superimposed on the large scale step-edge
morphology. Therefore, this surface exhibits an extremely high density
of step-edges. The inset in d shows a line-scan indicating the crestto-valley corrugation is 1-2 nm, and thus indicating a high step edge
density.

surface morphologies of differently prepared YSZ(111) samples.
In Figure 3a, an STM image of an “as received” epi-polished
YSZ substrate is shown. The only sample treatment was by
annealing at ∼900 K in a 10-6 Torr O2 atmosphere in order to
“burn off” any carbon from the surface. These epi-polished
surfaces are very ﬂat with terraces on the order of 10-40 nm
wide. The terraces are separated by step edges that appear
“fragmented”, i.e., the change from one terrace to another
extends over some width that consists of meandering step edges
and isolated monatomic height islands. This “fragmented” step
edge morphology does not change even after extended annealing
at 900-1200 K in vacuum. Annealing to higher temperatures
caused a reduction of the samples, indicated by a discoloration
of the crystal due to formation of color centers. Such reduced
samples can no longer be imaged by STM, presumably because
of a lack of mobile oxygen ions.
Figure 3b shows an STM image of a sample annealed in a
tube furnace in atmospheric pressure O2 prior to introduction
into the UHV chamber. Such samples exhibit “compact” step
edges, i.e., the change from one atomic-layer to the next occurs
at a single step. Thus, annealing in oxygen at atmospheric
pressure apparently results in a larger mobility of surface atoms
and consequently in a surface smoothing. This contrasts to
vacuum annealing, where a rearrangement of surface atoms is
obviously hindered.
After 0.8 keV Ar+ sputtering and annealing, the surface
exhibits a large density of step edges. Figure 3c shows the
surface after sputtering and vacuum annealing to 1000 K, and
Figure 3d shows the surface after prolonged sputtering with an
ion ﬂuence of 7 × 1016 ions/cm2 and vacuum annealing at 1000
K. Similar surface morphologies are obtained after repeated
sputtering cycles. The surface roughens with increasing sput-

tering, and even high temperature annealing in vacuum or low
O2 pressures does not reform a ﬂat surface. This is consistent
with our observations of the “as-received” samples for which
the step edge structure was also not affected by vacuum
annealing. The step-edge density can be measured from Figure
3c. An analysis of this and similar images gives a total step
length of ∼8400 nm in a 100 × 100 nm2 area. Using a cation
density on the YSZ(111) surface of 8.78 cations/nm2 and a line
density of 2.76 cations/nm for step edges along the densely
packed 〈110〉 direction, we ﬁnd that ∼35% of all surface atoms
are located at step edges on this surface. This high density of
special sites has a strong impact on the surface chemical
properties, demonstrating the importance of real space surface
imaging.
In order to compare the surface properties of YSZ with those
of pure Y2O3 or ZrO2, thin ﬁlms of zirconia or yttria were grown
on the YSZ substrates by reactive MBE. These samples are very
difﬁcult to measure with STM because of their excellent
insulating properties. Nevertheless, we succeeded in measuring
∼2 nm thin ZrO2 ﬁlms grown at 300 °C. This sample exhibited
a rough surface with a high density of step edges. An STM
image of the surface is shown in Figure 4a. Annealing the
sample in a tube furnace reduced the step density, as is evident
from Figure 4b. No measurements on Y2O3 thin ﬁlms could be
performed because of their insulating properties.
3.3. Computation of Y-Segregation Behavior. XPS measurements showed a strong yttrium enrichment of YSZ(111),
and STM studies revealed the formation of stepped surfaces by
vacuum preparation. In order to study whether step-edges and
ﬂat (111) terraces exhibit different Y-enrichment at the surface,
ReaxFF computation was employed.
ReaxFF calculations were performed for different slab thicknesses. The thinnest slab considered is shown in Figure 1a, and
the maximum slab thickness was 4 times the slab shown in
Figure 1a. Thicker slab sizes were not considered due to
prohibitive computational requirements of performing such
simulations. For all the slabs considered, an enrichment of the
surface with Y was observed, indicating that it is thermodynamically favorable for yttrium atoms to segregate to the surface
of YSZ(111). In addition, the step edge exhibited an even higher
Y concentration than the terraces. Figure 1b summarizes the
computed Y-segregation as a function of slab thickness. This
plot shows the percentage of metal sites occupied by yttrium
for the step edge, surface, and subsurface layers of YSZ with
10% yttrium. The increase of Y-segregation with slab thickness
is a consequence of the increased bulk-to-surface ratio, which
gives a larger “Y-reservoir” for thicker slabs. Therefore, in order
to compare these computations to the experimental system for
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Figure 5. TPD traces for CO, CO2, and water from formic acid
adsorbed at room temperature on YSZ(111) for as-received samples
(a) and after sputtering and annealing in UHV (b).

which the bulk concentration is effectively not affected by
surface segregation, the computational results should be extrapolated to inﬁnite thickness. The Y concentration at terrace
increases with slab thickness but appears to start to saturate with
increasing slab thickness. Using a second-order polynomial to
ﬁt the data points suggests a saturation of Y-enrichment at
around 49%, which is in surprisingly good agreement with the
XPS results discussed above. The enrichment at the step edge,
on the other hand, does not appear to saturate with ﬁlm
thickness, implying that the step edges become completely yttria
terminated for a large enough yttrium reservoir in the system.
Furthermore, the simulations show that yttrium enrichment
occurs in the surface layer of YSZ only, and no enrichments in
the second or third layer are observed in our limited slab
thicknesses, in further agreement with the XPS analysis.
The result that step edges on YSZ are mainly yttria terminated
should have implications for the chemical activity of the
prepared surfaces since undercoordinated step-edge sites are
often associated with active sites on oxide surfaces. To probe
this surface chemistry, formate reaction at differently prepared
surfaces was investigated, which is discussed next.
3.4. Formate Temperature Programmed Desorption. TPD
studies of formate formed by dissociative adsorption of formic
acid were carried out on YSZ(111) substrates and pure ZrO2
and Y2O3 thin ﬁlms. TPD spectra were measured for differently
prepared samples. We observe weak CO and sometimes CO2
desorption signals at 400 K for all samples. This is attributed
to desorption from the sample mount and are not considered
any further. The main desorption signal was observed at around
600 K, which is consistent with formic acid oxidation temperatures on other metal oxide surfaces.25 Hydrogen and water are
expected as reaction products for dehydrogenation and dehydration reactions, respectively. Some small water desorption peak
is observed together with CO for dehydration reactions;
however, the intensity ratio of CO to water is much larger than
expected. Also, we were not able to detect H2 for any reactions.
Therefore it seems likely that hydrogen diffuses into the bulk
or desorbs at much higher temperatures. Our observations of
smaller than expected water and hydrogen signals has also been
observed by others for formic acid reactions on metal oxide
surfaces, such as YSZ(100)26 and TiO2(001).27 Therefore we
concentrate on the CO and CO2 signals for description of the
surface reactions.
The TPD spectra for YSZ are shown in Figure 5. For “asreceived” samples or samples that have been annealed in a tube
furnace, very little desorption products were observed after
“cleaning” in UHV by annealing in 10-6 Torr O2. This indicates
that formic acid does not adsorb on these surfaces at room
temperature. The TPD spectra change dramatically after sputtering and annealing, i.e., a procedure that STM images showed

Figure 6. TPD traces for CO, CO2, and water from formic acid
adsorbed at room temperature on ZrO2 ﬁlms grown on YSZ(111)
samples for as-grown samples (a), after annealing in 10-6 Torr O2 (b),
after sputtering and annealing in UHV (c), and after annealing ex situ
in atmospheric pressure O2 at 1000 °C.

Figure 7. TPD traces for CO, CO2, and water from formic acid
adsorbed on Y2O3 ﬁlms grown on YSZ(111) for as-grown samples (a)
and after annealing of the sample in atmospheric pressure O2 at 1000
°C (b).

to produce a high density of step edges. After this sample
preparation, a strong CO desorption peak together with H2O
desorption is observed at 600 K. The same desorption temperature for water and CO indicates that the desorption is limited
by the formate decomposition temperature. Only a very small
amount of CO2 is detected. Therefore formic acid decomposes
predominantly in a dehydration reaction on the YSZ surface.
Desorption spectra on a thin ﬁlm of ZrO2 grown on YSZ are
shown in Figure 6. The as-grown sample shows desorption of
both CO and CO2 at ∼590 K. The peaks are not very
pronounced (see Figure 6a). The CO2 desorption peak is
somewhat more pronounced than the CO peak. Annealing the
ﬁlm in 10-6 Torr O2, and only ﬂashing the sample very brieﬂy
to 700 K in UHV increases the CO2 desorption peak at the
expense of the CO peak (see Figure 6b). After sputtering and
annealing, the peak areas for CO and CO2 increase strongly;
this is shown in Figure 6c. The peak intensity is about the same
for CO and CO2, indicating that both dehydration and dehydrogenation reactions occur with about equal probability.
Annealing the thin ZrO2 ﬁlm ex situ in a tube furnace in
atmospheric pressure O2, which reduces the step-edge density,
and then returning it to the TPD chamber completely quenches
any formic acid adsorption, and no CO or CO2 desorption signals
are observed. This is evident from Figure 6d.
Finally we also studied a pure 2-3 nm thick Y2O3 ﬁlm grown
on a YSZ(111) substrate. The TPD spectra are shown in Figure
7. The as-grown ﬁlm exhibits a strong CO desorption peak and
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TABLE 1: TPD Peak Intensities for CO and CO2 of Different Samples and Preparation Procedures
ZrO2
products

as grown

O2 annealed
in UHV

CO
CO2

7.9
13.0

5.9
16.2

YSZ

Y2O3

sputtered and
annealed

sputtered and
annealed

O2 annealed
in furnace

as grown

O2 annealed
in furnace

35.5
28.6

57.8
0

6.2
0

113.0
6.1

13.0
3.2

only a weak CO2 desorption feature at 600 K. The CO peak is
more intense than for the other samples. Sputtering and
annealing of the sample causes a further suppression of the
already weak CO2 peak without signiﬁcant change in the CO
desorption signal (not shown). Annealing of the sample in a
tube furnace causes a reduction in the CO desorption intensity.
However, unlike YSZ and ZrO2, a clear desorption signal can
still be discerned at ∼600K.
4. Discussion
The TPD peak intensities for CO and CO2 for the different
samples are summarized in Table 1. Clearly, only pure ZrO2
samples show a signiﬁcant dehydrogenation reaction under the
experimental conditions. The strong differences between YSZ
and ZrO2 indicate that the addition of yttrium to zirconia affects
its chemical functionality to the extent that the reaction of
formate on the YSZ(111) surface has stronger similarities to
pure yttria than zirconia. This suggests that the active sites on
YSZ surfaces are yttria-like. This is likely explained by the
experimental observation of yttria segregation to the surface.
The correlation between step densities observed in STM and
chemical reactivity for formate adsorption indicates that step
edges are of particular importance for describing the chemical
reaction of formate on the surfaces considered. The importance
of undercoordinated sites, such as step edges, in chemical
transformation reactions on metal oxides is well-known.28 Our
observations that formate only adsorbs on a highly stepped
YSZ(111) surface at room temperature illustrates the importance
of such sites. Therefore, additives to an oxide ceramic may affect
the surface chemical properties strongly if it preferentially
segregates to these active sites. Segregation of ‘impurities’ to
lower coordinated sites can reduce the system’s energy by
reducing lattice strain due to ion-radii mismatch between host
and impurity cations, or by enabling adoption of lower preferred
coordination numbers of the impurity at step edges. Y3+ has a
18% larger ionic radius than Zr4+, and the coordination number
for cations in Y2O3 is 7 compared to 8 in cubic ZrO2. These
effects may explain the computational results indicating that
the step edges are preferentially yttria terminated.
Whereas formate decomposes in a dehydration as well as in
a dehydrogenation reaction at steps of pure ZrO2 under the
vacuum conditions of the experiments, formate decomposes in
a mainly dehydration reaction if yttria is added to zirconia. This
shift in the selectivity is consistent with the preferential
segregation of yttria to active surface sites and thus explains
why the YSZ surface shows similar activity to pure Y2O3, which
also mainly promotes dehydration reactions of formate.
Although we have not directly measured the role of lattice
oxygen in the reaction, by, for example, isotopic labeling, it is
known that lattice oxygen is actively involved in dehydrogenation reactions of formate.10 Consequently, we speculate that
the change in the selectivity between pure ZrO2 and YSZ may
be related to the availability of extractable lattice oxygen at the
active step edge sites. The lower oxygen coordination number
in yttria compared to zirconia suggests a lower O concentration
at yttria-terminated step edges compared to a zirconia step edge.

Consequently, formate adsorbed at step edges has less lattice
oxygen to interact with on YSZ surfaces than on pure ZrO2
and thus may explain the observed suppression of dehydration
reactions under vacuum conditions. It is worth pointing out that
a preference for dehydration reactions under vacuum conditions
compared to high pressure studies is commonly observed on
oxide surfaces,10 and therefore our conclusions for YSZ surfaces
may not hold in more oxidizing environments where step edge
anion sites may become occupied by more easily extractable
oxygen ions, and thus dehydrogenation reactions may become
possible on the YSZ surface.
For pure ZrO2, both dehydration and dehydrogenation reactions are observed in vacuum. This implies that step edges of
zirconia are more readily reducible than yttria step edges and
thus enable dehydrogenation reactions. Although zirconia is not
commonly considered a reducible oxide, there is some evidence
that it can be partially reduced by, e.g., CO.29,30 Therefore our
proposed reaction mechanism that involves lattice oxygen by
scrambling oxygen from the surface with oxygen in the
molecules seems plausible. In such processes, oxygen is
interchanged between the molecules and the oxide lattice and
thus the overall oxygen concentration at the surface remains
unchanged, i.e., no reduction of the surface occurs.
5. Conclusion
An interplay between experimental surface science characterization of YSZ and advanced computational methods enabled
determination of the importance of yttria addition to zirconia
for the surface chemical properties. Yttria segregation modiﬁes
step edges and thus strongly alters the active sites in YSZ. The
modiﬁcation of active sites in mixed oxide ceramics by the
minority component is likely to be active in many other ceramics
and needs to be assessed in order to fundamentally understand
their functionalities.
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