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Abstract: The surface structure and chemical properties of Y-stabilized zirconia (YSZ) have been subjects of intense
debate over the past three decades. However, a thorough understanding of chemical processes occurring at YSZ powders
faces significant challenges due to the absence of reliable reference data acquired for well-controlled model systems.
Here, we present results from polarization-resolved infrared reflection absorption spectroscopy (IRRAS) obtained for
differently oriented, Y-doped ZrO, single-crystal surfaces after exposure to CO and D,0O. The IRRAS data reveal that
the polar YSZ(100) surface undergoes reconstruction, characterized by an unusual, red-shifted CO band at 2132 cm .
Density functional theory calculations allowed to relate this unexpected observation to under-coordinated Zr** cations
in the vicinity of doping-induced O vacancies. This reconstruction leads to a strongly increased chemical reactivity and
water spontaneously dissociates on YSZ(100). The latter, which is an important requirement for catalysing the water-
gas-shift (WGS) reaction, is absent for YSZ(111), where only associative adsorption was observed. Together with a novel
analysis Scheme these reference data allowed for an operando characterisation of YSZ powders using DRIFTS (diffuse
reflectance infrared Fourier transform spectroscopy). These findings facilitate rational design and tuning of YSZ-based

\powder materials for catalytic applications, in particular CO oxidation and the WGS reaction. )

Introduction

Zirconia (ZrO,) stands out as a crucial oxide material, owing
to its distinctive physical and chemical properties character-
ized by ideal mechanical and chemical stability, outstanding
thermal resilience, low thermal expansion coefficient, signifi-
cant ionic conductivity, and a high refractive index. As a
result, ZrO, has found extensive applications across various
fields, including catalysis,"! solid-oxide fuel cells (SOFC),”
structural ceramics,” and gas sensors.! The monoclinic (m)
phase is stable at room temperature (RT), and the transition
to tetragonal (t) ZrO, occurs when heated to approximately
1447 K. At temperatures exceeding 2650 K, cubic (¢) ZrO,
emerges. Among these phases, the high-temperature c-ZrO,
is particularly valuable due to its numerous technological
applications compared to m- and t-ZrO,.”! Pure c- ZrO,
exhibits instability at room temperature but can be rendered
stable through doping with rare earth oxides, typically
Y,0,.1

The surface structure of Y-stabilized ZrO, (YSZ) plays a
crucial role, particularly in catalytic applications. One of the
most important reactions is the water-gas shift (WGS)
reaction, in which this oxide shows activity even without
adding co-catalysts like transition metals.”"! Previous theoret-
ical work has proposed a mechanism for the WGS reaction
on zirconia surfaces, highlighting the crucial importance of
hydroxyl groups and water dissociation.”! However, exper-
imental reference data on single crystals to validate these
theoretical findings is lacking. It is somewhat unclear how
hydroxyl groups are created; zirconia is generally considered
to be rather inert towards water, as demonstrated by studies
on zirconia thin films."

Herein, we present a polarization-resolved infrared
reflection absorption spectroscopy (IRRAS) investigation
on various YSZ (9.5mol% Y,0;) single-crystal surfaces
using the CO surface ligand IR (CO-SLIR) approach.!”
Since no other IRRAS studies of CO on zirconia single
crystals have been reported, the assignment of CO vibra-
tions was aided by density functional theory (DFT) calcu-

[*] Dr.S. Chen, Z. Yu, Dr. E. Sauter, L. Caulfield, Dr. A. Nefedoy,
Dr. Y. Wang, Prof. Dr. C. Wsll
Institute of Functional Interfaces (IFG)
Karlsruhe Institute of Technology (KIT)
76344 Eggenstein-Leopoldshafen (Germany)
E-mail: yuemin.wang@kit.edu
christof.woell @kit.edu

Dr. P. N. PleRow, Prof. Dr. F. Studt

Institute of Catalysis Research and Technology (IKFT)
Karlsruhe Institute of Technology (KIT)

76344 Eggenstein-Leopoldshafen (Germany)

Angew. Chem. Int. Ed. 2024, 202404775 (1 of 7)

Prof. Dr. F. Studt

Institute for Chemical Technology and Polymer Chemistry (ICTP)
Karlsruhe Institute of Technology (KIT)

Engesserstrasse 18, 76131 Karlsruhe (Germany)

 © 2024 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-9963-5473
http://orcid.org/0000-0003-1078-3304
https://doi.org/10.1002/anie.202404775
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202404775&domain=pdf&date_stamp=2024-05-28

GDCh
=

lations. For the polar YSZ(100) surface, an unusual low-
lying band at 2132 cm™' was identified and assigned to the
low-coordinated surface Zr*" sites in the vicinity of doping-
induced O vacancies. These special Zr**-ions sites, charac-
terized by a red-shifted CO vibration, are crucial for the
chemical reactivity of this polar surface in low-temperature
water dissociation. For CO adsorbed on YSZ(111), only a
single CO band was detected at 2169 cm ™', showing a blue
shift typical for oxide surfaces.!""! Following previous work
on ZrO, powders, this band is attributed to CO bound to
Zr'+ sites."!

Exposing the single-crystal YSZ(111) surface to water
(D,0) at 75K resulted in the formation of mono- and
multilayers of intact water; no hydroxy species were
observed. In pronounced contrast, annealing YSZ(100) led
to the occurrence of two distinct OD species at 2723 and
2706 cm™', demonstrating substantial chemical activity on
this polar zirconia surface.

The accurate reference data acquired for differently
oriented YSZ substrates allows for an unambiguous identi-
fication of adsorbate species on YSZ powders using diffuse
reflectance infrared Fourier transform spectroscopy
(DRIFTS). The DRIFTS data demonstrates that, unexpect-
edly, (100) facets of YSZ particles are reduced at atmos-
pheric pressures of CO even at room temperature.

Results and discussion
Studies on YSZ single crystals

Polarization-resolved IRRAS, employing CO as a probe,
allows for an appropriate monitoring of the atomic structure
of oxide surfaces. We note that the interaction of dielectric
materials with IR radiation is notably more intricate than in
case of metals. The so-called “surface selection rule”™! does
not apply to oxidic substrates.'!! As shown in Figure S1, the
sign and intensity of the vibrational bands of adsorbates
depend strongly on the interaction between the transition
dipole moment (TDM) and the IR incident light involving
different components: p-polarized light parallel (E,,) and
perpendicular (E,,) to the substrate surface, as well as s-
polarized component (E,).') Figure 1a displays the polar-
ization-resolved IRRAS results obtained after saturation
adsorption of CO on YSZ(100) at 70 K. The p-polarized
spectrum is dominated by an intense IR band at 2132 cm™',
which must be related to CO adsorbed on surface Zr*" ions.
The second, weaker signal at 2162cm™' is tentatively
assigned to CO bound at surface Y** species. This assign-
ment is in full accord with the results of DFT calculations
(see below) and with reference data recorded under ultra-
high vacuum (UHV) conditions in IR transmission for CO
adsorbed on Y,0; powders (Figure S2), where the surface
Y?*"-related CO vibration is observed at 2166 cm . In the
IRRAS data recorded with s-polarized light (Figure 1a) no
vibrational signals were detected, indicating that all CO
species adopt a nearly upright adsorption geometry. For
reduced YSZ(100) surfaces prepared by annealing in UHV
at 770K, a new IR signal emerged at about 2085 cm
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Figure 1. Polarization-resolved IRRAS characterization of the structural
and electronic properties of YSZ single crystal surfaces. a) p- and s-
polarized IRRA spectra recorded after CO adsorption (10 L) on
YSZ(100) at 70 K with a grazing incidence of 80°. b) Relative intensity
(peak area) of CO species adsorbed on YSZ(100) as a function of
sample temperature.

(Figure S3). This red shift of CO bands upon reduction has
been seen for other oxides as well and is explained by
enhanced n-backdonation from reduced Zr’*-sites to ad-
sorbed CO.M"

Importantly, the Zr*'-related CO band for YSZ(100)
exhibits a lower frequency (2132 cm™"), which is red-shifted
compared to the gas phase value of 2143 cm™'. This
observation is in pronounced contrast to other oxidic
substrates, where fully oxidized surfaces typically show a
blue shift in CO adsorbate vibrational frequencies (e.g.,
Ce0,,™ Zn0O," TiO," and ZrO,"). We relate the
unexpected red shift of the CO vibration on the polar
YSZ(100) surface to the distinctive chemical environments
of surface Zr*" cations. In comparison to the 8-fold
coordinated Zr**T in zirconia bulk, the surface Zr*" on
YSZ(100) is significantly under-coordinated. In addition, the
presence of O-vacancies (resulting from doping with Y**
ions) is expected to cause further changes in chemical
activity. These hypotheses are fully confirmed by the DFT
calculations, as shown below.

We would like to point out that the unique structural
and electronic properties of YSZ(100) result in an unex-
pected sign reversal of the CO vibrational bands (Figure 1a,
Figure S3). In contrast to the negative CO band observed on
YSZ(111) (Figure S1) and all previously reported IRRAS
data for CO on oxide single crystal surfaces,"""*'" the
vibrational bands here appear as positive signals in the
absorption spectra. A similar sign reversal has been
observed for NO adsorbed on TiO,(110) upon reducing the
substrate.® Analysis using the classical three-phase mode
for dielectric materials (Figure S4),"”! reveals that the
positive sign observed for CO bound to YSZ(100) is directly
associated with a change of the refractive index n, originat-
ing from the surface reduction induced by O-vacancy
doping.

The temperature-dependent IRRAS data allows us to
estimate the binding energy of various CO species adsorbed
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on YSZ(100) (Figure S3b). Upon annealing, the CO cover-
age decreases due to gradual desorption, leading to a slight
blue shift in all peaks to higher wavenumbers: Av= +8 cm ™"
for CO-Y*" and Av= 412 cm ' for CO-Zr**. This coverage-
induced frequency shift is attributed to repulsive lateral
interactions between CO adsorbates, involving both dynam-
ic and substrate-mediated static interactions.'™ Concur-
rently, the CO-Y’" and CO-Zr*" species undergo a gradual
attenuation and disappear at about 95 and 110 K, respec-
tively. Figure 1b provides a quantitative analysis of the CO
desorption IRRAS data, displaying the relative intensity
(peak area) as a function of sample temperature. This
analysis, based on the deconvoluted IRRAS data shown in
Figure S5, yielded binding energies of 28 +2 kJ/mol (0.29 +
0.02 eV) for CO-Y** and of 3242 kJ/mol (0.3340.02 eV)
for CO-Zr*", respectively.

The chemical reactivity of the YSZ(100) surface was
assessed using IRRAS for the water dissociation reaction.
Notably, the TDM of O-H(D) stretching vibrations on oxide
single-crystal surfaces is extremely weak, rendering IRRAS
observation a challenging and intricate task.” Figure 2a and
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b show the p- and s-polarized IRRAS data recorded after
exposing the YSZ(100) surface to SL of D,O at 116K,
followed by heating to the indicated temperatures. The p-
polarized spectra are dominated by a broad negative band
centered at 2525 cm ™!, which is assigned to the intermolecu-
lar H-bonds oriented normal to the surface coupling with
pns-polarized light (perpendicular to the surface, see Fig-
ure S1). This reveals the formation of H-bonded 3D water
multilayer structures. The sharp OD vibration at 2729 cm™
is characteristic of the non-H-bonded (“dangling”) OD
groups of terminal D,0 molecules.™ Strong H-bond inter-
actions within the D,0O multilayers are further demonstrated
by the presence of two low-lying IR bands at 2436 and
2354 cm™!, observed in both p-polarized (positive sign) and
s-polarized TRRAS (negative sign). These broad OD
vibrations, marked by polarization-dependent sign reversal,
arise from intermolecular H-bonds oriented parallel to the
surface. They interact with both p,,-polarized and s-polar-
ized light, thus resulting in positive and negative OD bands,
respectively.
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Figure 2. Chemical reactivity of the YSZ(100) surface towards low-temperature water dissociation tracked by IRRAS. a) p-polarized and b) s-
polarized IRRAS data obtained after adsorption of 5 L D,O on the YSZ(100) surface at 116 K and gradually heating to 250 K. c) p-polarized IRRAS
data obtained after adsorption of 5 L D,O on the YSZ(100) surface at 116 K and subsequently heating to 250, 300, 350, and 400 K. d) Deconvoluted
IRRA spectra at 250 and 400 K. For comparison, the corresponding IRRAS data of D,O on YSZ(111) at 250 K is shown in c).

Angew. Chem. Int. Ed. 2024, 202404775 (3 of 7)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85017 SUOIWIOD SAITERID 9|cedljdde ay) Aq peusenob ae soiiie WO ‘8sN JO S3INJ 40y AkelqiT aulUO /8|1 UO (SUONIPUOD-PUE-SLLLBIWOY A3 | 1M Ale.q 1 [pul UO//:SANY) SUOIIPUOD pue SWIS 18U 89S " [7202/90/2T] U0 Arelqiauljuo AS[IM < InNsu| JBuns|iey Aq G//¥0r20Z 31Ue/z00T 0T/I0p/wod As|Im Azelq i puljuoy/:sdiy Wo.j pspeoiumod ‘0 ‘€22ET2ST



GDCh
~~

The temperature-dependent IRRAS data in Figure 2a,b
show complete desorption of multilayer water upon anneal-
ing to 160 K. Importantly, the desorption of D,O molecules
is accompanied by the appearance of two sharp OD
vibrations at 2706 and 2723 cm™' in p-polarized IRRAS
(Figure 2¢). Both signals are thermally stable and remain
nearly unchanged after annealing in UHV to 400 K (Fig-
ure 2d), revealing the formation of two different hydroxyl
species via water dissociation. The intensity of both bands
decreases significantly as the sample temperature rises to
450 K. The two peaks are respectively assigned to an O,D
species formed via hydrogen transfer to a substrate O atom
(O,), and an O,D-group attached to a substrate Zr** cation,
as shown in the inset of Figure2d. Notably, these OD
vibrational signals were not detected in the s-polarized
IRRAS, indicating that, for both OD groups, the TDM is
mainly oriented perpendicular to the surface.

In pronounced contrast, the YSZ(111) surface exhibited
only molecular adsorption of water at low temperatures,
with no OD species emerging upon annealing (see Fig-
ure 2¢). This observation is in line with previous temper-
ature programmed desorption (TPD) studies on ZrO,(111)
thin films."”
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Studies on powders

Building upon the reference data for CO adsorbate
frequencies acquired for YSZ single-crystal surfaces, we
extended our investigations to commercial YSZ powders
(8 mol % Y,0;, Alfa Aesar) using in situ UHV-FTIRS (IR
transmission) and high-pressure DRIFTS.

The cubic fluorite-type structure of YSZ powders was
confirmed by the characteristic X-ray diffraction (XRD)
pattern observed in Figure S6. Scanning electron microscopy
(SEM) images (Figure S7) revealed particle sizes ranging
from several tens to one hundred nm, with the particles
exposing facets of different crystallographic orientations.
Figure 3 and Figure S8. summarize the IR results obtained
using three different IR methods on YSZ, encompassing
both well-defined single crystals and nanoparticles across a
wide range of CO pressures (from 107 mbar to 1 bar) and
temperatures (65 K to 295 K). The in situ UHV-FTIRS (10~?
mbar at 65K, Figure 3c) and DRIFTS (1bar at 295K,
Figure 3d) results consistently show a predominant blue-
shifted band at 2170-2180 cm™" originating from CO-Zr*"
species primarily located on the energetically most favour-
able {111}-facets. In addition, a weak signal is detected at
2132 cm™ resulting from CO bound to {100}-facets. The
2170 cm™" band is in agreement with that (2169 cm™) of CO
adsorbed to the YSZ(111) surface (Figure 3b), while the
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Figure 3. IR investigations (polarization-resolved IRRAS, in situ UHV-FTIRS, high-pressure DRIFTS) on YSZ single crystals and powders across a
broad range of pressures and temperatures. (a,b) p-polarized IRRAS data of CO saturation adsorption: a) on the reduced YSZ(100) single crystal
surface at 70 K; b) on the YSZ(111) single crystal surface at 75 K. c) In situ IR transmission (UHV-FTIR) spectra of CO adsorption on YSZ powders
in a CO pressure of 10° mbar at 65 K. d) In situ difference DRIFTS data of CO adsorption on YSZ powders in a CO pressure of 1 bar at 295 K.

SCs: single-crystals; NPs: nanoparticles; UHV: ultrahigh vacuum.
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slight deviation observed in DRIFTS ( 2180 cm ™, Figure 3d)
is attributed to the coverage-induced frequency shift. The
latter was also evident in the temperature-dependent IR
data, where the CO vibrational frequency shifts from 2170
to 2198 cm™' during CO desorption at higher temperatures
(Figure S9). The weak band at 2156 cm ™ is characteristic of
CO bound to acidic hydroxyl groups via hydrogen
bonding.”"

It is widely recognized that in situ/operando DRIFT
spectra of CO primarily exhibit intense and broad gas-phase
rovibrational signals centered at approximately 2170 cm™
(R-branch) and 2120 cm™" (P-branch), posing challenges for
a reliable observation and identification of CO vibrations on
catalyst surfaces.”” In this work, we effectively eliminated
the CO gas-phase contribution using a novel normalization/
subtraction scheme,™ where DRIFT spectra of both the
reference (KBr) and YSZ powders were recorded at a high-
resolution of 2 cm ™' (Figure S10). Briefly, the YSZ and KBr
spectra were initially normalized, followed by subtracting
the KBr reference data from the YSZ data. More impor-
tantly, the high-quality DRIFTS data clearly reveal a new
IR feature at about 2085 cm™ that increases in intensity with
prolonged exposure to 1 bar CO at 295K (see Figure S8).
On the basis of the IRRAS data obtained for the YSZ(100)
surface (Figure 3a), this band is assigned to CO adsorbed to
surface Zr°" sites. These results demonstrate that the CO-
induced reduction of surface Zr*" cations occurs even at low
temperatures (295 K).

Y —
Zr —
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Theoretical results

The adsorption and vibrational frequencies of CO on
YSZ(100) were investigated by employing DFT at the
PBE-D3P1 level of theory using the PAW method as
implemented in VASP 5.4.1,* symmetric slab models with
varying concentrations of Y and according amounts of
oxygen vacancies were constructed (overall formula
Z1,Y 05, 1 3m). Low amounts of doping generally lead to
significant reconstruction of the surface. Stable surfaces
were obtained with 50% Y in the first two layers, where
(1x1x5)-layered slabs were employed, see Figure 4a, d. The
distribution of Y in the top two layers is also the most stable
arrangement for this Y:Zr composition. The oxygen
vacancies are positioned in the first and second layer. The
remaining oxygen ions sometimes occupy intermediate
position between the bulk positions expected in the first and
second layer.

The adsorption of CO on YSZ(100) was studied for 6=
1/2 and 6=1/8 monolayer (1 ML corresponds to one CO per
surface metal atom, see Figure 4b,c,e,f). The adsorption
energies on Zr (Y) are similar with —0.54 (—0.59) eV at 6=
1/2ML and —0.83 (—0.83) eV at 6=1/8 ML. For CO-Zr*"
the calculated frequency shift relative to free CO is Av=-
14cm™ (2129 cm™) at 6=1/2 ML (Figure 4b,e) and Av=-
11cm™' (2132cm™') at 6=1/8 ML, whereas for CO-Y*" a
blue-shift in frequency was observed with Av=+17 cm™
(2160 cm™") at 6=1/2 ML (Figure 4c,f) and Av=+20cm™!
(2163 cm™") at 6=1/8 ML. The computed frequencies and
the corresponding coverage-induced shift for both CO

- 8 &

Figure 4. DFT optimized structures of pure and CO-adsorbed YSZ(100) surfaces. (a—c) side views of (a) pure YSZ(100), (b) CO adsorbed to surface
Zr**, and (c) CO adsorbed to surface Y**; (d—f) top views of (d) pure YSZ(100), (e) CO adsorbed to surface Zr**, and (f) CO adsorbed to surface

Y3+, Surface unit cells are indicated.
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species agree well with the experimental assignment. For
CO/YSZ(111), we obtain a blue-shift of Av=+12cm™’
(2155 cm™) for CO adsorbed to surface Zr*" of undoped
ZrO,(111) at 6=1/4 ML and a wider spread, but mostly
blue-shifts for Y*"-doped surfaces (see Figure S11).

Since in recent work it has been found that frequency
calculations for CO adsorbed on oxides using PBE func-
tionals may be inaccurate,***! we performed additional
calculations using the hybrid HSE06 functional (see Fig-
ure S11). The results reveal that for the zirconia substrates
investigated here the differences in frequency are so small
that they can be neglected.

Conclusion

In summary, we presented the first polarization-resolved
IRRAS study elucidating the surface structure and chemical
reactivity of YSZ single crystal surfaces. While the results
obtained for the YSZ(111) are mostly consistent with
previous work on zirconia thin films,”) a number of
unexpected observations were made for CO and D,O
interacting with the polar YSZ(100) surface. This polar
surface undergoes reconstruction and exposes under-coordi-
nated Zr** cations stabilized by adjacent O vacancies. These
surface Zr*" species are characterized by an unusual red-
shifted CO stretching vibration at 2132 cm™". In addition, the
YSZ(100) surface shows high activity in low-temperature
water dissociation. It was found that CO-induced reduction
occurs on (100) facets of YSZ powders even at room
temperature under ambient CO pressures (1 bar). These
findings shed light on the unique surface properties of
YSZ(100) and hold significant implications for an atomic-
level understanding of the surface structure and active sites
of YSZ-based catalysts, especially in the context of low-
temperature CO oxidation and WGS reactions.
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We present a systematic IR spectro-
scopic study on Y-stabilized ZrO, (YSZ)
in the form of both well-defined single-
crystals (polarization-resolved IRRAS)
and nanopatrticles (in situ IR transmis-
sion, high-pressure DRIFTS) with a spe-
cial focus on the polar YSZ(100) surface
and its interactions with CO and D,O.
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The IR results in conjunction with DFT
calculations demonstrate that this sur-
face is characterized by low-coordinated
Zr** cations in the presence of O
vacancies generated by Y**-doping,
showing superior activity for low-temper-
ature water dissociation.
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