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The surface chemical properties of undoped tetragonal ZrO, and the gas-phase dependence of the tetra-
gonal-to-monoclinic transformation are studied using a tetragonal ZrO, polymorph synthesized via a
sol-gel method from an alkoxide precursor. The obtained phase-pure tetragonal ZrO, is defective and
strongly hydroxylated with pronounced Lewis acidic and Brensted basic surface sites. Combined in situ
FT-infrared and electrochemical impedance measurements reveal effective blocking of coordinatively
unsaturated sites by both CO and CO,, as well as low conductivity. The transformation into monoclinic
ZrO, is suppressed up to temperatures of ~723 K independent of the gas phase composition, in contrast
to at higher temperatures. In inert atmospheres, the persisting structural defectivity leads to a high stability
of tetragonal ZrO,, even after a heating—cooling cycle up to 1273 K. Treatments in CO, and H, increase
the amount of monoclinic ZrO, upon cooling (>85 wt%) and the associated formation of either
Zr-surface-(oxy-)carbide or dissolved hydrogen. The transformation is strongly affected by the sintering/
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pressing history of the sample, due to significant agglomeration of small crystals on the surface of sintered
pellets. Two factors dominate the properties of tetragonal ZrO,: defect chemistry and hydroxylation
degree. In particular, moist conditions promote the phase transformation, although at significantly higher

rsc.li/dalton temperatures as previously reported for doped tetragonal ZrO,.

ation, surface activity, or gas-phase-dependent stability limits
still remain. Despite this deficiency, the diversity of the appli-

1. Introduction

The physical chemistry of different ZrO, polymorphs has been
an intensively studied research field over decades, as recent
reviews prove.'® However, upon literature screening, open
questions especially regarding phase stability, surface termin-
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cation of ZrO,-based materials is considerable and directly
reflects its manifold specific properties. Applications in
ceramic engineering,’® as biomedical implants,'" in sensor
technology,'* as microelectronic devices,"* as solid electro-
lytes™ and in catalysis®> have been reported. Concerning the
latter, ZrO, is used as both catalyst material and catalyst
support. It is used for conversion of hydrocarbons in biomass-
related reactions® or doped with Y,0; as an anode support and
electrolyte material in fuel cells. As such, it encompasses use
in catalytic processes over a wide temperature range between
few hundred K up to 1273 K.'> Obviously, the respective
requirements of the intrinsic properties of the used ZrO,
material are strongly depending on the specific field of appli-
cation. Many empirical and fundamental research attempts
have therefore been made over the last decades to resolve the
nature of the active sites on these ZrO,-based materials along-
side their selective generation and exact control with suitable
reducibility and stability. Parameters that strongly influence
the final activity are preparation routine, pre-treatment, phase
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(purity), termination, surface area, particle size, doping level
or stoichiometry. Furthermore, when used as catalytic support
material, in combination with metals like Au, Pt, Cu (methanol
synthesis, water gas shift reactions) or Pt, Ni, Co, Cu
(reforming reactions), also metal-oxide interfacial zones with
additional multifaceted properties have to be taken into
account.'® To add to the complexity, the Zr-O phase diagram
exhibits five stable ZrO, polymorphs. However, the most
commonly used and best characterized are the phases with the
monoclinic, the tetragonal and the cubic structure. Due to the
fact that the monoclinic phase (baddeleyite) is the by far most
stable polymorph under realistic experimental conditions,
this phase is most widely studied among pure undoped ZrO,
materials. To access the other undoped polymorphs, specific
annealing treatments are necessary. The temperature-induced
phase transitions from monoclinic ZrO, to tetragonal ZrO,
occurs at ~1400 K, and above ~2600 K the cubic phase is
present.”” At lower temperatures the cubic and tetragonal poly-
morphs are usually stabilized by doping with different metal
cations (e.g. Y**, Si** and Zn**). However, not only the struc-
ture, but directly also other intrinsic properties such as the
amount and acidity/basicity of hydroxylation, stability of
surface area or electrochemical conductivity are drastically
changed. Apart from cationic doping, the tetragonal phase can
also be stabilized by adding organic additives, but also by
simple grain size control and additionally by interfacial effects
(below a critical diameter d of d < 33 nm).® Furthermore, also
anions such as OH™, SO,>” are potential stabilizers for low-
temperature stable tetragonal ZrO,."” Sulfated tetragonal ZrO,
is a special case in terms of catalytic surface modification,
since it is a solid superacid, e.g. it exhibits a unique activity in
the catalytic isomerization of hydrocarbons. Aside from the
sulfated surface termination, the presence of especially a crys-
talline tetragonal phase is usually reported to be crucial for
the performance of the ZrO,-containing catalysts."® Having
said that, the stability of undoped and unsulfated pure tetra-
gonal ZrO, (in terms of thermally or gas-phase-induced trans-
formation into monoclinic ZrO,) is still an interesting research
field, since there are many preparation and pre-treatment
attempts leading to different stability, but also activity and
surface reactivity.

In the present study, we aim to characterize the surface
chemistry of a pure undoped tetragonal ZrO, sample, prepared
via a very simple sol-gel route starting from a solution of zirco-
nium(wv)isopropoxide in isopropanol without any further addi-
tives. Calcination of the resulting Zr hydroxide aerogel leads to
essentially phase pure nanocrystalline tetragonal ZrO, (which
is most likely stabilized via OH™/OH-groups, lattice anionic
defects and crystallite size effect).’® Furthermore, the focus is
on elucidating the gas-phase-dependent physical chemistry of
this tetragonal ZrO, phase under oxidative, reductive or inert
gas atmospheres of dry and moist gases He, O,, CO, CO, and
H,. The deliberate addition of H,O is also worthwhile since
phase transformation of tetragonal to monoclinic ZrO, in H,O
at room temperature has been reported.”® This includes “low
temperature” studies up to 723 K to characterize the surface
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termination (i.e. hydroxylation, acid-base properties) and the
corresponding electrochemical behavior of phase pure meta-
stable t-ZrO,. Additionally, “high temperature” studies, to gain
detailed information about the gas-phase dependent stability,
up to a temperature of 1273 K were performed. For this
purpose in situ/operando Fourier-Transform infrared spec-
troscopy, in situ/operando electrochemical impedance spectro-
scopy, ex situ X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM) studies
were conducted. From a previous study,'® detailed information
about the general kinetic stability of the synthesized tetragonal
ZrO, material in air has already been compiled. In fact, the
aerogel precursor crystallizes at 673 K to essentially chemically
and structurally phase-pure tetragonal ZrO,. Transformation to
monoclinic ZrO, in air is pronounced only upon annealing to
873 K and prolonged isothermal treatments. Less conversion
takes place at isothermal treatment at higher temperatures up
to 1273 K, but the main part of the sample is transformed to
monoclinic (m-) ZrO, upon re-cooling to room temperature,
once the critical temperature of 873 K is overcome.

2. Experimental

2.1. Materials

Pure tetragonal ZrO, was prepared via a sol-gel route starting
with zirconium(iv)isopropoxide (isopropanol adduct, 99.9% Zr,
Strem Chemicals) dissolved in isopropanol (Finne Gatt-Koller,
99.98%) and finally quenched with water. This preparation
routine has been described previously in ref. 19 and is essen-
tially a variant of the one reported by Mazdiyasni et al>
(decomposition of zirconium alkoxides and the subsequent
hydrolysis of zirconium hydroxy aerogels). The resulting
aerogel was subsequently calcined at 723 K in pure O, in the
respective experimental setups. All samples were without
exception checked by ex situ XRD. The surface of the calcined
(at a maximum temperature of T = 723 K) tetragonal ZrO, was
50 m”> g”! (according to the Brunauer-Emmett-Teller (BET)
method, performed using a Quantachrome Nova 2000 Surface
Area and Pore Size Analyzer). To ensure chemical purity,
chemical analysis of all samples was performed using a
Spectro XEPOS energy dispersive X-ray fluorescence analyzer
(EDXRFA) which proves purities of 99.99%. The gases were
supplied by Messer (CO 4.7, CH, 4.5, O, 5.0, He 5.0, CO, 4.5,
H, 5.0). For a typical experiment in the in situ/operando FT-IR/
EIS setups the sample was annealed in dry O, prior to
each experiment, to ensure reproducible starting conditions
(heating and cooling rates 10 K min™", gas flow ~1.0 mL s™%).
For absolutely dry conditions, the gases were dried with a
liquid N,-ethanol cooling trap at a temperature of approxi-
mately 163 K for CO, CH,, and O,, 223 K for CO, and for He
and H, a N, cooling trap at 77 K was used.

As a structural reference commercial pure monoclinic
ZrO, (zirconium(v) oxide, 99.99%, Alfa Aesar) subjected to the
identical chemical structural and spectroscopic analysis was
used (see XRD pattern in Fig. S17).
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2.2. FT-IR spectroscopy

FT-IR spectra were recorded in transmission mode on an
Agilent Cary 660 spectrometer with a mid-infrared source and
a DTGS detector. Transmission mode was chosen to monitor
both, the surface and bulk-related infrared-detectable phenom-
ena. The powder samples were pressed into thin pellets using
a weight of <2 t (10 mm diameter, thickness ~0.1 mm, sample
mass about 20 mg) and then subsequently placed inside a
homemade in situ/operando reactor cell,** providing chemically
inert surroundings of the sample in the heated area. In situ/
operando measurements up to 1273 K under flowing and static
conditions can be performed, in addition to vacuum experi-
ments at minimum pressures of 3 x 1077 mbar. BaF, as
window material allows to access wavelengths above 800 cm™".
Experiments in flowing mode (ambient pressure) can then be
directly correlated with electrochemical impedance measure-
ments. In static mode, the gases are pre-adsorbed on a 5 A
zeolite trap binding water sufficiently strongly, before the dry
gases are desorbed into the evacuated and degassed cell. All
reported spectra are corrected by the spectrum of the dry pre-
oxidized oxide pellet at room temperature and under vacuum
prior to exposure to the gases.

2.3. Electrochemical impedance spectroscopy (EIS)

The in situ/operando impedance cell consists of an arrange-
ment of an outer quartz tube and two smaller inner quartz
tubes, to which the sample and the electrodes are attached to.
For heating, a tubular Linn furnace was used. Temperature
control was ensured by a thermocouple (K-element), located
in the reactor about 5 mm downstream of the sample,
and a Micromega PID control unit. The impedance was
measured using an IM6e impedance spectrometer (Zahner
Messsysteme), providing data on the impedance and the phase
angle of the current as a function of voltage simultaneously.
The powder samples were pressed into pellets with a weight of
<2 t (5 mm diameter, ~0.1 mm thick, sample mass about
20 mg) and placed between two circular Pt electrodes acting as
a plate capacitor in mechanically enforced contact with the
pelletized sample.

For all temperature-programmed impedance measurements
described in this work, an amplitude of 20 mV of the superim-
posed sinusoidal modulation voltage signal at an overall DC
potential of 0 V and a frequency of 1 Hz were applied to the
Pt electrodes, i.e. the impedance of the pellet was effectively
measured in an electrochemically unpolarized state. The
impedance modulus value |Z| represents the “impedance” in
all temperature-programmed experiments.

For moist conditions, water vapor of 24 mbar was produced
by passing He (~1 mL s™*) through a water saturator at room
temperature.

Note that the used spectrometer has a detection limit near
~10"" Q. In order to ensure an appropriate discussion, this
phenomenon (plateau-like impedance stagnation near the
detection limit) will be referred to as an “insulating” behavior
in this work.
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2.4. X-ray photoelectron spectroscopy (XPS)

In order to gain information about the surface-near chemistry,
all samples were analyzed by X-ray photoelectron spectroscopy
(XPS) using a Thermo Scientific MultiLab 2000 spectrometer
with a base pressure in the low 107" mbar range. The instru-
ment is equipped with a monochromated Al-K, X-ray source
(1486.6 eV), an Alpha 110 hemispherical sector analyzer. A flood
gun is used for charge compensation, providing electrons with
a kinetic energy of 6 eV. The energy axis shift was calibrated
relative to the C-C component of the C 1s peak (set to 284.8 eV).
For the analysis of the chemical states, the peak shapes used to
fit the respective Zr 3d and C 1s spectra were products of
Gaussian and Lorentzian peak shapes (30% Lorentzian). Several
constraints were applied for the fitting procedure of the zirco-
nium region: the splitting between the 3ds, and the 3d;,
components was fixed at 2.4 €V, according to literature,” and
the peak widths were set to be the same for the spin-split com-
ponents as well as for the peaks of the different oxidation
states. Furthermore, to enable convergence of the fit towards a
sensible minimum in the presence of multiple oxidation states,
the energy shifts of the 3ds, peaks between the various chemi-
cal states have been constrained to literature values.**

2.5. X-ray powder diffraction (XRD)

The X-ray powder diffraction patterns were obtained by
measuring the powder patterns in transmission geometry
using a STOE STADI P powder diffractometer with Ge(111)-
monochromatized MoK,; (4 = 70.93 pm) radiation. The data
were recorded in 26 with steps of 0.1° from 2-45.875°. As a
detector, a silicon microstrip solid state detector Mythen 1K
was used. The structural refinement was performed with the
program TOPAS 4.2%° by taking the crystal structure para-
meters of monoclinic>® and the tetragonal ZrO, > as starting
values. The obtained crystallographic data from the associated
Rietveld refinement®® are listed in Table S1.}

The in situ high-temperatures synchrotron XRD experiments
in H, and CO, flow are performed at beamline 12.2.2, Advanced
Light Source, Lawrence Berkeley National Labs, California. The
in situ diffraction patterns were collected in the angle-dispersive
transmission mode with a focused 25 keV monochromatic
beam (1 = 0.4959 A/50 um spot size). The sample powder was
heated in 700 um quartz capillaries under a continuous gas
flow (CO, or H,) injected through another 300 pm capillary with
a cut-open end. The capillary is heated in an infrared heated
SiC tube furnace we described in ref. 29. Diffraction patterns are
recorded by a PerkinElmer flat panel detector (XRD 1621, dark
image and strain correction) every 25 seconds during the
heating and cooling cycle. As the synthesized starting material
is a powdery amorphous aerogel, previous to the experiment it
is in situ sintered at 723 K inside the capillary under air flow
until crystallization to tetragonal ZrO, is completed.

2.6. Atomic force microscopy (AFM)

Atomic force micrographs were obtained using a Veeco
Dimension 3100 microscope in tapping mode, equipped with

This journal is © The Royal Society of Chemistry 2017
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HI'RES cantilevers by MikroMasch (with a tip radius below
1 nm) used for high-resolution images, as well as Veeco
RTESPW silicon cantilevers (about 10 nm tip radius) to obtain
information on larger scales.

3. Results and discussion

3.1. Surface chemistry of tetragonal ZrO, between room
temperature (RT) and 723 K

3.1.1. Surface acidity and basicity. The acid-base pro-
perties of an oxide are of fundamental importance when evalu-
ating its general catalytic potential.*® It is quite common to
determine the acidity/basicity of Lewis sites via the adsorption
of the probe molecules CO (Fig. 1-3) and CO, (Fig. 4). While
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Fig. 1 FT-IR measurements of CO adsorbed on tetragonal ZrO, at CO
pressures between 0.022 mbar and 20 mbar at room temperature.
Spectra in the main panel were collected using a resolution of 4 and the
inset shows a spectrum of 10 mbar CO with a resolution of 2.

= every 100 K
w723 K

View Article Online

Paper

CO is used to characterize the Lewis acidity, using CO, mainly
basic sites can be evaluated."'®**?! ZrO, can provide both,
acidic and basic centers, but the quality and quantity of these
active sites are strongly dependent on phase or crystal facet
and (pre-)treatment (including parameters such as tempera-
ture, pressure or gas phase composition).'®'#3%3? Concerning
tetragonal ZrO,, detailed studies about CO and CO, adsorption
have been already conducted - theoretical calculations'®*? as
well as experimental infrared studies.'®***” However, as it has
been already discussed for monoclinic ZrO,, adsorption
studies strongly vary between different works, since only slight
differences in the preparation routine and (pre-)treatment of
the samples lead to essentially different surface activities."*"
In addition, for tetragonal ZrO, the situation is further compli-
cated by the fact that usually “tetragonal” ZrO, in fact is delib-
erately doped by different cationic or anionic species, signifi-
cantly influencing its physico-chemical (surface) properties.
The present study now provides adsorption data on an
undoped, phase-pure, metastable tetragonal ZrO, that is
highly hydroxylated and defective, and most importantly, is
stable and phase-pure up to temperatures of several hundred
degrees (T < 773 K).'” What can principally be expected as
active binding sites are coordinatively unsaturated (cus)
Zr'" and O®  sites, hydroxyl groups and defects (oxygen
vacancies)."®

CO adsorption. The used pure tetragonal ZrO, was pretreated
in dry O, up to 723 K and the spectrum of the fully oxidized
sample at room temperature in vacuum was taken as back-
ground for all further spectra. The exposure of the oxide to an
increasing pressure of CO leads to linearly adsorbed CO mole-
cules, as displayed in Fig. 1.

In addition to the gas phase signal of CO between ~2240
and 2020 cm™" a peak at 2191 cm™" is present, which can be
assigned to CO molecules bonded to Lewis acid Zr*" centers,
most likely on a step, kink or corner due to the high shift in
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—{ =673 Kc.
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- 473 K c.

| =373Ke.
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Fig. 2 FT-IR spectra of heating and cooling tetragonal ZrO; in a static atmosphere of 20 mbar CO; maximum temperature = 723 K, heating/cooling
rates = 10 K min~™. (A) Waterfall plot — spectra are collected every 20 K step. (B) Selected spectra upon heating and cooling, including vacuum spec-

trum after the heating/cooling cycle.

This journal is © The Royal Society of Chemistry 2017

Dalton Trans., 2017, 46, 4554-4570 | 4557


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt04847a

Open Access Article. Published on 15 March 2017. Downloaded on 8/1/2025 8:28:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Dalton Transactions
= every 100 K formate - - - formate
N — v,((0CO) ' delta(CH)
= 723K A=0.1 * (I
i g 'r -formate
" . i /' v(OCO)
’ ip9} S formate ] '
RTheatng it I{“ s | v(CH) ‘ r
393 1A P ; ‘ I
453 i r0,00 ¢ | | !
513 i s formate - -, | pco !
g N £+ va0cO) | Aeni
3 (v F-0,05 9 +v,(0CO) | ’I l“
= 723 5 min Y g_ ' ! "
3 A t-OH || r formate : :\
3 0,10 IR RN AN
= Ut o imOH o wevcH) |0\
E 4 % [ W
@ T
RTcooﬁaa T T T T \ T -0,20 — |‘ ! T : T X —
4000 3600 3200 2800 1500 1100 4000 3000 1750 1500 1250
Wavenumber /cm™ Wavenumber /cm™
Fig. 3 (A) FT-IR spectra of heating and cooling tetragonal ZrO, in flowing CO; maximum temperature = 723 K, heating/cooling rates = 10 K min™?,

isothermal period at 723 K = 10 min, flow = ~1.0 mL s™%; (B) FT-IR spectrum of tetragonal ZrO; in flowing CO at 673 K.
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20 mbar CO,.

wavenumber.' The evolution of the CO signal upon heating
the sample in static 20 mbar CO up to 723 K is subsequently
shown in Fig. 2.

The signal for physisorbed CO species decreases with
increasing temperature and is no longer present above 373 K.
This is correlated with the observation of a peak at 2326 cm™"
above 373 K, which is increasing up to 723 K. At first sight,
this band could be assigned to a physisorbed CO, molecule,
but the molecular adsorption of CO, on ZrO, is usually
observed at temperatures below room temperature and the
presence at higher temperatures would indicate a high
amount of Lewis acidic sites on the surface."® Since this signal
is actually getting more intense with increasing temperature,
this interpretation can be discarded. In studies on CeO, this

4558 | Dalton Trans., 2017, 46, 4554-4570
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(A) FT-IR spectra of heating and cooling tetragonal ZrO; in 20 mbar CO; static atmosphere; maximum temperature = 723 K, heating/cooling
, isothermal period at 723 K = 5 min; (B) FT-IR spectra of tetragonal ZrO, in vacuum after the heating and cooling routine in

phenomenon is assigned to result from electronic origin, such
as oxygen vacancies or defective lattice sites.***° It is a well-
known fact that CO can be oxidized to CO, via two reaction
pathways: (i) reaction with a lattice oxygen to CO, and an for-
mation of oxygen vacancy and (ii) reaction with a surface
hydroxyl group to form formates, which probably can be also
decomposed to CO, (see also discussion to Fig. 3 below).
However, signals of gaseous CO, (2400 cm™'-2270 cm™') are
present above 613 K. Upon re-cooling no gas phase signal for
CO, is present below 573 K and the signal referred to the
oxygen vacancy shifts to 2340 cm™' below 373 K. Molecular
adsorption of CO, when re-cooling, is not as pronounced as
before the heating and cooling routine and results in a less-
shifted peak at 2175 cm™". Applying vacuum leads to effective

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6dt04847a

Open Access Article. Published on 15 March 2017. Downloaded on 8/1/2025 8:28:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

removal of all gaseous and molecularly adsorbed species. The
fact that the increase of oxygen vacancies due to surface
reduction with CO does not lead to an increased signal for
molecularly adsorbed CO species, is consistent with the state-
ment that such an oxygen vacancy rather is a basic adsorption
spot. Interestingly, also the amount of acidic Lewis sites such
as Zr*" centers is decreased upon the heating and cooling
routine. Aside from the molecular adsorption and surface reac-
tion of CO, also a high amount of chemisorbed species is
detected. This is illustrated in Fig. 3, which shows the tempera-
ture dependency of tetragonal ZrO, in flowing CO.

The general absorbance change in Fig. 3A is originating
from the pronounced reduction of the sample in pure flowing
CO. For a better comprehension of this phenomenon, we refer
to the discussion of Fig. 5B, where the absorbance at
2000 cm™" was plotted versus the temperature. Derived from
similar investigations on TiO, and CeO,, an increase of the
absorbance is associated with the increase of electrons in the
conduction band, which, upon reduction e.g. in H,, is the case
for TiO, and CeO, due to the possibility of donor levels near
the conduction band, such as Ti** and Ce*'.*>*! In case of the
characterized isolating tetragonal ZrO, sample, the absorbance
is decreasing with increasing reduction. Thus, CO reduction
surprisingly leads to fewer donor states near the conduction
band (compare also the discussion about reduction in H,, dis-
played in Fig. 5C). Remarkable is the onset temperature for the
absorbance-affecting reduction of 373 K, which is a hundred K
before the observation of carbonates, but in good correlation
with the detection of oxygen vacancies at 2326 cm™" above
373 K. In Fig. 5B, signals for bidentate formates (v,s(OCO) +
v(0OCO) = 2962 em ™", 1(CH) = 2878 em™", 14(OCO) + v(CH) =
2743 ecm™, 1,4(0OCO) = 1583 em™', §(CH) = 1385 cm™' and
15(0CO) = 1367 ecm™" (ref. 32)) are observed above 473 K,
increasing up to 573 K. The signals then stay more or less con-
stant upon further heating and re-cooling. Furthermore, nega-
tive peaks (species that where present when saving the back-
ground or on the initially oxidized surface) of terminal
(3774 em™, t-) and multi-coordinated (3686 cm™', m-) OH
groups are present above 373 K. In addition, above 373 K
bands for polydentate carbonates (v,(CO;) = 1470 cm™ ',
14(CO3) = 1433 ecm™") are observed in flowing CO. The for-
mation of polydentate carbonates can arise also from direct
oxidation of CO at cus Zr** centers®® or by chemisorption of
initially formed CO, on a neighboring O*"."® Such reactions
are believed to be catalyzed at steps of the crystals.*®

Summarizing the spectroscopic results of CO on tetragonal
Zr0O,, two questions arise: (i) which role do the chemisorbed
formate species play in terms of surface reduction and
(ii) which surface sites are changed, created or blocked during
the heating and cooling routine? Upon heating, the signals indi-
cating additional oxygen vacancies, together with signals for
polydentate carbonates, already rise a hundred degrees (373 K)
before signals for formates (473 K) are observed. Signals for
gaseous CO, are present at significantly higher temperatures
(above ~600 K). Upon re-cooling a considerable amount of for-
mates and polydentate carbonates is present, accompanied by a
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results on t-ZrO, in dry H,, CO, He, O, and CO,. Panel (B) and (C): plot
of the FT-IR absorbance at 2000 cm™ (left y-axis) of tetragonal ZrO, in
flowing (B) H, and (C) CO versus the temperature, and the impedance
(right axis) versus the temperature. Heating/cooling rates = 10 K min™?,
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strong reduction of the amount of Lewis acidic centers capable
of molecular CO adsorption. This leads to the conclusion that
the chemisorbed species (especially the carbonates) block the
Lewis surface activity. To verify this effect, an additional experi-
ment with 5% CO, seeded in flowing CO was performed
(see Fig. S27). Due to chemisorption of CO, already at room
temperature, a high amount of (bi-)carbonates is present (for
detailed assignment of the species see section CO, adsorp-
tion). Similar to the experiment in pure CO above 473 K, also
formates are observed. The signals for bicarbonates and bi-
dentate carbonates are no more present above 473 K, but the
signals for polydentate carbonates persist over the whole evalu-
ated temperature range. Striking is the fact that the decrease of
the overall absorbance is strongly suppressed with respect to
treatment in pure CO, indicating a much less pronounced
(surface) reduction. The reasons could be the quenching/
re-oxidation of CO-induced defects by CO, or simply the
“priming” of the vacancy mediated charge carriers already at
low temperatures due to the presence of (bi-)carbonates. Due
to the suppressed decrease of the absorbance a reversible
decomposition of formates between 633 K and 723 K is visible,
which can be correlated with the formation of gaseous CO,.
Upon re-cooling in the 5% CO, contaminated CO flow only
very weak signals for carbonates are visible, indicating block-
age of the essential active sites already during heating. For CO,
adsorption these are mainly OH groups and O  anions.
Adsorption of CO, without the presence of CO is perfectly
reversible (see section CO, adsorption). So, clear answers to
the questions raised above can be stated: (i) formates do
decompose to CO, and, thus, play a certain role in surface
reduction - nevertheless, reduction is pronounced if direct CO
oxidation is possible. The vacancy mediated mechanism of CO
oxidation is present already at lower temperatures. (ii) A high
amount of formates, together with carbonates, effectively
blocks surface sites that are related to a direct oxidation
mechanism of CO to CO,. These surface sites are most likely
assigned to cus Zr*" and O®  pairs on steps, edges or
corners."*® The results in CO clearly show that the used tetra-
gonal ZrO, sample provides both, reactive Lewis acidic sites,
alongside a high amount of hydroxylation.

CO, adsorption. Similar to the spectra in CO, also for the
CO, adsorption studies pure tetragonal ZrO, was pre-treated in
dry O, up to 723 K and the spectrum of the fully oxidized
sample at room temperature was taken as background for all
further spectra. The increasing pressure of CO, between
0.003 mbar and 20 mbar at room temperature is displayed in
Fig. S3.1 The used tetragonal ZrO, is very sensitive to CO,
chemisorption leading to distinct signals for (bi-)carbonates
already at very low pressures around 0.003 mbar. The observed
species are monodentate and bidentate bicarbonates
m/b-HCO;™ (14s(CO;) ~ 1700 cm™'/u,(CO;) = 1640 cm™,
1§(CO;) = superimposed, §(OH) = 1223 cm™'), bidentate
carbonates b-CO;>” (145(CO3) = superimposed, v4(CO;) =
1295 cm™") and polydentate carbonates p-CO;>" (vas(CO3) =
1470 em™ ", 1,(CO3) = 1432 em ™). The observed chemisorbed
species are a product of the reaction of CO, with basic sites of
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the oxides such as OH groups (leading to m- and b-bicarbon-
ates) and other basic sites such as O*  (leading to b- and
p-carbonates).'®'#3%3233 n contrast, molecular adsorption of
CO, molecules is not observed up to a pressure of ~1 mbar,
but at higher pressures a distinct signal at 2352 cm™' is
visible, which gets superimposed by gas phase signals of CO,
above ~8 mbar. The relatively small shift of the molecularly
adsorbed CO, peak relative to the gas phase peak vibration
indicates a low geometrical distortion and a weak bond.*°
Nevertheless, the principal observation of this peak corro-
borates the presence of a substantial amount of Lewis acid (i.e.
oxygen-under-coordinated) sites even on the oxidized surface
of the used tetragonal ZrO,.

The distribution of the different kinds of (bi-)carbonates is
appalling, especially if compared to literature of CO, adsorp-
tion on tetragonal ZrO,. In ref. 32, 34 and 35 already at room
temperature the dominant species are polydentate carbonates.
In the present case the bicarbonates are predominant, but also
the amount of b-CO;>~ seems to be higher than reported in
most literature data. This implies not only a very high hydroxy-
lation degree, but also a generally high Bronsted basicity of the
used ZrO, compared to the reference data. The reason for
these differences could be the different preparation routines,
which is either precipitation from an aqueous solution of
zirconyl chloride®*** or doping with silica®® (leading to doped
tetragonal ZrO, samples). In contrast, in the present work a
sol-gel method by water-quenching a solution of zirconium(wv)
isopropoxide in isopropanol (without any other additives) is
used."®

The evolution of the surface species upon temperature
treatment of tetragonal ZrO, in 20 mbar CO, is presented in
Fig. 4A. The same experiment was done in flowing CO, and
the general evolution of the (bi-)carbonate species is the same,
but we chose to display the measurement in 20 mbar due to
the better separation of the peaks.

With increasing temperature the bicarbonates are stable up
to ~473 K, and the signals for these species strongly decrease
up to 673 K. In contrast, the bidentate and polydentate
carbonate species are not decomposed or removed up to the
maximum applied temperature of 723 K. In principal, the
removal and formation of all observed (bi-)carbonate species is
entirely reversible upon re-cooling and the distribution at
room temperature before and after heating is exactly the same
(not only in the static measurement but also under flowing
conditions). Fig. 4B shows the spectrum of tetragonal ZrO, in
vacuum after the heating/cooling cycle in CO, and the
observed bands are highlighted. Additionally to the already
assigned wavenumbers of the (bi-)carbonate bands, in vacuum
also negative peaks for consumed OH-groups (t-OH at
3784 cm™"' and m-OH at 3700 cm ™) are visible (insertion of a
CO, molecule into an OH group leads to formation of bicar-
bonates). The peak at 3610 cm™ " represents the stretching
mode of the OH-groups of a bicarbonate adsorbate. The peak
at 2340 cm™' is the same peak that was observed after the
heating/cooling cycle in CO but is less pronounced. Due to the
fact that this peak is not removed in vacuum (also in active
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vacuum over several hours), it is again interpreted as a feature
of oxygen vacancies or defective lattice sites.

3.1.2. Electrochemical conductivity

Temperature-dependent measurements between RT and 693 K.
Alternating current (AC) impedance analysis was carried out
on the t-ZrO, sample in different gas atmospheres: H, and CO,
O, and He as an inert reference gas. The aim was to detect
changes in the conductivity, as well as eventual stoichiometry
changes/phase transformations (especially at higher tempera-
tures, see section 3.2) during the respective gas treatment. In
general, when analyzing pressed and sintered powder samples
at lower temperatures, the contribution of electronic conduc-
tion in the bulk does play a negligible role on samples with
such a high band gap. In this case, at lower temperatures con-
duction is strongly influenced by surface-related mechanisms
and grain boundary effects, such as hydroxylation, surface
defects or adsorbates.*?

To get a better understanding of simple temperature effects
and to correlate the influence of the respective gas (oxidative
or reductive properties) on the surface chemistry of the studied
oxide, EIS measurements in an inert gas (He) were conducted
(Fig. 5A pink traces). During treatment in dry He no heating/
cooling hysteresis is observed. Furthermore, just as in O,
(heating/cooling) and H, (heating), an insulating period
between RT-520 K and semiconductive behavior (i.e. decreas-
ing impedance values with increasing temperature) at higher
temperatures is detectable. The impedance value at 693 K is
interestingly lower (~2.5 x 10° Q) than the ones obtained at
the same temperature in either dry O, or dry H, (~5 x 10° Q),
but also in any other gas atmosphere. This indicates absence
of any reactive surface influences in dry He and, thus, only the
pure temperature effect of most likely defect-mediated conduc-
tivity is observed.

Fig. 5A also shows the impedance course during treatment
of t-ZrO, in dry O, (green traces). Basically two distinct temp-
erature regions are visible upon heating up to 693 K: the first
one is between RT-540 K, where a plateau is visible in the
temperature-dependent EIS spectra, followed by the second
one starting at 540 K, where the impedance shows semi-
conductive behavior. The impedance value at 693 K is 5.2 x 10° Q.
Upon re-cooling to room temperature a very similar trend is
shown: semiconductive behavior between 693-540 K and insu-
lating properties at T' < 540 K.

Exposure of the sample to dry H, and heating up to ~540 K
(Fig. 5A and B light blue trace) only shows impedance values
in the GQ area, exactly similar as under O,. Upon further
heating, again an impedance decrease (steeper than for dry
0,) of about one order of magnitude is visible. Starting at
623 K an almost plateau-like behavior is apparent with a
corresponding impedance value of ~6.5 x 10° Q (673 K: 5.5 x
10° Q). A different behavior is apparent during re-cooling:
between 693-630 K the impedance starts to increase (about
one magnitude of order) and at temperatures <630 K up to RT
the sample shows insulating properties with impedance values
in the GQ area. The correlated FT-IR spectra show a decrease
in the total transmittance above 623 K which is irreversible
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upon re-cooling (see Fig. 5B: plot of the absorbance at
2000 cm™ " versus the temperature). A decrease of the absorb-
ance can be referred to the depletion of excitable donor states
in the conduction band, which perfectly corresponds to the
stagnation of the impedance decrease above 623 K. The ana-
lysis in H, up to higher temperatures (3.2) prove a dissolution
of hydrogen into the used t-ZrO, sample and a significant
change in the (at least) surface near oxidation state of
Zr atoms. Thus, this distinct hysteresis between heating and
cooling, in both the impedance as well as the absorbance
versus temperature plots, may be an effect of the onset of this
process.

A very interesting impedance trend during heating and
cooling in dry CO and CO, is visible in Fig. 5A. In summary,
over the whole temperature region a plateau of the impedance
in the GQ area is apparent. This indicates that the sample is
essentially an insulator in these gases and this particular
temperature region. It is known from the FT-IR experiments
that the sample provides a pronounced surface chemistry, but
it is also proven that in both gases the acid/base properties
change due to blockage of special surface sites with adsor-
bates. Due to the fact that especially the Lewis acid sites/cus
acid-base pairs are affected, this indicates that these sites do
contribute to the conductivity of the sample in an “un-
blocked” state. Also the evaluation of the total absorbance at
2000 em™" in dry CO (Fig. 5C) confirms, that especially in CO
the excitable electronic states toward the conduction band are
strongly reduced with increasing temperature (7 > ~400 K) in
the evaluated temperature range.

In essence, the conductivity of the characterized t-ZrO,
sample is considerably influenced by different partially coun-
teracting effects: hydroxylation, the presence of “free” Lewis
acid sites, oxygen vacancies and chemical and electronic
surface blockage due to chemisorbed adsorbates capable of
pinning otherwise thermally excitable states. Up to a tempera-
ture of 673 K the sample in dry He shows the highest conduc-
tivity with an essentially reversible heating/cooling cycle. In all
other gases the surface is reactively influenced and/or
changed, which is directly visible in the course of the
impedance.

3.2. Gas-phase dependency of the phase transition
tetragonal-to-monoclinic ZrO,

To further shed light on the kinetics of the transformation
from tetragonal to monoclinic ZrO,, the electrochemical impe-
dance experiments in Fig. 6 were deliberately conducted up to
temperatures where the phase transformation should occur.
Previous high-temperature X-ray diffraction studies revealed
that the crystallization of the initially amorphous gel-precursor
to the tetragonal phase is finished at 673 K if the aerogel is
heated very slowly (effective heating rate: 0.01 K s™*)."* Upon
further heating in air, starting at 873 K, the phase transform-
ation to m-ZrO, sets in ref. 19. Therefore, the experiments in
Fig. 5 were limited to only 693 K to guarantee phase purity and
a high surface area. Note that in the referenced study'® the
in situ XRD measurements were conducted in air. To put the
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work into literature context, some works
water vapor does strongly promote the phase transformation
to m-ZrO,. Up to a temperature of 693 K the absolute phase
stability of the herein used ZrO, in moist atmosphere was
already proven in ref. 19. Thus, we conducted an EIS experi-
ment where we heated the system up to the exact temperature,
where phase transformation is strongly promoted in air
(873 K), in dry and moist He (to also check the influence of
moist/dry conditions) and routinely checked with ex situ XRD
to see if the phase transformation to m-ZrO, sets in with this
comparably fast heating and cooling rates.

3.2.1. Dry and moist He between room temperature and
873 K. Correlated experiments under moist conditions were
also performed with the FT-IR setup but already at room temp-
erature there are massive changes in the total transmittance,
obviously due to soaking of the sample with water and thus,
no reasonable interpretation of further heating experiments
was possible. The EIS experiment in dry He (Fig. 6 pink traces)
looks very similar to the one conducted up to 693 K (cf. Fig. 5).
In the beginning, an induction period is visible up to ~520 K
after which the impedance starts to decrease leading to a value
of 7.0 x 10° Q at 873 K. During re-cooling to room temperature
a very a similar trend is apparent. Rietveld analysis (Fig. 7) of
subsequent XRD measurements (Fig. S41) show that during
this heating/cooling routine, only 3% of the sample was con-
verted to monoclinic ZrO,.

At the beginning of the EIS experiment in moist He (Fig. 6
blue traces), the sample was kept at RT for about 10 minutes
to account for eventual hydroxylation and/or hydration. During
this isothermal period, the impedance decreases almost two
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from Rietveld analysis of X-ray patterns in Fig. S4 and S51 and summar-
ized in Table S1.1

orders of magnitude (start: 2.2 x 10° Q, after 10 minutes: 6.6 X
107 Q). Upon heating between room temperature and 323 K
the impedance slightly increases again to a value of 3.1 x 10° Q
(de-hydration), after this an induction period up to 573 K is
visible and upon further heating, semiconductive behavior
leading to a value of 2.0 x 10”7 Q at 873 K is apparent. The
maximum temperature was again held for 10 minutes, with an
impedance decrease to 1.8 x 10° Q. Upon re-cooling to room
temperature, basically an almost constant impedance value up
to ~323 K is obtained and at temperatures T < 323 K, the
impedance starts to decrease again leading to a final value of
8.0 x 10" Q at room temperature.

Rietveld analysis (Fig. 7 and S4t) show that upon heating
and cooling in the impedance setup with a comparable fast
rate of 10 K min™', pronounced crystallization of the mono-
clinic phase is observed for the moist treated sample (31 wt%
monoclinic ZrO,). In contrast, heating to lower maximum
temperatures (compared to ref. 19) in dry He resulted in a com-
parably lower extent of transformation to monoclinic ZrO,
(3 wt% monoclinic ZrO,). Thus, these data confirm the water
promoting role of the phase transformation to a certain extent
above 693 K. According to ref. 8 a moist atmosphere promotes
grain growth (and related phase transformation) and leads to
enhanced surface diffusion. Nevertheless, note that for the
tetragonal ZrO, sample characterized in this work the impact
of water vapor is not as pronounced as one could expect from
literature data, since in the present case the promoted phase
transformation is only observed at temperatures, where
kinetically controlled phase transformation would take place
anyway. The very unusual course of the impedance in this
experiment also indicates a strong interaction of water vapor
with the sample. In fact, a 30% increased bulk conductivity
(most likely proton conduction) due to incorporation of water
into doped tetragonal ZrO, is also observed by Guo et al.*> As a
matter of fact, water can replenish the oxygen vacancies, which
reduces the amount of defects, subsequently leading to phase
transition. The main difference to ref. 45 is that the conduc-
tivity measurement in water lasts 8 h. After this treatment,
70 wt% monoclinic ZrO, is found in the structural mixture.

This journal is © The Royal Society of Chemistry 2017
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Our sample, however, is chemically and structurally pure
(i.e. not Y-doped) and the admission time of water is much
shorter.

3.2.2. Gas phase dependent characterization up to 1273 K.
In general, the allotropic phase transformation of tetragonal to
monoclinic ZrO, is described as a martensitic twinning mech-
anism, with a complex dependence on temperature, stress and
environment.*® However, based on the study of Shukla and
Seal,’ the phase transformation of pure undoped tetragonal
ZrO, to monoclinic ZrO, is influenced by the following factors:
basically derived from calculations for surface energy, stabiliz-
ation of small particles exceeding a critical particle size of
10 nm leads to phase transformation. Possible aggregation of
nano-crystallites enhances the critical size up to 33 nm
(additional interfacial energy has to be taken into account).
The metastable tetragonal phase at lower temperatures is stabi-
lized by defects (critical defect concentration ~1.7 mol%),*’
which is also one of the discussed origins (besides lattice
entropy increase) of initial phase transformation from m-ZrO,
to t-ZrO, and c-ZrO, at high temperatures.*® The existence of
room temperature meta-stable tetragonal particles with even
larger particle sizes (<200 nm) may, thus, be explained by strain
energy of aggregated ZrO, domains below the critical diameter
of 33 nm. However, these energy-calculations do still not take
possible additional stabilization effects such as OH™ anions (or
hydrogen “impurities”) into account. A recent DFT study by
Youssef and Yildiz also suggests that zirconium vacancies can
act as hydrogen accumulators.*”

To focus on the phase transformation at even higher temp-
eratures, the tetragonal ZrO, sample used in this work was
heated up to 1273 K in pure He, O,, H, and CO, to examine a
potential gas phase dependency of the phase transformation
to monoclinic ZrO,. The standard temperature program was
heating and cooling with 10 K min~" and a gas flow of
~1 mL s™! with a maximum temperature of 1273 K, ie. a
rather fast heating routine. This routine was performed
with the in situ/operando setups (EIS and FT-IR), using
pelletized samples rather than powders, but sintered and
oxidatively pretreated as described in the Experimental
section. Subsequently, the samples were checked by XRD
and XPS.

Qualitative and quantitative phase analysis by XRD. As
expected (compare kinetic phase transformation investigations
in air in ref. 19) for O,, H, and CO, the main part of the
samples was transformed to monoclinic ZrO,. As already dis-
cussed in the section above the presence of H,O vapor drasti-
cally promotes the phase transformation. The corresponding
XRD data of the measurements up to 1273 K in the different
gas atmospheres are shown in Fig. S5.7

Derived from Fig. 7, the samples treated in dry O, and dry
He up to 873 K show a low conversion to m-ZrO, of 3%, in con-
trast to moist He up to 873 K, as discussed above. Heating the
sample in dry He up to 1273 K also leads to a low amount of
10% m-ZrO, - which is a significantly low amount. Based on
the assumption that a sufficient defect concentration is crucial
for the stabilization of the tetragonal phase,*® this is originat-
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ing from the missing defect quenching (such as in oxidative
reactants or other possible reactive interaction with gases like
H, and CO,, which is confirmed in the discussion to Fig. 8)
and the absent active surface chemistry influencing the trans-
formation kinetics upon heating in dry He. Treatment of the
sample in dry O,, H, and air up to 1273 K leads to similar
amounts of 86-87% m-ZrO,. Heating/cooling in CO, results in
91% m-ZrO,. The striking differences to He can be explained
by a substantial reduction of the defect concentration of the
sample because of reaction with the other gases. In the case of
O, this is simply quenching of a sub-stoichiometric oxygen-
deficient lattice. Derived from subsequent XP spectra of the
sample pellets (see detailed discussion below, Fig. 8) treatment
in H, and CO, leads to formation of dissolved hydrogen and
Zr-(oxy-)carbide - at least at the surface. Such reactive modifi-
cations of the sample are not present at identical treatments
of the monoclinic reference sample, and this indicates an
initially highly defective oxide.

For characterization in the in situ/operando setups (but also
for the preparation for the ex situ XRD, XPS and AFM measure-
ments) the starting material was pressed into pellets and
in situ sintered in the respective impedance and FT-IR setups.
To check for effects derived from these procedures, an identi-
cal heating/cooling routine in O, up to 1273 K was performed
for a powder of the tetragonal starting material, resulting in
97% m-ZrO,, which is 10% more than for the pressed sample.
As will be discussed in detail below this can be explained
by surface, crystallite sizes and agglomeration effects that
enhance the stability of the tetragonal phase.®

In situ heating synchrotron XRD analysis. To study the effect
of crystallite size growth on the transformation temperature of
t-ZrO, to m-ZrO, under different gas atmosphere, the pathway
of phase transformation was investigated by in situ synchrotron
XRD in H, and CO, atmospheres. Before the in situ XRD
experiments, the t-ZrO, sample were obtained by calcination
of the powdery amorphous aerogel at 723 K inside the capillary
under air flow until crystallization to tetragonal ZrO, is com-
pleted. The contour plots in the Fig. 8a-d show the recorded
diffraction data for one heating/cooling cycle in H, and CO,
atmospheres. The in situ data reveals that the initially phase-
pure t-ZrO, remains stable upon heating to 1273 K in both
gases. The tetragonal to monoclinic transformation takes
place during cooling down from 1273 K to room temperature
at 625 and 715 K in H, and CO, atmosphere, respectively. The
additional h-SiO, reflections result from a partial crystalliza-
tion of the fused silica quartz capillary and are not related to
the zirconia sample. The final patterns of the cooled samples
show m-ZrO, as the major phase and a minor t-ZrO, side
phase. The Rietveld refinement reveals that the cooled
samples to room temperature still have 14.9 wt% and 9.8 wt%
of tetragonal ZrO, in H, and CO, atmosphere, respectively,
which in good agreement with ex situ XRD analysis (Fig. 7).
Selected patterns are presented in Fig. 9.

The stabilization of the metastable t-ZrO, phase can be
explained by a combined influence of (a) a high defect density
and (b) a very small crystallite size, where a decreased defect
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density and/or an increased crystallite size favors the stable
monoclinic ZrO,. Rietveld refinement (strain was considered
with Stokes-Wilson model, see strain plot in ESI}) results
revealed that the initial t-ZrO, samples have a crystallite size of
26.5-32 nm (around the critical diameter of ~30 nm) ref. 8.
The results of Rietveld refinement were further confirmed by
calculating the crystallite size D (20.4 nm) from Sggy surface
area (50 m”> g™') using the well-known relationship (S = 6/pD)
ref. 8 where p the density of t-ZrO, (6.121 ¢ cm ™). The crystal-
lite size of the heated samples was almost constant up to
1073 K followed by a sharp increase above this temperature in
both gases, see Fig. 10 (left panel). The maximum crystallite
size of t-ZrO, at 1273 K was found to be 41 and 43.5 nm in H,
and CO, atmosphere, respectively. The size of crystallites
remain constant during cooling in both atmospheres up to the
transformation temperatures followed by a sharp decrease
below transformation temperatures. Strain is released in the
tetragonal phase above 1000 K when the grain size increases
(see Fig. S6T). The newly formed monoclinic ZrO, shows
higher microstrains - especially in H, - which can be

4564 | Dalton Trans., 2017, 46, 4554-4570

attributed to a defect rich material. The higher transformation
temperature in CO, in comparison to H, atmosphere may be
due to the higher crystallite size of t-ZrO, in CO, than in H,
atmosphere. This finding is consistent with previous studies
showed that as the crystallite size of ZrO, increases, the
monoclinic-to-tetragonal phase transformation temperature
increases ref. 8, 48 and 49. However, the interaction of
different gas atmosphere with site defects on ZrO, could be
also another reason to lower the transformation temperature
in H, atmosphere as will be discussed below.

Electronic structure analysis by XPS. The ex situ XP spectra in
Fig. 11 reveal changes in the chemical states of the surface-
near region. Mixed Gaussian/Lorentzian peak models were
fitted for the 3ds;, and 3ds, peaks (as outlined in the
Experimental section 2.4). The assignment of the oxidation
states was done according to literature values found in ref. 24
and 50. For the sample heated in dry He to 873 K (Fig. 11A), a
relatively large fraction (almost 50 at%) of the total accessible
Zr species (inelastic mean free path = 2.3 nm; 1304 eV kinetic
energy, calculated via the G-1 predictive formula®) is found to

This journal is © The Royal Society of Chemistry 2017
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be in a lower oxidation state than Zr(w). This is also derived
from the general peak shape, as a distinct shoulder at a
binding energy of about 181 eV, as well as the apparent weaker
peak splitting between the 3ds, and 3d;, components is
observed. 34 at% of the Zr ions can be assigned to an oxi-
dation state of +III, which is shifted relative to the +IV state
(182.8 eV) by 1.1 eV, and the remaining 15.5 at% appear
reduced to Zr(u) species (with a shift of 2.1 eV to the Zr(v)
species). After treatment at 1273 K (Fig. 11B), the amount of
Zr(iv) at 63 at% is significantly larger. The fraction of Zr(m) is
reduced to 25 at%, whereas the concentration of Zr(u) is only
decreased slightly (to 12 at%). As no ‘external’ oxidation of the
sample is possible during treatment in helium, the now larger
fraction of Zr(iv) has to originate from the sample itself. As the

This journal is © The Royal Society of Chemistry 2017

portion of Zr(u) did not increase, a disproportionation reaction
of Zr(m) to form Zr(iv) and Zr(n) must take place, possibly over-
laid with a higher oxygen mobility at elevated temperatures,
i.e. bulk oxygen segregates to surface-near regions. That the
majority of thus oxidized species seem to be Zr(m), indicates
that the reaction from Zr(m) to Zr(iv) is favored compared to
the oxidation of Zr(u) to form Zr(m).

Fig. 11C shows the spectrum obtained after heating the
sample to 873 K in moist He. The peak is not as broad as com-
pared to the above-discussed spectra, without the presence of
a strong shoulder. Both can be directly related to the complete
absence of Zr(u). The experimental spectrum is composed of
Zr(wv) (72%) and Zr(ur) (28%). This suggests that water is able
to oxidize the Zr(u) that was found for the dry He treatment at
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the same temperature, as well as to oxidize some of the Zr(m),
since the amount of that state is also lower. In pure dry O, at
723 K (Fig. 11D), the spectrum looks very similar to that for He
(873 K), which indicates that the temperature is too low to
effectively oxidize the sample. Only 48% are present in the
form of Zr(wv), whereas nearly the same amount (39%) is
present as Zr(m), and 13% are Zr(u). The Zr(iv)/Zr(m) ratio is
even lower than for the helium-treated sample. Upon increas-
ing the oxidation temperature to 1273 K the suboxides vanish
almost completely, and there is only a minor fraction of 7%
Zr(m) left (Fig. 11E).

After reduction in dry H, at 1273 K (Fig. 11F), the general
peak separation is comparable to treatments either in O, at
1273 K or in H,O at 873 K with a well-defined shoulder at
about 181 eV. The fits reveal that - in addition to Zr(wv) - there
is a second component, which is neither Zr(ui) nor Zr(u), as its
shift relative to Zr(wv) is 1.4 eV, and is, thus, found in-between
those two oxidation states (which would be at 1.1 eV and
2.1 eV, respectively). The shift, nevertheless, is also not large
enough for it to be zirconium hydride, ZrH,, which should
yield peaks at a binding energy of 178.8 eV.”> This could indi-
cate hydrogen dissolution inside the crystal structure, which
either shifts the neighboring Zr(iv) or Zr(m) energetically to
lower binding energies.”” What would be in favor of the Zr(m)
ions being affected is that even the spectra taken after O, treat-

4566 | Dalton Trans., 2017, 46, 4554-4570

ment contain a small fraction of suboxides. A sample reduced
in pure H, should feature an even larger portion, and the
quantification of the respective spectra would yield a sum
formula of ZrO, g4, which agrees with the presence of Zr(m).
This hydrogen-influenced species gives rise to 34% of the total
Zr 3d signal.

In Fig. 11G, the sample was annealed to 1273 K in CO,,
which gives rise to another distinct shoulder, albeit at lower
binding energies as compared to treatment in hydrogen. It is
located at about 180 eV and is caused by a component rela-
tively shifted to the Zr(iv) peak by 1.9 eV. The C 1s region
(Fig. S71) reveals a severely asymmetric peak being due to a Zr
carbide component at 282.9 eV,>® which appears as a shoulder
in the Zr 3d region. The latter peak (as the C 1s component) is
shifted to higher binding energies when compared to the refer-
ence values for ZrC.>® The reason for this could be that it is
not a pure ZrC layer, but rather a ZrO,C, oxy-carbide, where
the remaining oxygen could influence the surrounding Zr and
C atoms and cause the respective chemical shifts. This could
be either because the ZrC layer itself contains oxygen or that it
is indeed ZrC, but is so thin that the oxide/carbide interface is
sampled as well. Taking into account the different escape
depths between the Zr 3d and C 1s regions, the carbide com-
ponents in both spectra yield the same absolute amounts of
carbide: 21% of the surveyed zirconium and 18% of the

This journal is © The Royal Society of Chemistry 2017
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present carbon species (the rest being adventitious carbon),
with a total of Zr/C ratio of 1.2.

Surface modifications including dissolved hydrogen species
and Zr-carbide in H, and CO, are not observed in comparable
experiments of monoclinic ZrO, (preceding study of H, on
m-ZrO, in ref. 54 no carbide in the XPS spectra in Fig. S8T).
Starting with a tetragonal sample, which is highly defective
and hydroxylated and, thus, more active, seems to strongly
promote such surface modifications.

The essentially different phase transformation behavior in
He compared to the other gases can be explained as follows:
starting with a defect concentration sufficient enough to stabil-
ize the tetragonal phase at room temperature, simple heating
only leads to an unaffected increase of the defect concen-
tration and further stabilization of the tetragonal phase. Also
upon cooling, no quenching or reaction of these defects is
possible in dry He and, thus, a less pronounced phase trans-
formation to monoclinic ZrO, is observed. In oxidative gases
such as O, and H,O direct defect quenching is possible and
phase transformation upon cooling is unavoidable. Also the
formation of (oxy-)carbides or dissolved hydrogen species can
be seen as a unique form of defect alteration and blockage.

A final note on the optical change of the sample color
should be added at this point. The tetragonal sample annealed
at 673 K exhibits a grayish/brownish color, likely due to a
certain amount of reduced centers. The sample treated in He
up to 1273 K is dark gray, indicating an increased amount of
color centers. Treatment in dry H, leads to an almost black
pellet. The samples after treatment in water up to 873 K and
0, and CO, up to 1273 K are white, which matches the
assumption of different, but nevertheless oxidative quenching
mechanisms.

Surface morphology as determined by AFM: influence of powder
pressing. To sum up the XRD and XPS data, derived from the
distinct surface modifications in H, and CO,, compared to
pure monoclinic ZrO, the surface chemistry is strikingly
different. Another remarkable effect is the influence of press-
ing and in situ sintering the sample compared to treatment of
a loose powder as starting material. The XRD pattern in
Fig. S5 and the corresponding Rietveld analysis in Fig. 7 and
Table S17 clearly show that it makes a difference whether the
original aerogel is heated in a pressed or a powderous form.
Whereas the powder sample (starting with a fine milled
aerogel) is 97% monoclinic after heating in dry O, the pressed
pellet still provides 13% of tetragonal phase. To further shed
light on this phenomenon, AFM measurements of the pellet
after treatment in O, up to 1273 K were performed (Fig. 12).
The AFM images obtained at a larger scale (5 x 5 pm, Fig. 12C)
clearly show that the pellet is composed of large grains (with a
grain size of about 200 nm, as obtained from a histogram).
Fig. 12D makes it easier to visualize the surface, as in this 3D
image, the x-, y- and z-axes all have the same scaling, revealing
that the surface is rather flat, with the grains having a low
profile (the z-extent of the image is 283.9 nm). Upon zooming
into one such grain (Fig. 12A, z: 65.2 nm), it can be seen that a
lot of small crystallites sit at its surface, which exhibit an

This journal is © The Royal Society of Chemistry 2017
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improved contrast in the respective phase image (Fig. 12B). By
measuring the size of more than 200 such grains in the phase
image and fitting a Gaussian function to the resulting histo-
gram, the most frequent crystallite size could be determined to
be 16 nm (Fig. 12E). According to ref. 8 this particle size impli-
cates stabilization of the tetragonal phase. We conclude that
the main bulk of the pressed and sintered sample is trans-
ferred into monoclinic phase upon heating to 1273 K, but the
surface still exhibits small tetragonal particles. In this context,
Shukla and Seal® also claim that agglomeration of many small
crystals does stabilize possible pm-sized sintered tetragonal
structures. Note that for the present experiments the aerogel
was pressed into pellets and subsequently sintered in this
“shape” inside the in situ setups. Treating such a pellet in O,
up to 1273 K leads to phase transformation to monoclinic
ZrO, but still a distinct amount of tetragonal ZrO, is present
(13 at% t-ZrO,), as derived from the AFM measurements: very
likely on the surface of the pellet derived from the 16 nm size
of the particles on the surface of the pellet.

Conductivity measurements at elevated temperatures between
RT-1273 K. Based on the XRD, XPS and AFM data, the corres-
ponding EIS measurements in different gas atmospheres up to
1273 K can now be critically discussed. For detailed discussion
of data obtained with a maximum temperature of 693 K, we
refer to section 3.1.2. Additional comparative reference experi-
ments were also done for monoclinic ZrO,, which are dis-
played in Fig. S9.t

Exposure of t-ZrO, to dry O, and heating up to 1273 K
(Fig. 13, green trace) shows semiconductive behavior starting
at T > 560 K with a step between 560-700 K, after which the
impedance starts to decrease faster up to ~1013 K. At higher
temperatures, the impedance decrease flattens, leading to a
value of 5.8 x 10°> Q at 1273 K. The same trend is observed
during cooling with minor differences in the insulating period
between 660-RT and a missing step between 560 and 700 K.
Compared to m-ZrO, during treatment in O, (Fig. S9AY),
a somewhat similar trend for both oxides is observed up to
973 K. At temperatures above 973 K the impedance decreases
less strongly for t-ZrO, than for m-ZrO, leading to slightly
different final values at 1273 K (m-ZrO,: 1.2 x 10* Q; t-ZrO,:
5.8 x 10° Q). This could be tentatively assigned to kinetic
phase transformation/oxygen quenching processes in the tetra-
gonal sample.

Treatment in H, up to 1273 K (Fig. 13 blue traces) reveals
slight differences especially in the semiconductive region,
leading to a final impedance value of 1.4 x 10* Q at 1273 K.
Again, re-cooling yields similar results between 1273-973 K,
but at lower temperatures, differences to the heating process
are evident. Two plateaus are apparent between 760-652 K
(3.8 x 10° Q) and 652-RT (4.8 x 10® Q). In contrast, exposure of
m-ZrO, to dry H, (Fig. S9Bf) leads to semiconductive behavior
at temperatures 7'> 415 K and a value of 1.2 x 10° Q at 1273 K.
This indicates that in dry H, on t-ZrO, the impedance at the
highest temperature is about one order of magnitude lower
than on m-ZrO,. Together with the strongly deviating behavior
of re-cooling the t-ZrO, sample in H,, this effect may be due to

Dalton Trans., 2017, 46, 4554-4570 | 4567
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the above-mentioned dissolution of hydrogen in the sample,
which is not the case for pure m-zr0,.>*

Striking differences during the temperature-dependent EIS
analysis in CO, are illustrated in Fig. 13 (grey and black
traces). Between RT-673 K a pronounced insulating period in
combination with semiconductive behavior, exhibiting several
steps in the decrease of the impedance, is apparent (1.0 x 10° Q
at 1273 K). As in hydrogen, during re-cooling a similar trend
as during heating in the high-temperature region 1273-1126 K
is apparent, but at lower temperatures differences arise.
Higher impedance values as during heating are obtained down
to ~820 K, followed by the insulating period. The monoclinic
sample (Fig. S9Ct) exhibits an insulating period during
heating between RT-673 K and 860 K-RT during cooling as
well as an impedance value of 2.5 x 10> Q at 1273 K. From the
FT-IR experiments one can deduce that the surface chemistry

4568 | Dalton Trans., 2017, 46, 4554-4570

of the used t-ZrO, is strongly enhanced at lower temperatures
compared to the used monoclinic ZrO, sample.*”>>® The XPS
investigations show that on the t-ZrO, sample (oxy-)carbides
are formed (which is not the case for the monoclinic sample —
compare Fig. S9t). Since a fully percolated (oxy-)carbide layer
would lead to a better conductivity, a full (oxy-)carbide surface
percolation can be excluded due to the increased impedance
values of t-ZrO, at 1273 K compared to m-ZrO,.

The reference measurement in dry He again provide inter-
esting results (pink traces Fig. 13). Upon heating to 1273 K a
very short insulating period (RT-520 K) together with semicon-
ductive behavior at temperatures >520 K is apparent. However,
during He treatment the impedance starts to decrease faster as
compared to O,, but comparable to H,. The value at 1273 K is
lower (4.3 x 10* Q) than in O, and CO, and a little bit higher
than in H, (1.4 x 10* Q). The comparison between m- and

This journal is © The Royal Society of Chemistry 2017
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t-ZrO, in dry O,, H,, CO, and He. Heating/cooling rates = 10 K min~?,

flow = ~1.0 mL s, experiments were performed between RT-1273 K.

t-ZrO, in dry He (Fig. S9D7) again helps to provide information
on pure temperature-induced conductivity effects on the
samples. Basically, almost an identical impedance course is
observed for both oxides with some slight differences in the
value at the highest temperature (m-ZrO,: 1.1 x 10> Q and
t-ZrO,: 4.3 x 10* Q). This again emphasizes the huge influence
of the gas atmosphere to the overall electrochemical response
of the sample.

To sum up the EIS investigations up to 1273 K, we note a
very strong dependence of the conductivity on the nature of
the gas atmosphere, which corroborates the XPS data. This
might especially affect the surface and grain boundary contri-
bution conductivity mechanisms. The phase transformation
itself cannot be observed “directly”, but confirms that the
latter is most likely a rather continuous process.

4. Conclusions

The conclusions derived from the presented work can be sum-
marized as follows:

- the characterization of the pure tetragonal ZrO, com-
pound below 723 K reveal an active surface with a high degree
of hydroxylation. Lewis-acidic and Brensted-basic centers are
both found on the surface. Both CO and CO, are effectively
blocking coordinately unsaturated sites and, thus, no conduc-
tivity has been observed in these C1 gases. However, already in
this temperature region, significant differences in the surface
conductivity as a function of the gas atmosphere arise.

- Water promotes the transformation from tetragonal to
monoclinic ZrO, especially around 873 K. This has been
worked out in a combined spectroscopic and structural study
by impedance, FT-IR and X-ray diffraction measurements.
Moreover, the tetragonal ZrO, sample exhibits pronounced

This journal is © The Royal Society of Chemistry 2017
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interactions with water, leading to additional protonic conduc-
tion. Most importantly, this transformation is observed at
much higher temperatures than reported in literature.

« The high-temperature investigations up to 1273 K as a
function of the gas atmosphere reveal distinct differences,
ranging from being basically unaffected (He), over dissolved
hydrogen (in H,) to reaction ((oxy-)carbide formation in CO,).
The phase transformation is also reported to be strongly
affected by the sintering and pressing history of the sample.

« Both defects and hydroxylation are the decisive para-
meters for steering the structural stability and reactivity of the
phase-pure tetragonal ZrO, modification. Due to critical
control of these parameters during synthesis, the pure ZrO,
material shares some common behavior with the doped
samples reported in literature, but also major differences. The
latter is basically reflected in the much higher structural stabi-
lity, especially at low temperatures and a totally different
surface reactivity.

 This then enables a proper physico-chemical characteriz-
ation of this prominent modification in the ZrO, polymorphic
system. These investigations demonstrate unique aspects of
the used t-ZrO, sample. Despite the fact that ZrO,, and
especially in this case metastable tetragonal ZrO,, seems to be
a well-investigated polymorph in literature, the unique pro-
perties point out the significant impact of sample preparation
routine and sample history.
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