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Abstract

Zr0, is a versatile material with diverse applications, including structural ceram-
ics, sensors, and catalysts. The properties of ZrO, are largely determined by its
crystal structure, which is temperature- and atmosphere dependent. Thus, this
work focuses on a quantitative analysis of the temperature- and gas atmosphere-
dependent phase transformation of tetragonal t-ZrO, into monoclinic m-ZrO,
during heating-cooling cycles from room temperature to 1273 K. Synchrotron-
based in situ X-ray diffraction (XRD) studies in gas atmospheres of different
reduction strengths, namely, 5vol% H,/Ar, He, CO, and air, revealed a stabilizing
effect of inert and reductive environments, directly yielding different tempera-
ture onsets in the phase transformation during cooling (i.e., 435, 510, 710, and
793 K for 5 vol% H,/Ar, He, CO,, and air, respectively). Rietveld refinement
shows a direct influence of the atmosphere on grain size, unit cell, and weight
fraction of both polymorphs in the product composite matrix. The tetragonal-
to-monoclinic (t-m) phase transformation is suppressed in the sample heated
only up to ~850 K, independent of the gas atmosphere. The results of ex situ
XRD, transmission electron microscopic, electron paramagnetic resonance, and
oxygen titration experiments confirmed that the phase transformation is accom-
panied by a change in the crystallite/particle size and the amount of lattice
defects (i.e., oxygen vacancy). Due to the different onset temperatures, a complex
interplay between kinetic limitations of phase transformation and grain sinter-
ing yields different pathways of the phase transformation and, eventually, very
different final crystallite sizes of both t-ZrO, and m-ZrO,.
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1 | INTRODUCTION

ZrO, is one of the most extensively studied oxides with
diverse applications ranging from structural ceramics to
bioceramics, sensors, and catalysis.l’9 For all of them, a
deep understanding of structural stability under various
environments is one of the pre-requirements, the struc-
tural transformation depends, in turn, on the surface and
bulk chemistry of ZrO, polymorphs. Under ambient pres-
sure conditions, three ZrO, polymorphs are known: a
monoclinic polymorph (m-ZrO,, space group P2;/c, No.
14), which is thermodynamically stable at ambient temper-
ature, and high-temperature tetragonal (t-ZrO,, P4,/nmc,
No. 137) and cubic (¢c-ZrO,, Fm3m, No. 225) polymorphs.
The latter two are metastable and are usually stabilized by
dopants such as Y>* and Ce** cations. Two other mech-
anisms widely discussed in the literature are focused on
the influence of the defect chemistry (especially oxygen
vacancies) and crystal size. Despite both being a matter
of controversial discussions, there is a common under-
standing that there is a critical concentration of oxygen
vacancies and a critical size limit for the stabilization
of both metastable polymorphs. A canonical example is
the critical size threshold of about 33 nm for t-ZrO,?*
Both thermodynamic models and DFT calculations stress
out the dependence of critical size on the crystal shape
of initial and final phases as well as the surrounding
environment.!%:!!

The tetragonal-to-monoclinic (i.e., t-ZrO, — m-ZrO,)
phase transformation is widely exploited for ceramic
toughening'> and heterogeneous catalysis.”*""> For
instance, the t-ZrO, — m-ZrO, phase transformation in
Pd/ZrO, and Au/ZrO, catalysts is accompanied by an
increase in the concentration of surface oxygen vacancies
that in turn enhances the catalytic activity in the CO and
methane oxidation.'>*

As the understanding of the polymorphism on the
microscopic level is a prerequisite for the rational-
ized design of applications, a great deal of work in
the last decades has been devoted to unraveling the
mechanistic details of the t-ZrO, — m-ZrO, phase
transformation.®%'9-2° It has been classified as a so-called
martensitic, that is, athermic diffusionless phase trans-
formation, where sheer forces alter the structure without
changes in the concentration of dissolved components.?’
Besides, a few in situ X-ray diffraction (XRD) studies on
the phase stability of pure t-ZrO, at high temperatures
are limited to air.”®° Further in situ XRD experiments
under different gas atmospheres are therefore required
to understand the structural stability and phase transfor-
mation of t-ZrO, under gas atmospheres relevant to the
catalytic and solid oxide fuel cell (SOFC) applications (e.g.,
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H,, CO,, and O,). Thus, in a recent work, the gas-phase
dependence of this phase transformation under oxidative,
reductive, or inert gas atmospheres has been addressed on
a mere qualitative basis.’' Special focus was put on the
comparative behavior in different oxidative and reductive
environments to elucidate the kinetic stability of tetragonal
ZrO, and also in catalytically and technologically rele-
vant gas atmospheres. Due to the stabilization of structural
defects, especially inert atmospheres suppress the transfor-
mation into m-ZrO, during cooling of the preheated t-ZrO,
phase, even at temperatures as high as 1273 K.*! Oxidative
atmospheres favor the transformation t-ZrO, — m-ZrO,,
and in reductive atmospheres (such as CO or H,), the
m-ZrO, fraction increases after a heating-cooling cycle,
which was explained by the formation of (oxy-)carbides
or dissolved hydrogen species that can be considered as
a unique form of defect alteration and blockage.*! How-
ever, the structural consequences on a (semi)quantitative
level have not been addressed in detail yet. This especially
encompasses the crystal size and lattice parameter alter-
ations. A possible quantitative analysis between oxygen
vacancy concentration and the associated structural sta-
bility in relevant gas atmospheres has not been attempted
so far, which is crucial in clarifying the role of structural
defects in stabilizing t-ZrO,.

To close this knowledge gap, we present here a concise
comparative aberration-corrected electron microscopy and
in situ XRD study, which is directly correlated with oxygen
titration measurements and electron paramagnetic reso-
nance (EPR) to elucidate the influence of structural defects
on phase transformations in ZrO,. Both the electron
microscopy and XRD experiments are designed in a very
sophisticated way to extract the necessary information.
As for the former, a delicate Fourier-transform analysis
of high-resolution (HR) electron microscopy images was
necessary to discriminate between t-ZrO, and m-ZrO, in
the morphological and structural composite mixture after
the respective annealing treatments. To elucidate the nec-
essary structural information during sintering/annealing
(i.e., lattice parameters, crystallite size, and phase com-
position), dedicated synchrotron-based experiments were
carried out.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials

The zirconia precursor was synthesized by a sol-gel
method from zirconium(IV) isopropoxide (isopropanol
adduct, 99.9% Zr, and strem chemicals) dissolved in iso-
propanol (Finne Gatt-Koller, 99.98%) and quenched with
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water, as described previously.*” The resulting gel was then
dried to obtain the amorphous zirconia precursor that was
calcined at 723 K in air to produce phase-pure t-ZrO,. The
latter was subsequently heated in a tube furnace with a
Schlenk tube under flowing 5 vol% H,/Ar, He, CO, and
air (approximately 40 mL/min) at two different tempera-
tures of 850 and 1200 K, holding for 10 min before cooling to
room temperature. A heating/cooling rate of 100 K/h was
used for all treatments.

2.2 | Electron microscopy
The structure of the ZrO, nanoparticles was investi-
gated by high-resolution transmission electron microscopy
(HRTEM) carried out on an aberration-corrected FEI
Titan3 80-300 microscope operated at 300 keV electron
energy. The identification of the ZrO, particles and the
phase assignment is entirely based on the two-dimensional
Fourier transformation (FT) analysis of HRTEM images
recorded from particle agglomerations on the sample fol-
lowed by the correlation with the calculated diffraction
pattern of oriented bulk t-ZrO, and m-ZrO, polymorphs.
The inverse FT was applied to identify the size and loca-
tion of the respective ZrO, polymorph domains within the
composite matrix. The analysis has been repeated for all
treatments and results in particle size histograms consist-
ing of between 200 and 700 individual particles. Despite
most ZrO, nanoparticles exhibiting a tetragonal structure
characterized by larger diameters as compared with m-
ZrO, nanoparticles, the distinction between the two ZrO,
polymorphs cannot be performed directly within HRTEM
images of highly agglomerated particle ensembles. The
structure analysis of an ensemble containing a mixture
of particles with t-ZrO, and m-ZrO, structures is based
on the following considerations: HRTEM images of such
nanoparticle ensemble are recorded, and Fourier trans-
formed. A given (hkl) Bragg reflection, which can be
unambiguously assigned either to the t-ZrO, or to the m-
ZrO, polymorph in the FT image, is then selected, and
its intensity is artificially enhanced. The inverse Fourier
transform image (called Fourier-filtered (FF) image) is cal-
culated by taking only this (h k[)-reflection into account.
The FF image reveals both the size and the location of
the corresponding t-ZrO, or m-ZrO, domain within the
ensemble. Lastly, the FT-FF particle identification is veri-
fied by determining the structure of that individual particle
inside the corresponding location on the initial HRTEM
image of the ensemble by comparing its FT with the calcu-
lated diffraction pattern of either the t-ZrO, or the m-ZrO,
phases.

The irradiation with the high-energy electron beam can
induce the particle sintering within agglomerated aggre-

gates and, influence by that, the size of single crystalline
domains with t-ZrO, or m-ZrO, structure determined by
TEM experiments. The sintering mechanisms that have
to be considered here are the coalescence and the ori-
ented attachment of single particles. The sintering by
coalescence, where there is no particular relation in the
lattice plane orientation at boundaries of single crys-
talline domains that grows, is not expected to modify
the size of single crystalline domains with either the t-
ZrO, or the m-ZrO, structure as determined by TEM
experiments. On the contrary, the orientated attachment
(OA) of particles, where a common crystallographic align-
ment of the lattice plane orientation at boundaries of
single crystalline domains that grows allows for continu-
ous crystallographic planes within the larger domain, will
result in an increase of the particle size determined by
TEM.

To avoid the OA sintering of particles due to the irra-
diation with the high-energy electron beam during the
acquisition of HRTEM images, different regions of one
and the same sample were analyzed, which were not illu-
minated during previous measurements. All microscope
alignments are carried out on a sample region, which
is not considered for the data evaluation. The sample is
then moved to an adjacent region that was not previ-
ously exposed. The image is immediately taken without
refocusing. By using this procedure, the total illumination
time (choice of region and recording the image) becomes
shorter than 2 s, avoiding the OA sintering of particles in
agglomerates.

2.3 | Insitu X-ray diffraction

The in-situ high-temperature synchrotron XRD exper-
iments in CO,, He, air, and 5 vol% H, in argon flow
were performed at beamline 12.2.2 at the Advanced Light
Source and Lawrence Berkeley National Labs. The in-situ
diffraction patterns were collected in the angle-dispersive
transmission mode with a focused 25 keV monochro-
matic beam (1 = 0.4959 A/50 um spot size). The sample
powder was heated in 700 um quartz capillaries under
a continuous gas flow injected through another 300 um
capillary with a cut-open end. The capillary is heated in an
infrared-heated SiC tube furnace described elsewhere.***
Diffraction patterns are recorded by a Perkin Elmer flat
panel detector (XRD 1621, dark image and strain correc-
tion) every 25 s during the heating and cooling cycle.
The amorphous zirconia precursor was in situ heated
first to 723 K inside the capillary under air flow until
crystallization to t-ZrO, was completed. The obtained
phase-pure t-ZrO, was then reheated in the target gas
(i.e., CO,, He, and 5 vol% H, in Ar). The reference t-ZrO,
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specimen synthesized using the procedure described in
2.1 was used for the in situ XRD experiment in the air.

2.4 | Electron paramagnetic resonance
(EPR) measurements

Continuous wave (cw) EPR measurements at X-band
(9.78 GHz) and Q-band (34 GHz) frequencies were con-
ducted at room temperature in quartz tubes of 2.9 mm
outer diameter, with a Bruker B-ER420 spectrometer
upgraded with a Bruker ECS 041XG or Bruker ERO051
QG microwave bridge and a lock-in amplifier (Bruker
ER023M), a modulation amplitude of 1 G and a modulation
frequency of 100 kHz were applied with a Bruker TE;, or
an ER051QT resonator. All EPR spectra were normalized
to the sample mass.

2.5 | Thermogravimetry (TG) and mass
spectrometry (MS) measurements

Thermogravimetry analysis coupled with a mass spec-
trometry (TGA-MS) measurements were conducted in STA
409 PC LUXX (Netzsch) and a PFEIFFER OMNISTAR
GSD320 O1 (Pfeiffer Vacuum GmbH), equipped with an
iridium filament and heated lines. The samples were
heated up to 1200 K in air and 5 vol% H,/Ar atmospheres
using a heating rate of 5 K/min.

2.6 | Temperature-programmed oxygen
titration

The titration of oxygen vacancies produced in t-ZrO,
by various reduction treatments was performed by O,-
temperature-programmed oxidation (O,-TPO). For this
experiment, the reduced sample was exposed to a defined
amount of O, that had been pre-dried in a 163 K cool-
ing trap. The sample was then submitted to a temperature
program consisting of three phases. In the first phase,
the sample was heated from room temperature to approx-
imately 1220 K at a rate of 5 K min~'. The maximum
temperature was maintained for 10 min before the sam-
ple was allowed to cool back down to room temperature
at a rate of 5 K min~!. As the setup did not allow for active
cooling, the cooling rate decreased steadily at temperatures
below 373 K. The O, uptake at each given point during the
experiment was determined by the pressure drop in the
system—based on the ideal gas equation—which required
an He calibration experiment under O,-TPO conditions
in order to determine the sample temperature-dependent
effective volume of the reactor.

3 | RESULTS AND DISCUSSION

3.1 | Structural evolution of t-ZrO, in
different atmospheres from in situ XRD

To follow the structural evolution of t-ZrO, (and, thus, its
phase stability and propensity to phase transformation)
and to directly assess the influence of structural defects on
such transformations, the t-ZrO, samples were subjected
to the same heating-cooling cycle in gas atmospheres (i.e.,
5 vol% H,/Ar, He, CO,, and air) relevant to catalysis and
SOFC applications. The corresponding in situ XRD pat-
terns collected during cooling from 1273 K are displayed
in Figure 1. The Rietveld refinement of the in situ XRD
data allows for extracting detailed information about the
domain size, unit cell volumes, and amount of t-ZrO, and
m-ZrO, polymorphs, as shown in Figure 2.

As can be seen in Figure 1, the t-ZrO, is stable upon
heating to 1273 K in all atmospheres and partially trans-
forms to m-ZrO, only upon cooling. In all cases, the final
samples—obtained upon cooling to room temperature—
consist of a mixture of t-ZrO, and m-ZrO, with different
weight fractions depending on the gas environment.

As shown in Figure 2A, the transformed t-ZrO, frac-
tion (i.e., m-ZrO,) was found to be approximately 18, 56,
93, and 93 wt.% after heating in 5 vol% H,/Ar, He, CO,,
and air, respectively. A similar trend is observed for the
onset of phase transition temperatures (when the phase
transition t - m-ZrO, starts at the earliest): Here, this tem-
perature is highest at 793 K in air, followed by 710, 517, and
435K for heatingin CO,, He and 5vol% H,/Ar, respectively.
These results indicate that oxidative gases, such as air and
CO,, facilitate the t - m-ZrO, transformation, whereas
the inert (i.e., He) and reducing (i.e., 5 vol% H,/Ar) gas
atmospheres stabilize t-ZrO, in the final mixtures as well
lower the onset temperature of t-ZrO, — m-ZrO, phase
transition during the cooling process. The reasons could
be two-fold: (i) the stabilization of oxygen vacancies and
carbon doping in reductive environments and (ii) the
influence of different atmospheres on the crystallite size
of t-Zr0O,.

As displayed in Figure 2B, the evolution of the tetrago-
nal unit cell volume reveals additional interesting features.
Upon heating in all gas mixtures under study, a distinct
“plateau” between 600 and 900 K appears. This feature is
well known for other oxides, such as CeO,, La ¢St 4,FeOs,
and La,NiO,,***° where the removal of oxygen from the
lattice in reducing atmospheres results in a decreased unit
cell volume. The sharp increase in the unit cell volume
above 900 K may be due to the reduction of Zr**-Zr3*
(which is accompanied by an increase in the ionic radius
of the cations) to compensate for the thermal oxygen loss
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FIGURE 1 Insitu X-ray diffraction (XRD) patterns of t-ZrO, samples during cooling from 1273 to 278 K display phase transformation

t-ZrO, — m-ZrO, under flowing of 5 vol% H,/Ar, He, CO,, and air atmospheres. Calculated diffraction patterns for t-ZrO, (PDF 00-050-1089)
and m-ZrO, (PDF 00-073-1484) are shown at the bottom of each plot, whereas the symbols (*) and (#) refer to the peaks of quartz SiO, and
SiC, respectively (both used as sample holders in the in situ XRD experiments).

between 600 and 900 K. Although air and CO, are oxidiz-
ing atmospheres, the loss of oxygen and reduction of Zr**
into Zr** can occur by the oxidation of carbon residue
originating from the zirconia precursor. This reduction by
carbon-containing impurities in an oxidizing atmosphere,
such as air and CO,, has previously been reported for
several transition metal oxides.>**”® It is worth noting
that the zirconia precursor was calcined at 723 K prior to
the in situ XRD experiments, this temperature was insuf-
ficient for the full oxidation of all carbon residues in the
specimens. During cooling, a linear contraction of the unit
cells is observed in all atmospheres. However, as shown in
Figure 2B for all atmospheres, the untransformed t-ZrO,
shows a larger unit cell volume during cooling than that

determined during the heating step for the initial t-ZrO,
phase at the same temperature. Moreover, as shown in
Figure S1, the XRD reflections corresponding to t-ZrO,
observed in the pattern collected at 850 K during cooling
are shifted to higher interplanar distances if compared
with those observed at the same temperature during
heating. These results confirm that the initial structure of
t-ZrO, is altered during heating due to the oxygen/carbon
loss and the partial reduction of Zr** into Zr3*. At lower
temperatures, the calculation of the unit cell volume of
t-ZrO, in air and CO, atmospheres is accompanied by
large standard deviations due to the significant decrease of
the weight fraction of the t-ZrO, so that its XRD reflections
are becoming more and more superimposed by the large
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Figure 2C reveals that the evolution of crystallite
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(A) number of reflections of m-ZrO,, rendering Rietveld
100 ~ refinement difficult, thus increasing the error bars.
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(B) Temperature / K the transformation of t-ZrO, into m-ZrO,. Despite similar
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To study the influence of crystallite size and lattice defects
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(C) 60 on the phase transformation of t-ZrO,, the material was
55 | 7:7 :zgz;ﬁg H@Ar 72 ) zggzif_,g HL@Ar heated at two temperatures, that is, 850 and 1200 K, in dif-
—=—tZ10, / CO, —o—m-Z10,/ CO, ferent atmospheres. As shown in Figure S2, the obtained
50 —4— tZ0, I Air —A—m-Zr0, / Air .. .
45 samples after heat treatment possess visibly different col-
E ors, which may be attributed to their different crystallite
° 401 size, phase composition, and deviation from the stoichio-
® p p
'g 35 1 metric composition. Agreeing with in situ XRD results,
% 30 1 the t-ZrO, phase was found to be stable in all sam-
‘gzs . ples heated at 850 K regardless of the used atmospheres
© 20 il (Figure S3). No remarkable change in the crystallite size
5] oo *_» saasssadd was observed either, as revealed by Rietveld refinement
104 Heating analysis (Table 1). In contrast, the t-ZrO, phase is partially
. transformed into the m-ZrO, phase, when the samples are

T T g T ¥ T v T g T g
200 400 600 800 1000 1200 1400
Temperature / K

FIGURE 2 Results of the Rietveld refinement of the X-ray
diffraction (XRD) data from Figure 1: (A) weight fraction, (B) unit
cell volume, and (C) crystallite size of t-ZrO, and m-ZrO,
polymorphs.

treated at 1200 K (Figure S3). The weight fraction and crys-
tallite size of untransformed t-ZrO, and formed m-ZrO,
phases are found to be influenced by the different atmo-
spheres (Table 1). These results agree with the results of in
situ XRD experiments (Figure 2).

The determination of the crystallite sizes of t-ZrO, and
m-ZrO, polymorphs in the TEM experiments is severely
hampered by the particle agglomeration and the struc-
tural defectiveness of the ZrO, material. Therefore, espe-
cially for those samples/treatments, where a composite
of both polymorphs is expected, an analysis method that
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TABLE 1

Domain size and weight fraction of t-ZrO, and m-ZrO, polymorphs in ZrO, specimens treated at 850 and 1200 K in different

atmospheres as obtained by HRTEM and X-ray diffraction (XRD) analysis.

m-ZrO, t-ZrO,
Domain size (nm) Weight fraction Domain size (nm) Weight fraction
Temp (K) Atmosphere TEM XRD/RR (%) TEM XRD/RR (%)
723 Air - - 52+ 16 12.0 + 1.2 100
850 5vol% H,/Ar = = 7+ 3 22.4 + 2.2 100
Co, = = 8+ 3 224 + 21 100
Air = = 52 + 16 12.0 £ 1.2 100
1200 5vol% H,_Ar 6+2 83+18 11.3+1.2 18 + 4 30.6 + 2.2 88.7+£1.6
He 7+3 13.3+1.7 120 £1.1 17 + 4 30.2 + 2.2 88.0+1.7
CO, 23+5 18.6 £ 1.6 78.5+1.2 7+2 141 + 1.5 21.5+1.9
Air 14+4 21.6 +1.6 914 +1.7 6+ 2 75 + 15 8.6+12

Abbreviation: TEM, transmission electron microscopy.

FIGURE 3

(A) Transmission electron microscopy (TEM) overview image of a particle agglomeration on the untreated phase-pure

t-ZrO, sample. Panel B: magnified HRTEM image of the crystalline t-ZrO, domain marked with the white frame in (A), Panel C: the Fourier
transformation (FT) pattern of the particle marked by the orange frame in (B) and calculated diffraction pattern with Miller indices for the
t-ZrO, phase in the [111]-zone axis (orange circles). The white circle indicates the zero-order beam (ZB).

reproducibly allows distinguishing between microcrystals
of both modifications needed to be used. The method of
choice, which has been outlined in detail in the exper-
imental section, is based on FT-FF analysis of HRTEM
images and is exemplified in the following. For materi-
als where only one crystalline structure/one polymorph
is expected, such as the untreated t-ZrO, reference mate-
rial, this sequence of analysis is easier. To illustrate the
procedure applied to determine the particle size in this
case, a demagnified TEM overview image of such a parti-
cle agglomerate with rounded individual grains apparently

“glued” together was considered in Figure 3 (Panel A).
To identify the size of individual particles with tetrago-
nal ZrO, structure, a representative region marked with
the white frame in Figure 3A is shown magnified on the
HRTEM image in Figure 3 (Panel B). Subsequently, the
FT of the particle (orange frame) in Figure 3B has been
calculated and shown in Figure 3 (Panel C). According
to this analysis, the whole nanoparticle is a single ZrO,
monocrystal with a tetragonal structure, as indicated by
the good agreement between its two-dimensional Fourier
transform and the calculated diffraction pattern of the bulk
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tetragonal ZrO, (space group No. 137, P4, /nmc, with lattice
parameters of a = b =3.593 A and ¢ = 5.184 A) in the [111]-
zone axis. Then, a diameter of 6.4 nm was determined for
the single t-ZrO, monocrystal shown in Figure 3B. Simi-
larly, the FT analysis of 453 monocrystals located on many
HRTEM images recorded on the untreated t-ZrO, refer-
ence sample yielded the particle size histogram shown in
Figure S4, with an average crystallite diameter of D = 5.4 +
1.6 nm.

The steps of phase identification for samples contain-
ing a mixture of particles with both the t-ZrO, and m-ZrO,
structures are highlighted in Figure 4 for a t-ZrO, sample
treated in 5 vol% H,/Ar atmosphere at 1200 K. According
to the XRD results (see Figure S3 and Table 1), a mix-
ture of t-ZrO, and m-ZrO, polymorphs is prevalent in this
sample after completing the heating-cooling cycle. The
TEM analysis, therefore, must ensure the elucidation of
the structure and sizes of the nanocrystals of both poly-
morphs. In the following, the procedure used to determine
the size and the location of an m-ZrO, domain is first
described. As outlined in the experimental section, the first
step is the recording of the HRTEM image of the prospec-
tive nanoparticle agglomeration (Figure 4A), followed by
the calculation of its FT pattern (Figure 4B). The inten-
sity of the (1 1 0) reflection of m-ZrO, (which allows
for unambiguous identification of the m-ZrO, phase) is
artificially increased and used to calculate the (1 1 0)-
FF image (Figure 4C). The comparison of the FF image
(Figure 4C) with the initial HRTEM image (Figure 4D)
directly allows for the identification of the crystal domains
with the m-ZrO, structure. However, the FT-FF method
is then verified by the structure determination of the
whole domain selected using the FT-FF method (frame on
Figure 4D), which must be single crystalline monoclinic
ZrQ,. For that, the FT of the domain within the frame on
the HRTEM image in Figure 4D is calculated (Figure 4E).
The FT agrees with the calculated diffraction pattern of the
bulk m-ZrO, (space group P2;/c, No. 14, lattice parameters
ofa=5145A,b=5208 A, c =5311 A, and 8 = 99.23°) in
the [116]-zone axis (Figure 4E). The size distribution of m-
ZrO, domains within the t-ZrO, sample treated in 5 vol%
H,/Ar atmosphere at 1200 K determined using 316 parti-
cles located on many HRTEM images (Figure S5) results
in an average diameter of about 6 + 2 nm.

Similar analysis was further applied to determine the
size of t-ZrO, domains in that sample. For simplicity
reasons, only the verification step of the FT-FF method
applied in the case of a t-ZrO, domain within a particle
agglomerate on the t-ZrO, sample treated in 5 vol% H,/Ar
atmosphere at 1200 K (Figure 5A) is detailed in Figure 5.
Accordingly, the whole nanoparticle domain of about
18 nm inside the frame in Figure 5B possesses the t-ZrO,
structure, as indicated by the good agreement between

its two-dimensional Fourier transform and the calculated
diffraction pattern of the bulk t-ZrO, in the [311]-zone
axis. The diameter distribution of t-ZrO, domains on this
sample, determined by using 190 different particles, yields
an average size of about 18 + 4 nm.

Table 1 summarizes the results of the outlined analy-
sis performed on samples treated in inert He, CO,, air,
and 5 vol% H,/Ar atmospheres at 850 and 1200 K. Start-
ing with an average domain size of 5.2 nm in the initial
t-ZrO, material, it is directly revealed that treatments in
any atmosphere up to 850 K do not cause a phase trans-
formation to m-ZrO, and the average t-ZrO, domain size
remains unchanged within the standard deviation, which
agrees with results of Rietveld refinement analysis. How-
ever, the domain size determined from HRTEM analysis is
slightly lower than that determined from XRD analysis. To
explain that, it can be assumed that heating-cooling cycles
of samples, which induce the OA sintering of particles
within agglomerates, yield many grains with larger diam-
eters but only an almost perfect single crystalline t-ZrO,
or m-ZrO, structure. However, even a small misorienta-
tion of (h k1) lattice planes in such a large OA grain may
give rise to enough well-separated (h k) diffraction peaks
of each small single crystalline domain in the FT pattern
calculated by using the HRTEM image of the whole large
grain. In this case, the size of single crystalline domains
determined by TEM remains the same as that of the initial
small domain sizes despite the fact that the OA sintering
yields single grains with larger sizes. On the other side, the
structure analysis of the XRD pattern measured from this
sample will result in a larger size of coherent diffracting
domains (larger crystallite size), when the misorientation
of (hkl) planes is similar to the variation of the (h k) lat-
tice plane distances over the whole sample. In this case,
whole large grains grown by OA will be interpreted as sin-
gle crystalline domains. Thus, larger size values of single
crystalline domains are determined by XRD as compared
with the corresponding values determined by HRTEM.

3.3 | Influence of oxygen vacancies on
the phase transformation

As the phase transformation of t-ZrO, might be linked
to the oxygen vacancies and other point defects and EPR
may allow for their detection, if the defects are param-
agnetic, the EPR spectra of the samples treated at 850
and 1200 K in different atmospheres were measured. In
the room temperature cw EPR measurements at 9.78 GHz
(Figure 6A), a relatively narrow signal at around g = 2.003-
2.004 was detected. This EPR signal previously reported
for ZrO, materials has been attributed to electron trap-
ping at an oxygen vacancy.’>~*! In agreement with this
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FIGURE 4 General sequence of the structure analysis procedure used to isolate the t-ZrO, or m-ZrO, nanocrystals and subsequently
determine their individual sizes. As a representative example, a ZrO, particle ensemble on the sample obtained after treatment in 5 vol%
H,/Ar atmosphere at 1200 K is selected. Panel A: HRTEM image of the representative ZrO, nanoparticle agglomerate. Panel B: Corresponding
Fourier transformation (FT) of the whole HRTEM image shown in Panel A with an orange circle indicating the (1 1 0) reflection of
m-ZrO, phase. Panel C: Corresponding (1 1 0)-Fourier-filtered (FF) image calculated by inverse FT of the FT pattern in C after an artificial
increase in the intensity of the (1 1  0) reflection. Panel D: The HRTEM image shown in A with the frame marked and identified region of
the m-ZrO, phase. Panel E: the FT pattern of the region marked by the orange frame in (D) and calculated diffraction pattern with Miller
indices for the m-ZrO, phase in the [116]-zone axis (orange circles). The white circle indicates the zero-order beam (ZB).
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FIGURE 5 Panel A: HRTEM overview image of an aggregate within the sample containing a composite mixture of t-ZrO,/m-ZrO,
phases after a heating/cooling cycle up 1200 K in 5 vol% H,/Ar atmosphere. Panel B: magnified HRTEM image of the region inside the frame
in (A). The polygon gives a guide to the eye of a single t-ZrO, particle outline. Panel C: FT pattern of the polygonal region shown in Panel B
and calculated diffraction pattern with Miller indices for the t-ZrO, phase in the [311]-zone axis (rosa circles). The white circle indicates the
zero-order beam (ZB).
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FIGURE 6 (A)Continuous wave (cw) electron paramagnetic resonance (EPR) measurements at room temperature of untreated t-ZrO,
sample as well as the obtained samples after heating at 850 and 1200 K in different atmospheres (9.78 GHz mw frequency, modulation
amplitude 1 G, and modulation frequency 100 kHz). (B) Results of the temperature-programmed oxygen titration experiments: Oxygen uptake
by the specimen obtained by treating t-ZrO, in 5 vol% H,/Ar at 1220 K is shown as mol O per mol oxide (representing the number of oxygen
vacancies as deviation from the initial stoichiometry) and in mol O per g oxide.
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assignment to paramagnetic oxygen vacancies, the sam-
ple heated to 1200 K in air does not show this signal,
whereas the samples heated to 1200 K in 5 vol% H,/Ar,
He, and CO,, that is, in less oxidative atmospheres, exhib-
ited notable signal intensities (corresponding to approx.
5 x 10" spins/g for the sample heated to 1200 K in 5 vol%
H,/Ar). For the samples heated to 1200 K, the signal
intensity increases for more reductive atmospheres, that
is, air < CO, < He < 5 vol% H,/Ar. Thus, the results
for samples heated to 1200 K agree overall well with the
assignment to paramagnetic oxygen vacancies: In reduc-
tive atmospheres, oxygen loss may be facilitated, resulting
in the formation of such paramagnetic oxygen vacancies,
whereas more oxidative conditions may either lower their
formation or even remove (pre-)existing oxygen vacancies
at high temperature. For heating to 850 K, the intensity was
overall lower for 5 vol% H,/Ar (factor of approx. 20) and
CO, (factor of approx. 4), which is consistent with a smaller
oxygen loss at the lower temperature and thus, a smaller
amount of paramagnetic oxygen vacancies, as compared
to heating to 1200 K. This is also qualitatively consistent
with the changes observed for the unit cell volume that
indicate the oxygen loss to proceed for temperatures above
850 K. For heating in air, the sample heated to 850 K shows
a higher signal intensity than for heating to 1200 K, indi-
cating the temperature of 850 K is too low for the removal
of these oxygen defects.

However, the signal intensity is also higher than those
of the sample heated to 850 K in less oxidative atmo-
spheres, which is surprising. The question arises if more
than one type of paramagnetic oxygen species contribute
to the signal. To gain further information on the measured
signal, 34 GHz cw EPR measurements were conducted.
These showed an increase in the AB,, linewidth for all
samples, as compared to the measurements at 9.8 GHz
(see also Figure S6). This result suggests that a range of
(slightly) different defects with the type and distribution
depending on the heating conditions contributes to the
observed signal. However, it should be noted that none of
the samples heated either to 850 or 1200 K displayed signals
attributable to Zr3*.>? A possible reason for the unexpected
signal intensities of the samples heated to 850 K could
be connected to residual carbon impurities that react dif-
ferently in the various atmospheres, that is, in air the
reaction of residual carbon could induce the formation of
paramagnetic defects, such as oxygen vacancies, at low
temperatures that are removed in air at higher tempera-
tures after the residual carbon is removed. The presence
of residual carbon in the initial untreated ZrO, sample
after calcination of the precursors at 723 K is indicated by
its brownish color (Figure S2) and, moreover, by TG-MS
analysis (Figure 7). The t-ZrO, specimen exhibits a small
weight loss (~2.5wt.%) during heating from room tempera-

ture to about 800 K in both 5vol% H,/Ar and air, which can
be assigned to the desorption of physically absorbed water
(m/z = 18) and gases such as CO, (m/z = 44). Although
the release of absorbed water takes place until 400 K, the
desorption of CO, continues up to ~800 K, agreeing with
previous studies.*'*> At higher temperatures, the weight
loss, which reaches ~3.8 wt.% at 1200 K—is due to the loss
of lattice oxygen and/or the removal of carbon residue in
the samples as indicated from the released gaseous species,
such as CO, (m/z = 44) in air and CO, and/or CH;CHO
(both m/z = 44) and -CHj; (m/z = 15) fragments in 5 vol%
H,/Ar atmosphere. This result is in good agreement with
the in situ XRD results (Figure 2B), which show a signifi-
cant chemical expansion in the t-ZrO, lattice above 850 K
due to the reduction of Zr**-Zr3* to compensate for the
loss in oxygen lattice. These results reveal that reheating
this initial sample at 850 K in air resulted in the oxi-
dization of these carbon species by combining “oxygen”
from the gas phase and the lattice, thereby creating oxygen
vacancies.

In contrast, the oxidation of carbon species is not favor-
able in reducing/inert (e.g., 5vol% H,/Ar, and He) and CO,
(oxidation of C by CO, is thermodynamically favorable at
temperatures >950 K**) atmospheres at this low temper-
ature (850 K). As shown in Figure 7B, high amounts of
carbon species are also released as gaseous hydrocarbon
species (e.g., -CH3), which is not observed for heating in
air. Thus, the TG-MS analysis clearly reveals differences
for the reaction of carbon species in the various atmo-
spheres. In combination with EPR, these results suggest
that the desorption of the gaseous hydrocarbon species
is not connected with a formation of (EPR-active) oxy-
gen vacancies. At higher temperatures (e.g., 1200 K), the
removal of lattice oxygen by carbon species and/or H, will
be facilitated in reducing/inert atmospheres (e.g., 5 vol%
H,/Ar and He), whereas oxidizing atmospheres (e.g., air
and CO,) allow for replenishment of oxygen vacancies by
oxygen atoms in the atmospheres. However, as generat-
ing oxygen atoms in the CO, atmosphere is less favorable
than in air and the reducing effect of CO formed due to the
reaction of CO, with C, a high amount of oxygen vacan-
cies remains in the sample even after heating at 1200 K.
The change in the color of the samples treated at 1200 K
from black, to gray to white (Figure S2) by changing the
atmosphere from 5 vol% H,/Ar and He to CO, to air in
accordance with the amount of oxygen vacancies in these
samples** consistent with the EPR results.

To elucidate the influence of oxygen non-stoichiometry
on the stabilization of t-ZrO, polymorph, temperature-
programmed oxygen titration experiments in various inert
and reductive environments have been performed in an
identical manner to the TEM and in situ treatments. As
outlined in the experimental section, t-ZrO, was treated in
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FIGURE 7 Thermogravimetry analysis (TGA) measurements coupled with mass spectrometry for t-ZrO, during heating in (A) air and
(B) 5vol% H,/Ar.

either He or H,/Ar to induce reduction and subsequently,
oxygen was used to refill the oxygen vacancies formed and,
hence, to calculate the oxygen non-stoichiometry result-
ing from the treatments. Figure 6 shows a representative
example of such an experiment after treatment in 5 vol%
H,/Ar up to 1220 K (as the general outline of the experi-
ments is similar, the representative results of only one are
shown). During heating, oxygen replenishment sets in at
around 600 K and is strongly accelerated up to 850 K, above
that thermal removal of oxygen restarts up to the high-
est temperatures. Upon re-cooling to room temperature,
reuptake of oxygen sets in and, depending on the treat-
ments, results in a final value of between 0.0046 (H,/Ar
@ 850 K) and 0.0098 (H,/Ar @ 1220 K) mol oxygen per
mol oxide. These obtained final values are intrinsically
explainable, as the higher the reduction temperature in
hydrogen, the larger the non-stoichiometry, and a treat-
ment in He at 1220 K reduces t-ZrO, slightly more than
a treatment in H, at 850 K (0.0070 mol O per mol oxide is
determined for He @1220 K). Hence, the obtained trend is
H,/Ar50k > Heipox > Hy/Argsg , resulting in reduced
samples with stoichiometries of ZrOj g9q2, ZrOq 9930, and
710 9954, respectively. This indicates that after any reduc-
tive treatment, the resulting ZrO, material remains de
facto largely unreduced. Note that the term “ZrO,” is
used to denote the material as the oxygen titration exper-
iments do not allow to discriminate between t-ZrO, and
m-ZrO,. As outlined in Table 1, the weight fraction of t-
ZrO, after the treatment in either H, or He at 1200 K
is similar (~89 wt.%) and remains at 100 wt.% after the
treatment in H, at 850 K. It should be noted that only a
small fraction of all oxygen vacancies (approx. 1% for the
sample heated in 5 vol% H,/Ar to 1200 K) contribute to
the observed EPR signal, whereas the remainder is EPR-
inactive. Correlating these findings with the TEM results
indicates that although oxygen non-stoichiometry plays a
crucial role in stabilizing t-ZrO,, further introduction of

such oxygen vacancies by reduction treatments is limited.
Consequently, we infer that the propensity to phase trans-
formation t-ZrO, — m-ZrO, is essentially governed by the
stability of the existing defects (e.g., as a result of the prepa-
ration pathway) and less so by the introduction of further
vacancies, for example, by reduction, strongly entangled
with particle size evolution.

In this respect, we emphasize that no structural or mor-
phological changes have been observed for t-ZrO, up to
850 K. After treatments in either air or CO, at 1200 K,
m-ZrO, appears in the product mixture and exhibits a
much larger particle size of around 17-18 nm compared
to t-ZrO,. Upon treatment in either inert (He) or reduc-
tive (H,/Ar) atmospheres, the average particle/crystallite
sizes are, in fact, reversed. The question now arises of how
to interpret this rather peculiar phenomenon. For analy-
sis, it is worthwhile to readdress three features that are
already known for the gas-phase dependent phase trans-
formation: (1) t-ZrO, is stabilized at small particle sizes
(roughly d < 30 nm), (2) the phase transformation takes
place upon cooling, and (3) t-ZrO, is stabilized by defects,
in particular, by oxygen vacancies.

Based on the results discussed above, we suggest the
transformation mechanism of t-ZrO, into m-ZrO, upon
heating and cooling in different atmospheres as presented
in Figure 8. Although the crystallite size of t-ZrO, phase
increases to ~44 + 1 nm upon heating to 1273 K, which is
higher than the critical size (~30 nm) previously suggested
to stabilize the t-ZrO, phase” no phase transformation
occurs. This can be due to a high amount of oxygen vacan-
cies generated upon loss of lattice oxygen in the reducing
atmospheres as well as upon removal of carbon species,
the oxygen vacancies are distributed over the entire vol-
ume of the t-ZrO, crystallites. Upon cooling, the oxygen
from the oxidizing atmospheres (e.g., air and CO,) refills
both surface and volume oxygen vacancies, transforming
almost the entire t-ZrO, crystallites into m-ZrO, phase. In
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size and the increase in the oxygen vacancy concentration in t-ZrO, upon heating and formation of smaller m-ZrO, crystallites from within

larger t-ZrO, particles upon cooling.

contrast, upon cooling in oxygen-free atmospheres (e.g.,
He and H,/Ar), the unfilled oxygen vacancies stabilize
the t-ZrO, phase, whereas m-ZrO, phase nucleates in the
regions with lower oxygen vacancy concentration. Thus,
the reduction of t-ZrO, during heating and subsequent sta-
bilization of generated oxygen vacancies during cooling in
the oxygen-free atmospheres (i.e., 5 vol% H,/Ar and He)
could stabilize t-ZrO, phase and lower the weight frac-
tion of formed m-ZrO, (see Table 1). In contrast, refilling
the generated oxygen vacancies on t-ZrO, phase dur-
ing cooling in the oxygen-containing atmospheres (i.e.,
CO, and air) promotes the transformation of t-ZrO, into
m-ZrO,. From that perspective, our finding confirms pre-
viously proposed mechanisms for the t - m-ZrO, phase
transformation.*>4°

4 | CONCLUSIONS

By a complementary quantitative XRD and electron
microscopy analysis, we have shown the influence of the
reduction potential of the gas atmosphere on the phase
transformations in t-ZrO, and m-ZrO,. Inert and reduc-
tive environments stabilize metastable t-ZrO, polymorph
relative to more oxidizing environments, directly affecting

the structural and morphological properties of both
polymorphs, including grain size, unit cell volume, weight
fraction, and structural defects. The different pathway of
phase transformation as a function of the gas atmosphere
is directly revealed by the final grain sizes adopted by
both t-ZrO, and m-ZrO, and the resulting kinetic lim-
itations of grain sintering. The phase transformation of
t-ZrO, to m-ZrO, is rather governed by the stability of
the existing defects (e.g., as a result of the preparation
pathway) and less by the introduction of further vacancies
(by, e.g., reduction) but strongly entangled with particle
size evolution. As a pre-step to grain size analysis, we
have elaborated a proper concept of electron microscopy
analysis, allowing us to provide reliable quantification
results of particle/grain sizes in oxide composite mixtures.
Especially for polymorphic mixtures, distinguishing the
different individual grain sizes in larger agglomerates
necessitates a sophisticated treatment of electron micro-
scopic images, including a succession of Fourier and
inverse Fourier filtering of HR images.
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