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Effect of Cooling Rate on Dopant Spatial Localization
and Phase Transformation in Cu-Doped Y-Stabilized

ZrO, Nanopowders
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and Larysa Khomenkova*

The effect of calcination temperature (Tc =500-1000°C) and cooling rate
on the dopant distribution in Cu-doped Y-stabilized ZrO, nanopowders is

1. Introduction

Zirconia has unique properties as catalysts
and supports mainly because of high

studied. The powders are produced by co-precipitation technique and
investigated by attenuated total reflection, UV-vis diffuse reflectance,
electron paramagnetic resonance, and transmission electron microscopy
methods. The cooling rate is found to affect the amount of Cu substances
on grain surface, the powders subjected to fast cooling (quenching)
showed higher amount of Cu-related complexes on the grains’ surface
than their counterparts cooled with furnace after calcination. It is observed
that Cu impurities diffuse inside ZrO, grains from Cu-related surface
substances when Tc < 800 °C. This process is accompanied by the

surface area, the preservation of both acid
and basic sites and possession of redox
properties.'”! Being mechanically and
thermally stable, ZrO, is used as structural
supports in many catalytic applications.!"
11]

In recent years, Cu-doped ZrO, powders
are intensively developed as catalysts
because the modification of ZrO, with
Cu (or CuO) significantly improves the

enhancement of 275-nm absorption band caused by oxygen vacancies
formation. For Tc > 800 °C, outward migration of Cu dopants takes place.
Simultaneously, the intensity of 275-nm absorption band decreases, the
monoclinic ZrO, phase forms and its contribution rises with Tc. It is
proposed that monoclinic phase formation is caused by the replacement
of Cu atoms from lattice sites to interstitials leading to an appearance of
the channels for Y out-diffusion via cation vacancies and destabilization of

ZrO, tetragonal phase.
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catalytic activity and selectivity in metha-
nol,>* NO or N,0 decomposition, CO and
CO, hydrogenation.*™

The ZrO, phases, i.e., monoclinic (m),
tetragonal (t), or cubic (c), influence the
catalytic performance.l” The effect of Cu
dopant on the structural characteristics of
the Cu-ZrO, composites, as well as their
catalytic properties, was extensively studied
for m-ZrO, powders.®?) It was shown in
Ref. [10] that CuO/m-ZrO, catalysts are
more active in methanol synthesis than
CuO/t-ZrO,. However, it was also reported in Refs. [4,7] that t-
ZrO, phase exhibits better catalytic properties than m-ZrO,.
Such behavior can be caused by the difference in the preparation
techniques used for doped powders production.

Most experiments were performed on Cu-ZrO, powders
produced by impregnation method that led to predominant
localization of copper on the surface of ZrO, crystallites or in
their near-surface region. At the same time, co-precipitation
technique allows obtaining the powders which contain the
dopants both inside crystallite volume and at their surface,
simultaneously.'"? Tt was shown that their catalytic proper-
ties depend significantly on doping level and Cu spatial
localization.

It is known that for stabilization of +-ZrO, phase, the doping
with yttrium is often used. However, in comparison with Cu-
Zr0,, the structural properties of (Cu,Y)-codoped ZrO, and the
spatial distribution of the impurities can differ. For instance, in
Ref. [13] it was shown that Cu addition to Y-stabilized ZrO,
lowers the temperature of t-m phase transformation and favors
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the formation of Y cuprate on ZrO, crystallite surface at elevated
temperatures. It was also demonstrated for the powders
produced by co-precipitation approach that structural properties
of (Cu,Y)-codoped ZrO, powders depends not only on Cu
content, but also on calcination temperature. It was shown that
the calcination of the powders at 500-700°C caused the
enrichment in copper of the volume of ZrO, nanocrystals due
to Cu in-diffusion from surface complexes. The increasing of
calcination temperature from 800 up to 1000°C resulted in
outward Cu diffusion, t-m structural ZrO, transformation and
appearance of dispersed and crystalline CuO on crystallites
surface.

It is worth to point out that, to our knowledge, the effect of the
cooling rate on the structural properties and dopant distribution
in (Cu,Y)-codoped powders was rarely addressed."*'*! Mean-
while, the cooling rate can affect significantly the spatial
distribution of dopants. In present work, optical and structural
properties of (Cu,Y)-codoped ZrO, powders were studied versus
cooling rate in order to find the ways to control surface/volume
spatial Cu localization.

2. Experimental Section

Cu-doped Y-stabilized ZrO, nanopowders were synthesized by a
co-precipitation technique. Zr, Y, and Cu nitrates were mixed in
molar ratio of ZrO(NO3),:Y(NO3);5:Cu(NO3), =89:3:8 in distilled
water. With such a composition the Y,0; and CuO content of 3
and 8 mol.% were obtained, respectively. For chemical precipi-
tation, the 6 wt.% ammonia solution was used with pH = 10-11.
The precipitates were washed to pH =7 with distilled water and
filtered. The microwave irradiation (700 W, 2.45 GHz) was used
to dry the precipitates. Then, xerogels were calcinated at
T=500-1100°C for 2h. Afterwards, they were either slowly
(during 2 h) cooled with the furnace to room temperature (S-set)
or quenched (during few seconds) by their fast removing from
the furnace (R-set). The optical and structural properties of the
powders were studied by attenuated total reflection, UV-visible
diffuse reflectance, electron paramagnetic resonance, X-ray
diffraction, and transmission electron microscopy methods.
More details about experimental procedure can be found in
Refs. [12,15].

3. Results and Discussion
3.1. TEM Observations

TEM observations were performed for both sets of powders, and
hereafter, the results demonstrated pronounced variations of the
crystalline structure. As one can see from Figure 1(a and D)
xerogel has an amorphous structure. Calcination of the initial
xerogel at different temperatures results in the formation of
nanocrystals. These latter were found to be well dispersed and
had a mean size of about ~14 nm (T =600 °C). Calcination at
higher temperatures results in the nanocrystals growing
(Figure 1c-h). Their mean size increases up to ~46nm
(Tc=900°C). It is worth to point out that annealing during
t> 2h results in grain growing. For instance, for T=900°C and
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Figure 1. High-resolution TEM images of initial xerogel (a and b) and the
powders calcinated at 600 (c and d) and 900°C (e-h) followed by slow
cooling (e and f) and quenching (g and h).

t=3h, the mean grain size was found to be ~70nm
(Figure 1g and h). However, the longer time results in the
saturation of the grain sizes without transformation of their
crystalline structure as demonstrated in Ref. [15]. When
T=1000-1100 °C, the mean size increases further, but it shows
also a saturation. For the powders calcinated at 1000 and 1100 °C,
it was about 70 nm for monoclinic grains and about 35 nm for
tetragonal grains.

It was observed that the cooling rate did not affect significantly
the nanocrystal sizes whatever the calcination temperature, but it
controls the type of crystalline structure. In fact, for the powders
calcinated at T=600°C, the nanocrystals were found to be with
tetragonal and cubic structures (Figure lc and d), while for
T=900°C, the main part of nanocrystals was of monoclinic
phase (Figure le and f). Besides, large particles were found to be
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composed of smaller nanocrystals with grain boundaries
(Figure le-h). The presence of tetragonal and cubic grains in
the powders calcinated at 900°C was also detected, but their
amount was much lower.

These TEM results are consistent with our earlier study of Y-
doped ZrO, powders."®”) It was observed that the increase of
the calcination time resulted in the growing of the nanocrystal
sizes while their structure was mostly unchanged. These results
are also in an agreement with the data of Refs. [12,15] in which
these powders were studied by X-ray diffraction method. To get
insight on the effect of calcination temperature and cooling rate
on the optical properties of the powders, the same samples were
studied by infrared attenuated total reflectance (ATR) and UV-vis
diffuse reflectance.

3.2. Infrared Absorption Spectra

The ATR spectra of both sets of samples are shown in Figure 2.
The spectra of all powders demonstrate Zr-O related vibration
bands in the range of 500-850cm™. Besides, the powders
calcinated at 7. <800°C whatever the cooling rate and those
calcinated at 1100 °C followed by quenching showed vibration

ATR intensity, arb.un.
(

Z’J/\/\

T 1T 1T T T 7/ T 17
600 800 1000 1200 1400 1600 1800 3000 3500

DOMIANRAY

)

Wavenumber, cm’’

Figure 2. ATR spectra of the powders calcinated at Tc =500 (1, 1’), 600
(2,2"), 700 (3, 3'), 800 (4, 4), 900 (5, 5"), 1000 (6, 6'), and 1100°C (7, 7")
followed by slow cooling (1-7) and quenching (1'-7").
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bands in the range of 1300-1700 and 3000-3700cm !
corresponding to vibrations of water molecules and/or OH-
groups.

The spectra of the powders of S- and R-sets calcinated at
T, <800 °C were found to be similar. They demonstrate a broad
band at ~615-625 cm ™' that is attributed to absorption band of
ZrO, lattice in tetragonal and/or cubic phase.'*'® When Tc
increases up to 900 °C, the bands peaked at ~575 and ~770 cm !
appeared indicating the presence of monoclinic phase.'?
However, for the samples of R-set, its signature is more
pronounced (Figure 2, curves 5, 5, 6, 6’). This finding agrees
with XRD results showed appearance of monoclinic phase with
contribution being less than 3% even at Tc=800°C.l"")
Obviously, such amount of monoclinic phase is insufficient
for its detection by ATR technique. With increasing Tc up to
1000 °C, the contribution of monoclinic phase in XRD patterns
rose up to ~70%!"* and its presence is unambiguously detected
by ATR spectra. However, for Tc=1100°C, the monoclinic
phase content does not change practically, while the contribution
of cubic phase increases slightly (Figure 2).

A high-energy spectral range of ATR spectrum shows the
bands in the 1300-1400cm™', 1500-1580cm ', 1580-
1680cm ™, and 3000-3700cm ™! range. The latter one can be
caused by stretching vibrations of OH-groups or water
molecules.”” The band at 1300-1400cm™" is explained by
hydroxyl groups strongly bonded between themselves by
hydrogen bonds and structured by hydroxyls of water (y
(OH)). The absorption at 1580-1680cm ' is attributed to
deformation vibrations of adsorbed water, whereas the band at
1500-1580cm ™' is assigned to the deformation vibrations of
OH-groups bonded with the metal (§(MOH)).?® The intensities
of the bands at 1580-1680 cm ™' and at 3000-3700 cm ™' decrease
significantly with the increasing of T¢ value in such a way that
one can observe their vanishing in the S-set powders calcinated
at Tc > 900 °C. Only weak bands of hydroxyl groups in the ranges
of 1300-1400 and 1500-1580 cm ™" are still observed. However,
the powder of R-set calcinated at 1100°C showed significant
contribution of the vibration bands at 1500-1580 and 3000-
3700cm™! (Figure 2, curves 7,7’).

Since the intensities of the absorption bands at 3000-3700 and
1580-1680cm ™" change synchronously with the Tc rise and
somewhat faster than the intensities of the other two bands (at
1300-1400 and 1500-1580cm ™), one can conclude that the
band at 3000-3700cm ' can be also associated with adsorbed
water.

It is worth to point out that water contained in the hydrogel
evaporates at 200 °C (during drying), while the main amount of
OH-groups is lost during the process of crystallization (T¢
=400-500 °C). However, Figure 2 shows the presence of OH-
groups in our samples calcinated at higher temperatures. This,
as well as the presence of adsorbed water, is obviously
determined by the features of the nanocrystal surface.

3.3. Diffuse Reflectance Spectra
The UV-vis diffuse reflectance (DR) spectra of the powders

calcinated at different temperatures and cooled with different
rates are shown in Figure 3. These DR spectra contain the band
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Figure 3. Diffuse reflectance spectra of the powders calcinated at 500 (1,
1), 600 (2, 2°), 700 (3, 3'), 800 (4, 4'), 900 (5, 5'), 1000 (6, 6'), and 1100°C
(7, 7') and submitted to a slow cooling (1-7) and quenching (1'-7’).

(peaked at ~275 nm) near the band edge of ZrO,. The T rise in
the range of 500-700 °C leads to a slight increase of its intensity
while for Tc =800-1100 °C, the intensity of this band decreases
essentially in both groups of samples. The decrease of the
intensity of the 275-nm band is accompanied by the anti-
correlation with the increasing of the monoclinic phase content
(Figure 1 and 2). This phase is known to contain lower number of
oxygen vacancies than tetragonal phase stabilized with Y- or Cu
impurities.">*"! 1t allows assigning the band at ~275nm
observed in our samples to oxygen vacancies.

In addition to the band at ~275 nm, another band in the range
of 600-900 nm is observed. Its intensity increases with T¢ rising
up to 800 °C and its peak position shifts to shorter wavelengths.
For the higher cooling rate, the more pronounced contribution
of this band in the spectra can be observed for Tc = 600-800°C
(Figure 3).

This band is usually attributed to d—d transitions of Cu®* ions
in an octahedral or tetragonal distorted octahedral surround-
ing??"*? and associated with dispersed CuO on the surface of the
nanocrystals[zol or with Cuy, substitutional atoms located near
the surface of the nanocrystals.”*"! The observed high-energy
shift of this Cu-related band with T in both cases was explained
by an increase of octahedral distortion.”**) As shown by
Figure 3, the edge of the fundamental absorption of crystalline
CuO is observed for powders calcinated for Tc=900-1000°C.
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The comparison of the spectra of the powders of the S- and R-sets
calcinated at Tc=1100°C shows that the spectra of the
“quenched” powders lead to higher signal intensities in the
range of 500-600nm. This effect can be explained by the
appearance of an additional band, that can be connected with
dispersed Cu clusters from which localized surface plasmon
resonance can be observed in visible spectral range at about 570-
585 nm.** Such clusters can be responsible for the appearance
of the §(MOH) and water-related vibration bands in ATR spectra
due to OH and water absorption after quenching (Figure 2).
Formation of such surface complexes can be seen from EPR
spectra.

3.4. XRD and EPR Study of the Powders Calcinated at
1100°C

Figure 4 represents the EPR spectra of the powders of S- and R-
sets calcinated at 1100 °C. It is seen that slow cooling results in
the appearance of a set of lines in a wide range (325-345 mT) of
magnetic field (Figure 4, curve 1). The “quenched” powder
demonstrates similar signal, but with lower intensity. Besides, a
broad complex band at lower magnetic field appears (Figure 4,
curve 2). Detailed study of the EPR spectra for the samples
calcinated at lower T was reported in Ref. [12].

The analysis of both powders by XRD method showed that
their structures are similar. Both monoclinic and tetragonal
(cubic) phases can be seen (Figure 4, inset). The comparison of
the contribution of m-ZrO, phase (peak at 20~28°) and
tetragonal (cubic) one (20~30.2°) shows that monoclinic-to-
tetragonal ratio changes slightly. This means that the main
difference between these powders is in the nature and/or

Quenching

EPR intensity, arb.un.

Slow cooling

Normalized XRD intensity, arb.un.

30 35 40 45 50
2Theta, degree

'22'30' '3cl)o' '350'
Magnetic field, mT

—— — T T
260 340

Figure 4. EPR spectra of the powders calcinated at 1110°C upon slow
cooling (1) and quenching (2). Corresponding XRD data are shown in the
inset.
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amount of the surface entities because coherent domain size,
estimated from XRD data, is similar for both powders.

Comparison of Figure 2 and 4 shows that quenching results in
the simultaneous appearance of broad EPR signal and infrared
absorption bands related to OH-groups and H,0 molecules
contrary to slow cooling. Thus, such a broad EPR signal can be
ascribed to the surface complexes containing copper ions linked
with water molecules and/or OH-groups. Similar results were
reported in Refs. [12,25].

It is worth to point out that the set of narrow EPR lines in a
wide range of magnetic fields (and therefore the absence of spin-
Hamiltonian parameters distribution) indicates that the para-
magnetic centers responsible for this spectrum are in regular
positions with stable surrounding. Besides, the presence of
characteristic hyperfine lines allows reasonable assuming that
this spectrum (or at least its main part) is caused by
substitutional Cu®" ions (Cuz,”"). Since this signal intensity
correlates with the contribution of m-ZrO, phase,'” one can
assume that this signal is caused by Cuz’" ions in the
monoclinic structure. The absence of signal of Cuy,2" ions in the
tetragonal structure can be related, for example, with rapid spin
relaxation processes or another Cu charge state.

The analysis of the results described above shows that effect of
calcination temperature and cooling rate is determined by three
processes: i) the decomposition of surface Cu-OH (or Cu-H,0)
complexes revealed in EPR spectra and their transformation to
CuO and Cu; ii) Cu in-diffusion from Cu-related surface entities
that dominates at Tc <800°C and is accompanied by the
increase of oxygen-vacancy related band (at 275-nm) in diffuse
reflectance spectra; iii) Cu outward migration from the bulk to
the grain surface that dominates at T > 800 °C, stimulates Y out-
diffusion, results in t-m ZrO, transformation and decrease of
EPR signal from substitutional Cu. The increase of calcination
temperature stimulates the enrichment of grain surface with
CuO or pure Cu whatever the cooling rate. However, the higher
the cooling rate, the higher the Cu (CuO) content at grain surface
can be seen. This phenomenon is determined by the balance
between the processes of “in-diffusion” and “out-diffusion” of
copper ions. The calcination temperature increase shifts this
balance towards Cu out-diffusion. In this regard, a higher
cooling rate (quenching) allows “freezing” the state correspond-
ing to higher T¢ and, thus, the higher surface Cu content. This
statement was confirmed by the properties of the powder
calcinated at 1100°C. It is obvious that the high amount of
surface CuO or Cu clusters in this powder after its quenching is
responsible for water adsorption (Figure 2) and appearance of
broad EPR signal (Figure 4).

It is worth to point that the behavior of copper ions with
respect to the cooling rate can affect also the catalytic properties
of the powders. The catalytic activity of these latter is under
investigation and it is a subject of future publications.

4, Conclusions

The effect of calcination temperature and cooling rate on copper
localization in ZrO, composites doped with Y and Cu was
studied by ATR, diffuse reflectance, XRD, EPR, and TEM
techniques. It was observed that Tc=800°C is a critical
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temperature that influences the dominating type of diffusion
process. Below this T value, the Cu diffusion inside ZrO, grains
prevails and stabilizes the tetragonal phase. For higher T values,
the outward migration of Cu and then, Y ions results in the
destabilization of the tetragonal phase. The cooling rate allows
tuning the nature and distribution of Cu-related substances
located at grain surfaces.
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