
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

5:
38

:2
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Investigating the
aEnergy Materials Research Center, Korea In

02792, Korea. E-mail: jongho@kist.re.kr
bSchool of Energy Materials and Chemical En

and Education, Cheonan 31253, Korea
cTechnology Support Center, Korea Institute

Korea
dDivision of Nanoscience & Technology, Un

02792, Korea

† Electronic supplementary informa
https://doi.org/10.1039/d4ta02923b

‡ SH Oh, H-K Kim, and S-Y Park: Equal c

Cite this: J. Mater. Chem. A, 2024, 12,
21148

Received 28th April 2024
Accepted 23rd June 2024

DOI: 10.1039/d4ta02923b

rsc.li/materials-a

21148 | J. Mater. Chem. A, 2024, 12,
nano-scale structure and
composition dynamics during the phase transition
towards complete separation of CeO2–ZrO2 solid
solutions†
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Deok-Hwang Kwon,a Sungeun Yang, ad Ho-Il Ji, ad Hye Jung Chang, ad
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Over the past few decades, CeO2–ZrO2 (CZO) solid solutions have rapidly replaced conventional CeO2 as

a support material in three-way catalysts (TWCs) because of their superior oxygen releasing/storing

capability. However, the phase stability of CZO has long been controversial as can be inferred from many

conflicting reports on its structural or compositional stability. In a recent experimental observation, it was

noted for the first time that even the solid solution can be completely separated into ceria and zirconia.

This finding adds a new layer to the existing confusing controversy, thereby constraining the appropriate

utilization of this material. Therefore, in order to elucidate the precise cause and mechanism behind the

controversial phase evolution phenomena associated with phase instability, we performed a well-defined

model experiment with epitaxial Ce0.75Zr0.25O2 thin films and systematically observed the detailed

structural and compositional changes at each stage of the evolution process. Furthermore, in order to

ascertain the precise driving force and the underlying reaction mechanism that can be used to

manipulate the breakdown or onset of such phase evolution, we calculated the grand potentials for not

only the initial phase but also all intermediate and final phases that appear during the phase evolution

reaction by using ab initio thermodynamics based on DFT.
Introduction

Ceria (CeO2)–zirconia (ZrO2) (CZO) solid solutions have been
widely investigated over the past 20 years, given the large impact
as three-way catalyst (TWC) promoters in place of conventional
CeO2.1–3 The main advantage of CZO over (Zr-free) CeO2 lies in
its higher resistance to sintering, leading to longer lifetime of
the TWC by retarding the decrease of the active surface area of
the catalyst during operation at high temperature.2,3 Among the
various compositions, CeO2-rich compositions (around 60–
70 mol%) are the most effective materials across a diverse range
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of chemical processes, not only as TWC promoters but also as
fuel cell materials.2,3

Another positive effect induced by the insertion of tetrava-
lent Zr (Zr4+) into CeO2 is to improve the oxygen storage capacity
(OSC), mobility of lattice oxygen as well as structural stability of
the CeO2 lattice.1–3 The most common explanation so far is that
the Zr4+ cation, which has a smaller ionic radius (0.84 Å) than
Ce4+ (0.94 Å), and favors the 7-fold coordination at room
temperature,4 can facilitate the formation of oxygen vacancies5

thereby enhancing the diffusivity of lattice oxygen. The forma-
tion of oxygen vacancies can also enhance the structural
stability of the ceria lattice by releasing the compressive stress
generated by the reduction of Ce4+ (0.94 Å) into the larger Ce3+

(1.04 Å) ion.6 But, there is still uncertainty about whether Zr
insertion has a positive impact on the intrinsic stability of the
CZO solid solution.7 Due to this ambiguity, it poses challenges
in the practical utilization of CZO-based catalyst materials.

Over an extended period, there has been extensive experi-
mental and theoretical investigation on the phase stability of
CZO-based materials across a broad compositional range.8–12

However, the ndings reveal a multitude of conicting reports
regarding the phase stability of the CZOmaterial, as anticipated
given the intricate nature of the CZO phase diagram.13 Even
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) XRD pattern of CZO thin films depending on the reduction
time. (b–e) Surface SEM images of the (b) pristine film and reduced
CZO thin film for (c) 30 h, (d) 60 h, and (e) 120 h.
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amid this considerable conict, the most uncontested inter-
pretation is that CZO-based materials exhibit signicant phase
complexity within the intermediate composition range, specif-
ically when the Ce content falls between 20 and 80 mol%.
Unfortunately, this intermediate composition region is
commonly employed in the catalyst eld.

Furthermore, phase transition phenomena induced by such
phase instability can manifest differently depending on exper-
imental conditions, leading to various interpretations of their
causes and driving forces. Several explanations have been
proposed regarding the driving force behind phase evolution
phenomena, including differences in surface energy due to
particle size discrepancies or between the particle surface and
the interphase.14,15 Some researchers have also reported that its
stability is governed by the interplay between surface energy and
stress induced by the disparity in size among constituent
cations.8,11,12 However, despite numerous studies, the driving
force behind phase evolution phenomena associated with its
phase instability has yet to be clearly elucidated. Recently, we
have demonstrated the phase separation phenomena in Ce-rich
composition (Ce0.75Zr0.25O2), which had long been known to be
stable. What's even more fascinating is that this CZO solid
solution is completely separated into the initial states of pure
ceria and zirconia phases before mixing.16 While we have
previously revealed through density functional theory (DFT) and
defect chemical calculations that the phase separation
phenomenon is due to the thermodynamically unstable CZO,
the precise mechanism remains elusive.

Hence, to provide a rational basis for the design of more
efficient CZO-based catalyst materials, we have to understand
the exact cause and reaction mechanism which can manipulate
the breakdown or onset of phase instability in CZO materials
even though their structural and functional complexity makes it
more difficult to understand the phenomena.17 In order to
experimentally observe the phenomenon while minimizing the
inuence of complex experimental variables in the test envi-
ronment, we designed a well-dened model experiment with
epitaxial Ce0.75Zr0.25O2 thin lms and systematically observed
the detailed structural and compositional changes at each stage
of phase evolution process by means of surface morphology
characterization by scanning electron microscopy, crystallo-
graphic data by X-ray diffraction, and element distribution
mapping by crystal transmission electron microscopy equipped
with energy dispersive spectroscopy. The transformation of
phases at each stage throughout the phase evolution process
was validated through ab initio thermodynamic calculations.

Results and discussion

The epitaxial relationship between the CZO thin lms and YSZ
substrates has been investigated using X-ray diffraction. As
demonstrated in q–2q scans (Fig. S1(a)†) to detect diffraction
signals arising from the lattice planes parallel to the sample
surface, the preferential growth axis of the CZO thin lms
deposited on YSZ (001) is identied as (001). The coherent
lattice planes that are perpendicular to the sample surface were
also conrmed by XRD f scans. According to the f scans in
This journal is © The Royal Society of Chemistry 2024
Fig. S1(b)†, the CZO (001) thin lms exhibit 4-fold symmetric
peaks for the (111) plane. Based on the entirety of XRD results,
we conrm that the CZO thin lms exhibit strong alignment
with the specied directions, displaying no discernible non-
epitaxial features.

The phase evolution phenomena in an epitaxial CZO lm
exposed to the reduction condition at 1000 °C for 30, 60, and
120 hours were investigated through XRD analysis (Fig. 1a).
According to the XRD results in Fig. 1a, a single characteristic
peak positioned at around 33° appeared for pristine CZO lms
(black colored bottom line) indicating single oriented epitaxial
characteristics without any impurities.18 On the other hand, in
reduced CZO lms, diffraction peaks at around 26.9, 28.6, 29.7,
and 36.8° representing the Ce-rich phase appeared where its
peak intensity increases with the extended reduction time,
signifying the ongoing decomposition of the initial CZO phase
and subsequent formation of the Ce-rich phase at the surface
with the prolonged reduction time (the full XRD spectrum is
shown in Fig. S2† for better understanding). The increasing
presence of the Ce-rich phase over time is further supported by
surface SEM images of the reduced CZO lms (Fig. 1b–e).

To delve into the mechanism governing the phase evolution
in the CZO lm, we conducted measurements of cross-sectional
STEM along with EDS elemental mapping at exposure times of
30, 60, and 120 hours under a reducing atmosphere at 1000 °C.
In the EDS mapping images in Fig. 2, the red and green colors
indicate cerium (Ce) and zirconium (Zr), respectively. Quanti-
tative compositional analysis was carried out on both the pris-
tine lm and the reduced lm, focusing on specic regions
marked in the mapping images (R1–R5), and the corresponding
results are summarized in Table 1.

The pristine CZO thin lm has an average cation composi-
tion ratio of 79.3 : 20.7 (Ce/Zr = 3.83) across the entire spec-
imen, which is slightly deviated from the nominal composition
ratio of 75 : 25 (Ce/Zr = 3). Nevertheless, in the early stages of
reduction shown in Fig. 2b, certain Ce-rich precipitates start to
form near the surface, resulting in slight Ce-decient (or Zr-
rich) regions on the surface. On the other hand, the majority
of the internal areas of the lm maintain the original compo-
sition ratio (marked as R1). In the more advanced intermediate
J. Mater. Chem. A, 2024, 12, 21148–21155 | 21149
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Fig. 2 STEM images and simultaneously measured EDS elemental
mapping images of reduced CZO thin films for (a and b) 30 h, (c and d)
60 h, and (e and f) 120 h.

Fig. 3 FFT patterns of the (a) pristine CZO thin film, (b) R1, (c) R2, (d) R3,
(e) R4 and (f) R5 regions marked in Fig. 2.
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stage of reduction (Fig. 2d), a larger amount of Ce-rich precip-
itates is generated on the surface, leading to the internal
formation of aggregated Zr-rich phases. Interestingly, in the
regions where such phase separation occurs, large pores up to
100 nm in size are also formed. This phenomenon is likely the
outcome of the rapid migration of larger-sized Ce cations
toward the surface, leaving smaller-sized Zr cations behind. In
this intermediate stage, it is observed that near the region (R3)
where phase separation occurs, there is a slight decrease in the
Ce/Zr ratio (70.28 : 29.72), while in the remaining area (R2), the
original composition ratio still appears to be maintained. As the
reduction progresses further (Fig. 2f), this phase separation
reaction spreads throughout the entire lm and is expected to
proceed until CZO is fully separated into Ce-rich (R4) and Zr-
rich phases (R5).

Interestingly, as revealed by the compositional analysis
results in Table 1, the separated phases are identied not just as
specic rich phases but as distinct cerium oxide (R4) and
Table 1 Comprehensive quantitative analysis results for compositional a
designated mapping regions (R1–R5)

Region Ce : Zr EDX ratio Structure

Pristine 79.30 : 20.70 Cubic uorite
R1 78.67 : 21.33 Cubic uorite
R2 78.60 : 21.40 Defect uorite
R3 70.28 : 29.72 Pyrochlore
R4 98.51 : 1.49 Cubic
R5 2.29 : 97.71 Tetragonal

21150 | J. Mater. Chem. A, 2024, 12, 21148–21155
zirconium oxide (R5). These ndings suggest that similar to the
experimental results of thinner CZO lms (approximately 25 nm
thick) in a previous study,16 the current thicker CZO lm
(250 nm thick) is also expected to undergo complete separation
into cerium oxide (R4) and zirconium oxide (R5) phases with
longer reduction times. The results of pure cerium oxide and
zirconium oxide, consisting of 99% or more major elements,
can be more clearly observed in higher magnication images in
Fig. S3.†

To investigate structural changes associated with CZO phase
separation, we acquired fast Fourier transformation (FFT)
patterns for both the pristine sample and the reduced CZO, with
a particular emphasis on the specied regions of R1–R5. The
electron diffraction pattern of the pristine CZO in Fig. 3a
represents the FFT pattern of the cubic uorite structure (space
group Fm�3m) with the [110] zone axis. The cubic uorite struc-
ture has a fully disordered cation phase which has 8-fold coor-
dinated oxygen ions as shown in Fig. 4a.

The cubic uorite structure remains unchanged in the initial
stage of phase separation, as evidenced by the FFT pattern for
nd structural characteristics of pristine and reduced films, highlighting

Space group M5/M4 ratio Ce3+ fraction

Fm�3m
Fm�3m 0.85(1) 4%
Fm�3m 0.87(2) 10%
Fd�3m 1.04(3) 71%
Ia�3 1.12(3) 100%
P42/nmc 1.09(5) 89%

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Local structures of (a) cubic fluorite, (b) defect fluorite, and (c)
pyrochlore lattice.

Fig. 5 EELS spectra of the Ce M edge obtained from (a) the R1–R5
marked in Fig. 2 and (b) CeO2 and CeF3 standard powders. (c) Scatter
plot showing the M5/M4 EELS ratio (left axis) and Ce3+ fraction (right
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R1 in Fig. 3b. In the middle stage of phase separation, satellite
reections appear at the 1/2h111i and/or 1/2h200i positions
markedwith yellow and red circles in Fig. 3c and d. It is of interest
to note that decient uorite-type structures contain short range
ordering that gives rise to the satellite reections in electron
diffraction patterns.19,20 Here, the 1/2h111i reections in the FFT
pattern for R2 in Fig. 3c are attributed to oxygen vacancy ordering
in a defect uorite structure,21,22 as illustrated in Fig. 4b (space
group Fm�3m).23 The appearance of additional reections at 1/
2h200i in the FFT pattern for R3 in Fig. 3d represents the pyro-
chlore structure in which cations are alternately ordered along the
h110i direction as shown in Fig. 4c.24–26 In addition to changes in
the crystal structure of CZO, the areas where phase separation
occurs exhibit variations in the Ce/Zr ratio within CZO, as
observed in the previous EDS analysis results in Table 1.
According to the EDS analysis, the Ce/Zr ratio remains unchanged
in the defect uorite structure (R2), while in the pyrochlore
structure (R3), there is a relatively increased Zr content. These
results indicate that, in the early stages of the phase separation
reaction, the reduction leads to a decrease in the Ce/Zr ratio as Ce
and O are released from the CZO. Simultaneously, the crystal
structure stabilizes towards the pyrochlore structure rather than
the uorite structure due to the reduced content of Ce and O. In
the latter part of the phase separation reaction, distinctly sepa-
rated two phases of ceria and zirconia become evident throughout
the entire CZO lm. According to the electron diffraction patterns
from the fully separated ceria (R4) and zirconia (R5) shown in
Fig. 3e and f, it is observed that ceria exhibits a cubic structure
with a space group of Ia�3, featuring a 2 × 2 × 2 supercell derived
from the parent uorite, while zirconia exhibits a tetragonal
structure with a space group P42/nmc.

In fact, the transition from the uorite structure to pyro-
chlore structure has been frequently reported.24–26 This struc-
tural transition is generally inuenced not only by oxygen
nonstoichiometry but also by the size difference between
constituent cations in the pyrochlore structure. Usually, the
preference for transitioning from a uorite structure to a pyro-
chlore structure becomes more pronounced as the disparity in
cation sizes increases.27 Indeed, during the reduction process of
CZO initially in the uorite structure, there is an elevation in the
concentration of Zr4+ (0.84 Å), possessing a smaller ionic size
compared to Ce4+ (0.94 Å). This increase serves to accentuate the
size difference between the two ions. Moreover, the size differ-
ence between Zr and Ce ions is anticipated to be further
This journal is © The Royal Society of Chemistry 2024
accentuated as Ce4+ (0.94 Å) undergoes reduction to Ce3+ (1.04
Å) in a reducing atmosphere.28,29 This cumulative effect
contributes signicantly to facilitating the transition to the
pyrochlore structure.

The valence state of Ce in the reduced CZO thin lm was
examined through electron energy loss spectroscopy (EELS).
Fig. 5a and b show the EELS spectra of the Ce M5 edge and M4
edge acquired from the R1–R5 and standard samples. The CeO2

and CeF3 powders were used as a reference for Ce4+ and Ce3+,
respectively. The Ce-M4,5 edges correspond to the electron
transition between the 3d and 4f states of the Ce.30 The shoulder
peak in the spectrum of the CeO2 in Fig. 5b is related to the
strong covalent hybridization between the Ce 4f and O 2p
states.31,32 The Ce valence was quantitatively analyzed by calcu-
lating the M5/M4 intensity ratio because the ratio reects the
degree of occupancy of the 4f electron state;33 the 4f electron
state of the Ce4+ is empty, while the Ce3+ is occupied with
a single electron.34 In this study, the Ce3+ fraction for different
positions was estimated in Fig. 5b by calculating a linear
interpolation, based on the M5/M4 value for the Ce

4+ ions (0.84)
and Ce3+ (1.12) obtained via our TEM system. The average M5/
M4 ratios of each region are presented in Table 1. The M5/M4

ratio in the R1 is 0.85 which corresponds to the Ce3+ fraction of
4%. It indicates that 4% Ce4+ ions were reduced to Ce3+ due to
the oxygen vacancies produced by the Zr addition into ceria. As
the reduction time increased, the Ce3+ fraction increased,
showing 10% and 71%, respectively, in the defect uorite (R2)
and the pyrochlore structure (R3). Considering that the M5/M4

ratio of the R4 is 1.12, all Ce4+ ions in the precipitated cerium
oxide are nally reduced to Ce3+.

Based on all the above analysis results, the structural
deformation that occurs during the phase separation process of
axis) with respect to Ce concentration.

J. Mater. Chem. A, 2024, 12, 21148–21155 | 21151
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Fig. 6 (a) Phase evolution, (b) relative grand potential (DU) of the four
phases at T = 1300 K and pO

2
= 10−16 atm, and (c) relative grand

potential (DU) of two ceria phases as a function of T at pO
2
= 10−16

atm. The ceria phase is changed from CeO2 to Ce2O3 at T = 1100 K.
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the CZO thin lms consists of three reaction steps as shown in
Fig. 6a; (1) transformation into the defect uorite with forma-
tion of oxygen vacancies, (2) transformation into the pyrochlore
structure with precipitation of ceria, and (3) complete separa-
tion of the phase into C-type Ce2O3 and tetragonal ZrO2. The
relevant reaction equations for the three-stage evolution process
are:

Ce0.78
4+Zr0.22

4+O2 / Ce0.08
3+Ce0.70

4+Zr0.22
4+O1.96 (1)

Ce0.08
3+Ce0.70

4+Zr0.22
4+O1.96 / 0.733Ce0.5

3+Ce0.2
4+Zr0.3

4+O1.75

+ 0.267CeO1.5 (2)

Ce0.5
3+Ce0.2

4+Zr0.3
4+O1.75 / 0.7CeO1.5 + 0.3ZrO2 (3)

Through DFT calculations, we could validate that this three-
step evolution process aligns with the transition towards
a thermodynamically more stable phase as reduction of CZO
proceeds. Fig. 6b shows the relative grand potential of the four
phases (CZO, rCZO, pyro-CZO, and ceria + zirconia) at T = 1300
K and pO2 = 10−16 atm. As depicted in Fig. 6b, when the CZO
phase is subjected to a high-temperature reducing atmosphere,
it undergoes gradual reduction, transitioning into intermediate
phases like rCZO and pyro-CZO phases, until it eventually fully
segregates into thermodynamically stable ceria and zirconia
phases. These thermodynamic calculations effectively explain
the phase separation phenomenon observed in our experi-
mental results. Furthermore, the relative grand potential results
depicted in Fig. 6c for the two ceria phases (CeO2 and Ce2O3)
corroborate our ndings that the resultant ceria phase aer
reduction was Ce2O3.
Fig. 7 Typical cells of (a) CeO2, (b) CZO, (c) reduced CZO (rCZO), and
(d) pyro-CZO. CeO2 is the 2 × 2 × 2 fluorite cubic supercell that
contains 32 Ce and 64 O atoms. CZO is formed by replacing 8 Ce
atoms with 8 Zr atoms, and rCZO is formed by adding 6 VO's in CZO.
The replacement and addition are all conducted with randomness.
Pyro-CZO contains 8 VO's.
Experimental
Sample preparation and characterization

Ce0.75Zr0.25O2 (CZO) powders were synthesized by the glycine-
nitrate process (GNP). Individual chemical compounds of
Ce(NO3)36H2O (Aldrich, 99.99%), and ZrO(NO3)2$xH2O
21152 | J. Mater. Chem. A, 2024, 12, 21148–21155
(Aldrich, 99.99%) were used as starting materials. These mate-
rials were dissolved in 200 mL of distilled water, andmixed with
glycine (H2NCH2COOH) with the glycine to nitrate (G/N) ratio of
0.55. The solution was heated on a hot plate to evaporate the
water, initiating self-combustion. Subsequently, the resulting
powder from the reaction chamber underwent ball milling and
was heat-treated at 600 °C for 3 hours to achieve complete
single-phase formation. The calcined CZO powder was pellet-
ized using uniaxial press and cold isostatic press apparatus and
sintered at 1500 °C for 5 hours. The CZO pellet was used for
a pulsed laser deposition (PLD) target. Epitaxial CZO thin lms
were deposited on YSZ (001) substrates by using PLD. Before the
deposition, all the substrates were cleaned in order to prevent
an articial contribution, causing degradation of the crystal
quality, resulting from ultrasonic cleaning with acetone, methyl
alcohol, and distilled water. The deposition was performed at
a constant temperature of 750 °C under oxygen partial pressure
of 50 mTorr with a laser uence of 2 J cm−2 using a KrF excimer
laser. The epitaxial growth along the [001] direction was exam-
ined by X-ray diffraction q–2q and 4 scan with a RIGAKU Smart
Lap X-ray diffractometer equipped with a rotating anode using
monochromatic copper radiation (Ka1 = 0.154056 nm). The
epitaxial CZO thin lms were annealed at 1000 °C under air or
4% hydrogen mixed argon gas for different annealing times
using a tube furnace. Surface morphologies of the reduced CZO
thin lms were investigated by eld emission scanning electron
microscopy (Inspect 50, FEI). Cross-sectional element mapping
data of the reduced CZO thin lms were obtained using scan-
ning transmission electron microscopy (STEM, Talos F200X)
with energy dispersive spectroscopy. Prior to immersion,
a focused ion beam (FIB, Helios NanoLab 600) system was used
to prepare STEM samples.
Computational details

The 2 × 2 × 2 uorite cubic CeO2 supercell (Fig. 7a) that
contains 32 Ce and 64 O atoms is used to form Ce0.75Zr0.25O2

(CZO, Fig. 7b) by randomly replacing 8 Ce atoms with 8 Zr
atoms. Reduction of CZO was implemented by removing 6 O
atoms in the O sublattice (reduced CZO: rCZO, Fig. 7c). In such
cases, a vast array of structures emerges for CZO and rCZO. To
address this, 20 random structures were generated for each
phase, and their average internal electronic energy was
calculated.
This journal is © The Royal Society of Chemistry 2024
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The pyro-CZO with the Ce : Zr ratio of 75 : 25 is derived from
the typical pyrochlore structured CZO with the Ce : Zr ratio of
50 : 50 that is already well-known as a catalyst support for
TWC.35–37 The introduction of this distinct pyro-CZO structure,
characterized by a Ce : Zr ratio of 75 : 25, can be attributed to the
experimental analysis of the composition and crystal structure
conducted in this study. The superstructure of this pyro-CZO is
formed with an ordering of 8 Zr atoms and 8 O vacancies in the
metal and O sublattices, respectively. In this pyro-CZO struc-
ture, each Zr atom is neighbored by two O vacancies.

Generally, the formation energy (Eform) of phase A from
phase B is dened as:

Eform = EA − EB (4)

where EA and EB represent the internal electronic energy of
phase A and phase B, respectively. We calculated the formation
energies of four distinct phases (CZO, rCZO, pyro-CZO, ceria +
zirconia) from the reference phases of CeO2 and ZrO2. Recog-
nizing that internal electronic energy alone cannot fully repre-
sent the operating environment, considering factors such as
temperature and oxygen partial pressure, we employed ab initio
thermodynamics to incorporate the grand potential (U). The
grand potential of each phase i (Ui) is determined using the
following equation.

Ui = Ei − TSi − mONO − UM (5)

where Ei is the internal electronic energy of phase i from DFT
calculation, T is temperature, Si is the conguration entropy of
phase i, mO is the O atom chemical potential, and NO is the
number of O atoms in phase i. UM is the grand potential of
metals in phase i. Since all metal atoms are of the same type and
equal number in each phase, UM can be set to 0. Si is calculated
by using the following equation.17

Si = kB lnu (6)

where kB is the Boltzmann constant, u is the total number of
congurations of phase i. Since u for CZO and rCZO is huge, Si
is calculated by using Stirling's approximation. For CeO2,
Ce2O3, ZrO2, and pyro-CZO, which have unique structures, u= 1
was used. mO is calculated by using the following equation.

mO ¼ 1

2
mO2

¼ 1

2

�
EO2

þ mo
O2
ðT ; poÞ þ kBT ln

�
pO2

po

��
(7)

where mO2
is the O2 molecule chemical potential, EO2

is the
internal electronic energy of the O2 molecule from DFT calcu-
lation, mo

O2
(T, po) is the difference in the chemical potential of

O2 between T = 0 K and the temperature of interest at the
reference pressure (po, 1 atm), and pO2

is the oxygen partial
pressure. mo

O2
(T, po) can be obtained from the NIST-JANAF

thermochemical tables.38,39

All DFT calculations are performed by using the Vienna ab
initio simulation package (VASP) code.40,41 The electron wave
functions are described using the projector augmented wave
(PAW) method of Blochl, which is implemented in the VASP
code by Kresse and Joubert.42,43 The exchange correlation energy
This journal is © The Royal Society of Chemistry 2024
is described via the generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzerhof (PBE).44 The GGA + U method
is employed to consider strongly localized Ce 4f electrons with
effective Hubbard U parameters (U = 5 and J = 0).45–47 The cut-
off energy is 500 eV, and the k-point mesh is 2 × 2 × 2 Mon-
khorst Pack.48 The ionic and electronic optimizations are
converged when the total energy difference between successive
calculation steps is less than 10−2 and 10−3 eV, respectively.

Conclusions

Despite CZO's widespread adoption in three-way catalysts
(TWCs) due to its superior oxygen storing/releasing properties,
its phase stability remains contentious, as evidenced by many
conicting reports. Our recent experimental ndings have
revealed the unprecedented separation of CZO into its constit-
uent components, ceria and zirconia, intensifying the ongoing
debate and challenging its practical applications. To address
this, we conducted well-dened model experiments using
epitaxial Ce0.75Zr0.25O2 thin lms, meticulously tracking struc-
tural and compositional alterations at each evolutionary stage.

According to the structural and compositional analysis, the
phase separation of CZO thin lms involves a structured
process delineated into three key reaction steps:

(1) Transformation into defect uorite: initially, the CZO thin
lms undergo a transformation into defect uorite, accompa-
nied by the generation of oxygen vacancies.

(2) Conversion into the pyrochlore structure: subsequently,
there is a transition into the pyrochlore structure facilitated by
the precipitation of ceria within the thin lms.

(3) Complete separation into Ce2O3 and ZrO2 phases: nally,
the phase fully separates into distinct entities, forming C-type
Ce2O3 and tetragonal ZrO2 phases, thus concluding the phase
separation process.

Additionally, by leveraging ab initio thermodynamics based
on Density Functional Theory (DFT), we calculated grand
potentials for all phases involved in the evolution, elucidating
the driving forces and reaction mechanisms governing CZO's
phase instability. This comprehensive approach sheds light on
the intricate dynamics underlying CZO's phase evolution,
paving the way for informed strategies to modulate its stability
and optimize its utility in catalytic applications.
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