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4 ABSTRACT: Cerium-stabilized zirconia (Ce1−xZrxOy, CZO) is
5 renowned for its superior oxygen storage capacity (OSC), a key
6 property long believed to be beneficial to catalytic oxidation
7 reactions. However, 50% Ce-containing CZO recorded with the
8 highest OSC has disappointingly poor performance in catalytic
9 oxidation reactions compared to those with higher Ce contents but

10 lower OSC ability. Here, we employ global neural network (G-
11 NN)-based potential energy surface exploration methods to
12 establish the first ternary phase diagram for bulk structures of
13 CZO, which identifies three critical compositions of CZO, namely,
14 50, 60, and 80% Ce-containing CZO that are thermodynamically
15 stable under typical synthetic conditions. 50% Ce-containing CZO,
16 although having the highest OSC, exhibits the lowest O vacancy
17 (Ov) diffusion rate. By contrast, 60% Ce-containing CZO, despite lower OSC (33.3% OSC compared to that of 50% Ce-containing
18 CZO), reaches the highest Ov diffusion ability and thus offers the highest CO oxidation catalytic performance. The physical origin of
19 the high performance of 60% Ce-containing CZO is the abundance of energetically favorable Ov pairs along the ⟨110⟩ direction,
20 which reduces the energy barrier of Ov diffusion in the bulk and promotes O2 activation on the surface. Our results clarify the long-
21 standing puzzles on CZO and point out that 60% Ce-containing CZO is the most desirable composition for typical CZO
22 applications.

1. INTRODUCTION
23 The ceria−zirconia oxide (CZO) has gained significant
24 prominence in heterogeneous catalysis for its high oxygen
25 storage capacity (OSC)1−6 and good thermal stability,7,8

26 finding widespread use as either a direct catalyst or a support
27 material for metal nanoparticles over the past few decades.9−12

28 The CZO properties appear to be sensitive to the Ce/Zr ratio
29 and thus the synthetic procedure in the experiment, which
30 generates long-standing confusion on the correlation between
31 OSC and catalytic performance. It is now established that the
32 κ-phase 50% Ce-containing CZO13 (Ce0.5Zr0.5O2) has a
33 groundbreaking OSC record (89% Ce4+ reduced to Ce3+)
34 but a low catalytic performance; the best CZO-supported
35 metal catalyst generally requires a high Ce content (e.g.,
36 80%).14 Because of the lack of atomic-level knowledge of CZO
37 structures, the finding of the best CZO in different applications
38 is largely via trial-and-error tests. A theoretical guide to
39 correlate the Ce/Zr ratio with its thermodynamics and kinetic
40 properties is thus highly desirable.
41 As OSC was long believed to be the key descriptor for the
42 catalytic performance of CZO, numerous efforts were devoted
43 to identifying CZO with the highest OSC, which is defined to
44 be the ability to release and store oxygen at the typical catalyst
45 working conditions (e.g., below 773 K), CexZryOz →
46 CexZryOz‑2n + nO2. To date, 50% Ce-containing CZO,

47Ce0.5Zr0.5O2, is most recognized as the composition with the
48highest OSC.15−17 50% Ce-containing CZO can be synthe-
49sized via the oxidation of the pyrochlore Ce0.5Zr0.5O1.75 (a
50cubic crystal) precursor at 773 K in the air, which is first
51synthesized via the coprecipitation method at 1473 K under
52reducing conditions.10,11 Later, an improved synthetic method,
53i.e., the solvent thermal method, was developed to prepare 50%
54Ce-containing CZO, which can exhibit even higher OSC than
55that synthesized by the coprecipitation method, suggesting the
56solvent thermal method can obtain a better crystalline cubic
57phase with fewer defects or other minority phases.1 By density
58functional theory (DFT) calculations, Wang et al.18 found that
59the lowest energy O vacancies (Ov) of cubic 50% Ce-
60containing CZO are all near Zr cations. It is therefore expected
61that the presence of defects or the random distribution of
62cations leads to a decrease in OSC. Indeed, many experiments
63showed that the synthetic method can influence the OSC
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64 markedly. For example, Madier et al. found that 63% Ce-
65 containing CZO (Ce0.63Zr0.37O2) prepared by the coprecipita-
66 tion method under 1173 K has the largest OSC at 673 K,19

67 while that of 50% Ce-containing CZO is only 10% under the
68 same condition. On the contrary, when samples are pretreated
69 with hydrothermal treatment and then calcined at 773 K, 50%
70 Ce-containing CZO (OSC = 32%) is instead superior to 60%
71 Ce-containing CZO (OSC = 24%), and the OSC of 50% Ce-
72 containing CZO can be improved to 37% by increasing the
73 temperature to 1173 K.20 The improvement of the OSC of
74 50% Ce-containing CZO is accompanied by the enhancement
75 of the main peak on the XRD patterns, which implies the
76 importance of the purification and crystallization of the sample.
77 Due to the lack of atomic-level knowledge of CZO with
78 different compositions synthesized under different conditions,
79 the correlation between the CZO Ce/Zr ratio, the atomic
80 structure, and OSC ability is not established.
81 While the highest OSC ratio occurs at Ce contents of 50−
82 63%, the best catalytic performance of CZO appears to shift to
83 even higher Ce/Zr ratios, up to a Ce content of 80%. Taking
84 CO oxidation as an example, where the light-off temperature
85 (T50) is often utilized as the measure of the catalyst activity, the
86 T50 of the 50% Ce-containing CZO catalyst is reported to be
87 above 688 K, while that of 75% Ce-containing CZO can be as
88 low as 623 K, as shown by Meeyoo and co-worker. Not
89 surprisingly, the catalyst activity is again sensitive to the
90 catalyst preparation method. For the same 50% Ce-containing
91 CZO, the catalyst prepared by the solvent thermal method
92 (T50 = 688 K) is much more active than that prepared using
93 the coprecipitation method (T50 > 873 K).1 Consistently, the
94 CO oxidation activity on the CZO (solvent thermal)-
95 supported Pd catalyst (T50 = 362 K) is significantly higher
96 than that on CZO (coprecipitation; T50 = 433 K). Importantly,
97 Boaro et al. found that catalysts with higher activity also
98 exhibited higher anion conductivity, suggesting that the
99 diffusion rate of oxygen anions mattered in the catalytic

100 cycle.21 On the other hand, theoretical calculations suggested
101 that CO oxidation involved O2 activation at the surface O
102 vacancy site22−26 and the CO reaction with the surface O atom
103 had a low barrier (e.g., 0.63 eV on Ce(111)).27 The role of
104 diffusion of O in bulk to the CO oxidation activity remains
105 elusive.
106 The current puzzles on CZO can be largely attributed to the
107 poor knowledge of the atomic structure of CZO, including
108 cation positions and Ov distributions, under different synthetic
109 conditions. Here, we present a comprehensive survey of the
110 global potential energy surface of CZO bulk with various Ce/
111 Zr molar ratios and oxidative states of Ce by using the SSW-
112 NN method, i.e., stochastic surface walking (SSW) global
113 optimization based on global neural network (G-NN)
114 potential. The thermodynamic phase diagram and kinetic
115 properties of key CZO compositions are then explored and
116 quantified, and the catalytic CO oxidation on their surfaces is
117 determined. We establish a quantitative correlation between
118 the atomic structure of CZO and the properties, including the
119 catalytic performance and the OSC, which should guide the
120 future applications of CZO materials.

2. METHODS
121 2.1. G-NN Potential Generated from the SSW-NN Method.
122 All simulations based on G-NN potential were carried out using the
123 LASP code developed in our group, which implements data
124 generation using SSW global optimization, G-NN training, and

125potential energy surface (PES) evaluation of G-NN potentials.28−32

126The Ce−Zr−O ternary G-NN potential was trained by self-learning
127the SSW global potential energy surface data set that covers a wide
128range of CZO compositions with different structural types, such as
129bulks, surfaces, and layers. More than 107 structures on CZO global
130PES were visited by SSW-NN during NN potential generation, and
131the final training data set of CZO consisted of 24552 structures that
132were selected to represent the global PES. The data set was calculated
133using plane-wave DFT calculations33 as implemented in VASP
134(Vienna Ab-initio Simulation Package, see below). The training data
135set is available online.34

136The G-NN potential has a five-layer (505-80-80-80-7) feed-forward
137MBNN architecture35 for each element, in total containing 162081
138fitting parameters. The details on the training data set are shown in
139Table S1 in the Supporting information (SI). The root-mean-square
140errors (RMSEs) for the energy and the force of the G-NN are 4.986
141meV/atom and 0.130 eV/Å, respectively. This G-NN potential is now
142included in the G-NN library of LASP and available online.36 We have
143also benchmarked the G-NN accuracy against the DFT results for
144important structures, which shows that the energy RMSE is 2.871
145meV/atom for low-energy structures in this work (see Table S3 in the
146SI). This small error suggests that the G-NN PES is a good
147approximation of DFT PES and can be utilized to expedite the global
148structure search and pathway determination. It should be mentioned
149that with G-NN calculations to expedite PES exploration, all results
150reported in this work are finally converged using DFT calculations
151(see the following calculation setups).
1522.2. DFT Calculations. The G-NN potential training relies on
153DFT calculated energy, forces, and stresses of structures.28 To achieve
154high accuracy and data consistency, our DFT calculations in VASP
155utilized the following standard setups as utilized for generating all G-
156NN potentials in the LASP G-NN library: spin polarization is
157considered in the presence of the Ce element; the DFT functional is
158at the level of generalized gradient approximation (GGA-PBE);37 the
159kinetic energy cutoff is 450 eV; the projector augmented wave (PAW)
160pseudopotential38 is utilized to describe ionic core electrons; and the
161fully automatic Monkhorst−Pack K-mesh with 25 times the reciprocal
162lattice vectors39 is used for the first Brillouin zone k-point sampling.
163To optimize the structure, we minimized the total energy until the
164total forces on each atom were less than 0.01 eV/Å. The inclusion of
165an onsite correlation term with the Hubbard U parameter (DFT + U)
166facilitates access to physical ground states of CZO, where the localized
167Ce 4f electrons were set to U = 5 eV in computing all energetics.18,40

168We also checked oxygen vacancy generation thermodynamics by
169using BEEF-vdW and PBE-D3 functionals,41,42 which shows that the
170GGA-PBE provides the energetics most consistent with the known
171experiment (see page 10 in the SI).
1722.3. Free-Energy Calculations. The free formation energy (ΔGf)
173as defined in eq 1 is computed for evaluating the stability of CZO at
174each ratio, where the free energies of CeO2, ZrO2, O2, and Ce2O3 are
175used as references. For solid states, since its vibration entropy and PV
176terms change very little, the free energy can be approximated by its
177DFT energy. For oxygen molecules, the free energy GOd2

includes DFT

178energy (EOd2
), zero-point energy (ZPE), and the standard gas-phase

179thermodynamic correction terms at varied temperatures.43 The
180average O vacancy formation free energy Δμ, as shown in the
181example of Ce16Zr16O64, can be computed using eq 2 with reference
182to O2 at 298 K and 1 atm pressure. The disproportionation energy
183(ΔGd) of CZO between 60 and 80% Ce contents is calculated using
184eq 3. The adsorption energy of oxanes (ΔEr) on surfaces is calculated
185using eq 4.
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190 2.4. Ionic Migration Simulation. The long-time MD simulations
191 were carried out for three compositions, i.e., 50% Ce-containing CZO
192 at a 2 × 2 × 2 periodic supercell built from Ce16Zr16O56 (704 atoms in
193 total), 60% Ce-containing CZO at a 2 × 4 × 2 supercell built from
194 Ce12Zr8O34(864 atoms in total), and 80% Ce-containing CZO at a 2
195 × 3 × 2 supercell built from Ce24Zr6O48 (936 atoms in total). The
196 initial structural relaxation was performed for 1 ns by using the
197 isothermal−isobaric (NPT) ensemble at the target temperature to
198 determine the equilibrium volume (lattice). The ion migration was
199 then simulated using a Nose−Hoover thermostat44,45 at the canonical
200 ensemble with a time step of 1 fs. The first 0.3 ns of the NVT
201 simulation was assigned to equilibrate the system, and the statistic
202 average of the anion diffusion was calculated over the remaining time
203 (up to 5 ns). For the purpose of analysis, the local relaxation was
204 utilized to obtain the intrinsic structure for the structure snapshots
205 taken from MD trajectories until the maximal force on the atom was
206 below 0.01 eV/Å.
207 The Einstein relation was used to determine the oxygen diffusion
208 coefficients (D) from the slopes of mean square displacements of the
209 oxygen atom (Δr2) plotted versus simulation time (t).
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211 The activation energies for oxygen diffusion (Ea) were computed by
212 fitting the calculated diffusion coefficients to the standard Arrhenius
213 form using the following relation.
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215The Ea values thereby obtained were used to characterize the
216dependence of the averaged diffusion barriers on different CZO
217compositions. The conductivity of oxygen ions σ was finally derived
218from the Nernst−Einstein relation with the diffusion coefficient D
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220where Na is the Avogadro constant, q is the charge of the mobile ion
221(2 for oxygen), N is the number of oxygen atoms, and F is Faraday’s
222constant.
2232.5. Surface Reaction Pathway Search. The slab model of
224CZO surfaces was used in calculating CO oxidation catalytic
225reactions. The slab model contains four O−M−O (M = Ce or Zr)
226layers, with the bottom two layers being fixed at the bulk-truncated
227position. The slab sizes of R-CZ50 and R-CZ60 are 13.19 × 7.61 Å
228with 90 atoms and 19.31 × 6.63 Å with 112 atoms, respectively. The
229vacuum regions of all these slabs are more than 25 Å. All of the
230transition states (TSs) were located using the double-ended surface
231walking method (DESW)46 as implemented in LASP. G-NN
232calculations are utilized, if possible, e.g., those related to O diffusion
233containing only Ce, Zr, and O elements, to search for likely pathways
234and identify the lowest energy one. The TS is verified to have only
235one imaginary frequency, and the extrapolation from the TS to nearby
236minima is performed to confirm its relevance to the target reaction.
237DFT calculations are utilized to finally converge the lowest energy
238pathways. We also examined the dispersion effect on reactions by

Figure 1. Energetics and atomic structures of CZO. (a) The Ce−Zr−O ternary phase diagram at the O chemical potential of −2.33 eV, equivalent
to O2 at 1800 K and ambient pressure. The color bar represents the formation energy of different compositions, where the area of negative and
positive values is separated by a black dash curve. The cubic, mix, and monoclinic phases are labeled as solid circles, hollow circles, and squares,
respectively. (b−g) The atomic structures of identified GM for R-CZ50, CZ50, R-CZ60, and R-CZ80. The interstitial oxygen atom is shown by
arrows. (d) Simulated X-ray diffraction patterns of the GM structures that are compared with the standard ZrO2 phases (tetragonal (t) and
monoclinic (m) phases). (e) The thermodynamic convex hull diagram for CexZryO2y+3/2x, and three convex points R-CZ50, R-CZ60, and R-CZ80
are highlighted by red dots. Yellow balls: Ce atoms; cyan balls: Zr atoms; red balls: O atoms.
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239 using PBE-D342 (see Figure S1 and Table S4 in the SI), which shows
240 that the inclusion of dispersion little affects the CO oxidation kinetics.

3. RESULTS AND DISCUSSION
241 3.1. Thermodynamics of Ce−Zr−O Bulk Phases. Our
242 investigation begins by thoroughly exploring the thermody-
243 namic phase space, scanning likely bulk CZO structures with
244 Ce/Zr/O ratios ranging from Ce2Ox (x = 3−4) to ZrO2, as
245 mapped in the Ce−Zr−O ternary phase diagram with CeO2,

f1 246 ZrO2, and Ce2O3 being the three vertices (Figure 1a). We
247 denote CZO bulk as CexZryOn, where the superscripts x, y, and
248 n represent the concentrations of Ce, Zr, and O atoms,
249 respectively. More than 70 compositions with different values
250 of x and y were explored using SSW-NN, and after examining
251 more than 10,000 minima at each composition, the
252 corresponding global minima (GM) are obtained, as indicated
253 by solid circles, hollow circles, and squares in Figure 1a (the
254 chemical potential μ(O) (=1/2 GOd2

) equals to −2.33 eV,
255 corresponding to the gas-phase O2 at 1800 K, the temperature
256 to synthesize the pyrochlore phase in the experiment1).
257 In general, the GM structure of CZO is influenced by both
258 the Ce/Zr ratio and the Ce oxidation state (3+ or 4+). As
259 depicted in Figure 1a, while most of the structures prefer the
260 cubic phase (black dots),47 the fully oxidized form, the oxides
261 with Ce4+ and Zr4+ can exhibit different structures depending
262 on the Ce4+/Zr4+ ratio. They are cubic phase above 50%,
263 become the mix phase (reflected as the phase junction of CeO2
264 and ZrO2 in the periodic supercell) from 50 to 11.1%, and
265 finally shift to the monoclinic phase below 11.1% (the same as
266 pure ZrO2). The lattice parameters of four key GM with

t1 267 different Ce/Zr ratios are listed in Table 1, together with the
268 coordination number of Ce and Zr in the bulk as elaborated in
269 the following.
270 The black dashed curve in Figure 1a highlights the minima
271 with formation energy below zero, which are mainly at the top-
272 right part of the triangle, being close to the Ce2O3−ZrO2 edge
273 with the Ce/Zr ratio above 20%. The CZO along the Ce2O3−
274 ZrO2 edge are the reduced forms with 100% Ce3+ and thus

275named R-CZx (x = Ce content), hereafter, and their oxidized
276forms with the same lattice are named O-CZx. These O-CZx
277may not be the GM, since the filling of oxygen vacancies could
278change the energy landscape. In fact, the CeO2−ZrO2 edge
279(bottom of the triangle in Figure 1a), the oxidized form with
280100% Ce4+, gives the GM structure identified from SSW. As
281shown in Figure 1a, at high temperatures (1800 K), the Ce4+-
282containing CZO samples are all unstable compared to Ce3+-
283based CZO.
284The most stable structure in Figure 1a is the reduced form,
285R-CZ50 (Figure 1b), known as the pyrochlore phase, a cubic
286structure (FD-3 M space group) with ΔGf = −2.41 eV. The
287GM structure determined from SSW-NN is identical to that
288found in the experiment, and the structure has been analyzed
289previously by DFT.18 In brief, R-CZ50 has all Ce 8-
290coordinated and Zr 6-coordinated, where all oxygen vacancies
291(Ov) are located at the tetrahedral void formed by four Zr
292cations18 (Ov(4Zr)). Three types of oxygen are present,
293namely, O(4Zr) that coordinates with four Zr atoms, O(4Ce)
294that coordinates with four Ce atoms, and O(2Ce2Zr) that
295coordinates with two Zr and two Ce atoms.
296By filling all Ov sites, R-CZ50 is then oxidized to O-CZ50,
297retaining the cubic lattice, which is the typical way to prepare
29850% Ce-containing CZO in the experiment10,11 This O-CZ50
299is however no longer stable, as it is less energetically favored
300compared to CZ50 (GM from SSW), as indicated in the
301bottom edge of Figure 1a. CZ50 contains separated ZrO2 and
302CeO2 phases (mixed phase), gluing in a supercell of 24 atoms,
303with ΔGf = +1.43 eV compared to the cubic CeO2 phase and
304tetragonal ZrO2 phase (see Figure 1c). The RDF of CZ50 and
305O-CZ50 are plotted as shown in Figure S2 in the SI. The RDFs
306Ce−Ce, Zr−Zr, and Ce−Zr of CZ50 and O-CZ50 are similar,
307i.e., ∼3.8 Å for the first peak, ∼5.3 Å for the second peak, ∼6.5
308Å for the third peak, and so on. But in O-CZ50, the RDF of
309Ce(Zr)−Ce(Zr) at ∼3.8 Å shows equal intensity and a narrow
310peak, which suggests a very ordered mixing of cations in the
311presence of O-CZ50. In CZ50, a broad peak of low intensity is
312present at 3.8−4.2 Å and the Zr−Zr and Ce−Ce peaks at 3.8 Å
313are the strongest, which indicates that Zr and Ce are
314individually clustered in CZ50. The structure difference
315between O(R)-CZ50 and CZ50 can also be seen clearly
316from the simulated XRD patterns in Figure 1d, where O(R)-
317CZ50 exhibit typical cubic phase patterns with the major peak
318(2θ) at 29° corresponding to the crystal plane indices of (111).
319This differs from the major peaks of CZ50 that comprise two
320groups, a monoclinic lattice with a peak at 28.6° and a
321tetragonal lattice with peaks at 30.5° and 35.5°.
322Since the Ce2O3−ZrO2 edge of the ternary phase diagram
323contains the major low-energy phases, we then plot in Figure
3241e the thermodynamic convex hull for CexZryO2y+3/2x phases
325using Ce2O3 and ZrO2 as the energy zero reference at the same
326μ(O) = −2.33 eV. We found that there were three convex
327points at Ce3+ concentration being 50% (ΔGf = −2.41 eV),
32860% (R-CZ60, ΔGf = −2.15 eV, Figure 1f), and 80% (R-CZ80,
329ΔGf = −1.10 eV, Figure 1g). It should be mentioned that even
330when μ(O) is reduced to 1.75 eV corresponding to Ce2O3 in
331thermodynamic equilibrium with CeO2 (1400 K and 1 atm
332pressure), these three phases are still the convex points. In
333addition, we compared the disproportionation ΔGd of R-CZ75
334and R-CZ66, which are only 0.05 and 0.09 eV (eq 3),
335respectively, with respect to R-CZ60 and R-CZ80. This
336suggests that the stabilities are quite close across these
337concentrations with Ce3+ being 60−80%. Consistently, the

Table 1. Structural Properties for the Identified Global
Minima of Four CZO Compositions from SSW-NN

aname R-CZ50 R-CZ60 R-CZ80 CZ50
bN(Ce/Zr/O) 16/16/56 12/8/34 24/6/48 4/4/16
ca 10.84 13.32 12.47 5.39
b 10.84 6.74 11.82 5.44
c 10.84 10.30 9.59 10.64
α 90 77.46 105.34 94.10
β 90 70.92 72.47 90
γ 90 99.75 85.93 90
dCN(Ce) 8 6.83 6.25 8
CN(Zr) 6 6 6 7
eGOv(4Zr)

ad 0.40 eV
GOv(1Ce3Zr)

ad 1.17 eV
GOv(2Ce2Zr)

ad 1.33 eV 1.21 eV
GOv(4Ce)

ad 1.78 eV

aR-CZx are x% Ce3+-containing CZO; CZ50 is 50% Ce4+-containing
CZO. bN(Ce/Zr/O) are Ce, Zr, and O atom numbers in a conventional
cell. cThe lattice parameters (a, b, c, α, β, γ) of the conventional cell.
dCN(Ce) and CN(Zr) are the average coordination numbers (CNs)
of cations with the first-shell O atoms. eGOv

ad is the Ov formation
energy at different Ov sites calculated by n = 1 in eq 2.
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338 GM structures of them all exhibit the characteristics of cubic
339 phases in XRD (Figure S3 in the SI).
340 R-CZ60 and R-CZ80 share great similarity with R-CZ50.
341 For example, the coordination numbers of Zr in R-CZ60 and
342 R-CZ80 are always 6, suggesting that Ov tends to stay close to
343 Zr, if possible. Due to the increased Ce content, there are Ov
344 neighboring Ce, and thus, the average coordination numbers of
345 Ce in R-CZ60 and R-CZ80 are reduced compared to R-CZ50,
346 being 6.83 and 6.25, respectively. Specifically, these Ov can be
347 categorized according to the number of Ce and Zr atoms
348 surrounding the Ov, namely, one Ce and three Zr (1Ce3Zr),
349 2Ce2Zr, 3Ce1Zr, and 4Ce. In R-CZ60, there are 66.7%
350 Ov(1Ce3Zr) and 33.3% Ov(2Ce2Zr); in R-CZ80, there are
351 50% Ov(2Ce2Zr) and 50% Ov(4Ce). In companion with the
352 Ov generation, a significant portion of the O atoms are off the
353 cubic lattice position. In particular, the interstitial oxygen
354 atoms (two coordinated O) as reported by the literature48 are
355 present in the R-CZ60 GM structure (Figure 1f indicated by
356 the arrow), although at a low content (2.94%). In addition,
357 with the increased Ce3+ content, the cubic lattice is lengthened
358 and distorted, as reflected in the simulated XRD in Figure 1d.
359 For the 29° peak, the (111) peak of the cubic phase splits into
360 two major peaks in R-CZ60 and evolves into a series of small
361 peaks between 27.7 and 29° in R-CZ80. The lattice parameters
362 of R-CZ80 are 12.47, 11.82, and 9.59 Å, which are significantly
363 lengthened compared to those of R-CZ50 (7.67 Å, see Table
364 1).
365 3.2. Thermodynamics of R-CZ50, R-CZ60, and R-
366 CZ80. With the bulk structure determined, we then evaluated
367 the OSC of the three thermodynamically stable CZO at high
368 temperatures, i.e., R-CZ50, R-CZ60, and R-CZ80. This can be
369 done by filling all of the Ov (with O atoms) and computing the
370 average Ov formation energies Gad

θ (see Methods eq 2) in their
371 conventional cell (lattice parameters listed in Table 1), a
372 thermodynamics value to measure the OSC. We found that the
373 Gad

θ required for the full reduction of these stable CZO phases
374 are 0.40 eV (R-CZ50), 0.82 eV (R-CZ60), and 1.56 eV (R-
375 CZ80; these values are all lower than Gad

θ = 2.19 eV, in cubic
376 CeO2 from our calculations and from the literature49). This
377 suggests that Ov(Zr) is preferable for storing oxygen with a low
378 Gad(O), and Ov(Ce) bonds to O strongly and is not desirable
379 for oxygen storage.
380 We further evaluated the differential adsorption of O in R-
381 CZ50 and R-CZ60 at different temperatures and pressures of
382 O2. In these calculations, we fix the cation position and use
383 SSW to identify the best O anion distribution at different Ov
384 concentrations (adding O atoms one by one). As shown in

f2 385 Figure 2, the isochemical potential curves can be utilized to
386 determine the favorable phases under different reaction
387 conditions as controlled by O chemical potential. In the R-
388 CZ50 diagram (Figure 2a), when the temperature is lower than
389 655 K at standard atmospheric pressure (μ(O) = −0.69 eV),
390 CZO solid solution exists in the form of O-CZ50, and it is not
391 until 1100 K (μ(O) = −1.26 eV), all of the oxygen can be fully
392 released in forming R-CZ50. The OSC window thus spans 445
393 K, from 655 to 1100 K. We note that the gas-phase reference
394 error of the PBE functional for O2 might contribute an
395 additional 0.23 eV uncertainty on the formation energy of
396 Ov.

50−53 This may shift the window boundary by about ∼70 K
397 in the phase diagram, which indicates uncertainty, as the DFT
398 functional is not critical in this system. Experimentally, it has
399 been measured by Sugiura13 that at 773 K in air, the OSC of R-

400CZ50 is 89% (the star symbol in Figure 2a), which agrees with
401the value (87.5%) from our phase diagram.
402On the other hand, for R-CZ60, as shown in Figure 2b, the
403OSC window spans only 340 K and shifts to higher
404temperature ends, from 980 K (μ(O) = −1.11 eV) to 1320
405K (μ(O) = −1.57 eV). A simple comparison can thus be done
406for two CZO samples at the same temperature: when O-CZ50
407fully releases all stored oxygen to R-CZ50 (1100 K), only
40833.3% oxygen can be released from O-CZ60 to a partially
409oxidized form (66.6% oxygen-filled R-CZ60).
410The average Ov formation energy for R-CZ80 is the highest
411of the three components at 1.85 eV; thus, its OSC window
412spans even smaller, being 320 K, from 1540 to 1860 K at
413standard atmospheric pressure (the detail can be seen in Figure
414S4 in the SI). Its high OSC window has no overlap with the
415OSC window of R-CZ50 at all�even when O-CZ50 fully
416releases oxygen to R-CZ50, O-CZ80 cannot provide oxygen at
417the same condition. R-CZ80 is thus an OSC material only at
418very high temperatures (>1540 K).
419Our thermodynamics data on CZO may help to rationalize
420 f3the CZO obtained in experiments. As shown in Figure 3, we
421reproduce the experimental XRD of CZO samples obtained
422under different synthetic conditions.1 The CZO samples, e.g.,
42350% Ce-containing CZO,54 prepared with the coprecipitation
424method from Ce3+ and Zr4+ salts at low temperatures (e.g.,
425under 873 K, blue and green lines) exhibit broad XRD peaks at
426the characteristic 28−31° region. It was suggested that two

Figure 2. Thermodynamics diagrams of R-CZ50 (a) and R-CZ60 (b)
under different conditions. Cationic positions are kept fixed in
constructing the thermodynamics diagrams. The white star indicates
the experimental condition (773 k and 1 atm).
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427 phases, cubic and tetragonal phases, are present, although both
428 are not well crystallized.55 After annealing to 1773 K, the XRD
429 peaks at the region become much sharper, which can align with
430 that of the cubic phase (cf. ∼29° see Figure 1d), suggesting the
431 tetragonal to cubic phase transition. On the other hand, the

432samples prepared under the solvent thermal method1 at 873 K
433show two narrower peaks at 29 and 30.5° in XRD (pink line),
434suggesting that the solvent thermal method can yield better-
435crystallized solids with both cubic (c.f. 29°) and tetragonal
436phases (c.f. 30.5 and 35.5, Figure 1d). The sample exhibits a
437sharp single peak at 29° after annealing to 1773 K,12

438characterizing as a single cubic phase (red line) with high
439crystallization, similar to that using the coprecipitation method
440(green line).
441The experimental results suggest that 50% Ce-containing
442CZO samples do have two likely crystal forms at low
443temperatures (873 K), independent of the synthetic methods.
444From our data, R-CZ50, the GM at high temperatures (Figure
4451a), has an XRD pattern of the cubic phase that is consistent
446with the 1773 K XRD from experiments. The oxidation of R-
447CZ50 will lead to O-CZ50, which is however not the most
448stable structure when all Ce becomes Ce4+. Instead, CZ50, a
449mixed monoclinic and tetragonal phase from simulated XRD
450(Figure 1d), is more stable (Figure 1c), where Ce and Zr
451cations are aggregated into separate domains (a detailed
452structure difference between R-CZ50 and CZ50 can be found
453in the SI). By simulating XRD patterns containing different
454ratios of R-CZ50 and CZ50, including 3:1, 1:1, and 1:3 (also
455see Figure S5 in the SI), we found that, as shown in Figure 3,
456black line, the XRD for a mixed-phase catalyst with R-CZ50/
457CZ50 = 1:3, which was the adjusted width (FWHW = 1.6) of
458the Gaussian function, can best reproduce the experimental
459XRD pattern at 873 K, which contains a single broad peak at
46028−31°. The mixing of R-CZ50 and CZ50 as the model for
461low-temperature CZO not only rationalizes that both cubic

Figure 3. Experimental (Exp)1 and theoretical XRD patterns for 50%
Ce-containing CZO. The curves correspond to the samples
synthesized using the coprecipitation (CP) method calcinated at
873 K (green line) and 1773 K (cyan line) and the solvent thermal
(ST) method at 873 K (pink line) and 1773 K (cyan line). The
theoretical XRD is generated by using two likely phases (R-CZ50 and
CZ50) at the R-CZ50/CZ50 ratio of 1:3 (black line) based on DFT
lattices (also see Figure 1d). The width (FWHW = 1.6) of the
Gaussian function is applied to fit the experimental shape.

Figure 4. Anion migration kinetics. (a) The apparent oxygen ion diffusion activation energy of R-CZ50, R-CZ60, and R-CZ80 by linear fitting of
the diffusion rate against temperature using the Arrhenius plot. (b) Radial distribution function g(r) of the cation (Zr, Ce)−Ov and Ov−Ov pairs at
2400 K from the averaged snapshots of MD simulations (blue and black lines) to compare with their GM structures (green lines). (c) The
snapshots of the lowest energy Ov diffusion pathway from ⟨100⟩ to ⟨110⟩ in R-CZ60. Both peaks in the series Ov belong to the group of
Ov(1Ce3Zr).
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462 and tetragonal phases are present in experimental samples but
463 also points out that the monoclinic phase of ZrO2 contributes
464 to the broad peak at 28.6°. The phase transition from low (873
465 K) to high temperatures (1773 K) is thus the CZ50 to R-CZ50
466 structure change, which involves both the creation of Ov and
467 the migration of the Ce/Zr cation in the lattice.
468 3.3. Anion Migration Kinetics. Apart from the
469 thermodynamics governing the OSC window, the migration
470 rate of the O anion should also affect the apparent OSC in the
471 experiment at a given working temperature. By performing

f4 472 long-time MD simulations from 1800 to 2400 K (Figure 4a),
473 we investigated the diffusion ability of the O anion for R-CZ50,
474 R-CZ60, and R-CZ80. The apparent oxygen ion diffusion
475 activation energy (Ea) is thus obtained by linear fitting of the
476 diffusion rate against the temperature using the Arrhenius plot
477 shown in Figure 4a. The Ea values are 2.13, 0.74, and 1.06 eV
478 for R-CZ50, R-CZ60, and R-CZ80, respectively. Interestingly,
479 R-CZ60 has the smallest Ea, and R-CZ50 has the highest one,
480 which suggests that R-CZ60 is the material with the fastest
481 anion diffusion.
482 To better understand the diffusion behavior of bulk oxygen,
483 we extracted 100 structure snapshots of R-CZ50 and R-CZ60
484 from their MD trajectories, one per 100 ps, and after the local
485 optimization, we plotted their averaged radial distribution
486 functions (RDF),56 g(r), for Zr−Ov, Ce−Ov, and Ov−Ov pairs,
487 as shown in Figure 4b (the RDF of R-CZ80 can be seen in
488 Figure S6 in the SI). The RDFs in Figure 4b show that the
489 cation−Ov peaks (Figure 4b top and middle panels) appear at
490 similar positions compared with their GMs, i.e., ∼ 2.5 Å for the

491first cation−Ov peak, ∼4.5 Å for the second, and so on. It is
492obvious that for R-CZ50, the atoms of Ov originally present
493exclusively near Zr diffuse to the neighbor of Ce in finite-
494temperature MD simulations, as reflected by the increase of the
495Ce−Ov peak at ∼2.5 Å.
496For the RDF of Ov−Ov pairs (Figure 4b bottom panel), the
497distributions are more complex, where R-CZ50 and R-CZ60
498exhibit distinct features. In R-CZ50, the two peaks in ⟨111⟩
499(∼4.7 Å) and ⟨220⟩ (∼7.7 Å) directions exhibit the strongest
500intensity. The minor peak at ⟨110⟩ (∼3.8 Å) suggests that the
501six-coordinated Zr with two Ov is indeed present during Ov
502migration. In R-CZ60, the primary feature is three peaks in the
503⟨110⟩ (∼3.8 Å), ⟨210⟩ (∼5.9 Å), and ⟨112⟩ (∼6.5 Å)
504directions. The ⟨110⟩ peak is originally not present in the RDF
505for the GM of R-CZ60 but turns out to be the strongest peak
506during Ov migration, which is accompanied by the weakening
507of the ⟨100⟩ peak in R-CZ60 GM. The peak corresponding to
508the ⟨210⟩ direction exhibits a similar phenomenon, not being
509prominent in GM, but becomes the second strongest peak
510during migration, replacing the original strong ⟨112⟩ peak.
511This is consistent with the previously reported results for O
512diffusion in Y-doped ZrO2 that diffusion along the ⟨112⟩
513direction is unfavorable because Ov tends not to be adjacent to
514the other Ov during migration.57

515To understand the process of Ov in diffusion to form ⟨110⟩
516direction pairs, we select the GM of R-CZ60 as the IS and
517explore the 20 elementary diffusion steps (diffusing along
518⟨100⟩, ⟨010⟩, and ⟨001⟩) to form ⟨110⟩ Ov−Ov pairs. The
519lowest energy pathway is thus identified and is shown in Figure

Figure 5. Catalytic CO oxidation on two CZO surfaces. (a) The energy reaction profiles of CO oxidation and O2 activation at the (201) surface of
33.3% O-filled R-CZ60 and the 25% O-filled (111) surface of R-CZ50. (b) The key structures involved in O2 activation in R-CZ60 and R-CZ50.
The blue dashed circles and balls represent Ov and O (in O2), respectively. Pink balls: the subsurface layer of O atoms; red balls: the top layer of O
atoms; green balls: the second layer of Ce; gray balls: the second layer of Zr. Dashed arrows represent the direction of oxygen diffusion.
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520 4c. In this reaction, the Ov diffuses from Ov(1Ce3Zr) to
521 another Ov(1Ce3Zr), and the barrier is only 0.75 eV, which is
522 in line with the low activation barrier fitted from the MD
523 simulation. As shown in Figure 4c, IS for the lowest energy
524 pathway, two Ov(1Ce3Zr), i.e., Ov1 and Ov2, being 2.60 Å
525 apart, are located along the ⟨100⟩ direction. In the reaction,
526 oxygen migrates toward Ov2 along the ⟨010⟩ direction,
527 shortening the length of the Zr−O bond from 2.36 to2.08 Å
528 at the TS, eventually occupying the Ov2 and forming a pair of
529 Ov1−Ov2 along the ⟨110⟩ direction. It might be mentioned that
530 among all 20 pathways, the highest energy barrier is 1.70 eV,
531 where Ov diffuses from Ov(1Ce3Zr) to Ov(3Ce1Zr).
532 We note that the interstitial oxygen atoms are routinely
533 observed in our MD trajectories and contribute to Ov diffusion.
534 For example, at 2400 K MD trajectories, the average
535 percentages of interstitial oxygen in R-CZ50, R-CZ60, and
536 R-CZ80 are counted to be 0.086, 2.20, and 1.58%, respectively
537 (a typical snapshot for interstitial oxygen diffusion is described
538 in Figure S7 in the SI).
539 In R-CZ50, the elementary diffusion step of Ov is much
540 simpler compared to R-CZ60, since all Ov being to Ov(4Zr)
541 (Table 1) and Ce/Zr distribution has a high symmetry. When
542 Ov diffusion starts, Ov first migrates from Ov(4Zr) to
543 Ov(2Ce2Zr) with a barrier of 0.49 eV. Next, Ov has to move
544 from Ov(2Ce2Zr) to Ov(4Ce), which needs to overcome a
545 very high barrier of 2.42 eV. The reason for the large difference
546 in the diffusion barrier between R-CZ50 and R-CZ60 can thus
547 be attributed to the different Ov formation energies along the
548 diffusion pathway, which inevitably leads to the local
549 accumulation of Ov. In R-CZ50, the diffusion needs to pass
550 through Ov(2Ce2Zr) and Ov(4Ce), where Ov(4Ce) is 1.65 eV
551 less stable than Ov(2Ce2Zr). However, in R-CZ60, Ov can
552 diffuse from one Ov(1Ce3Zr) to another Ov(1Ce3Zr), and the
553 energy difference between them is less than 0.33 eV.
554 3.4. CO Oxidation Activity. Based on the previous
555 understandings, we finally selected two CZOs, R-CZ50 and
556 R-CZ60, and investigated their CO oxidation activity. Since Ov
557 should be gradually filled until Ov creation is kinetically
558 prohibited during CO oxidation, we first carried out a series of
559 calculations to evaluate the most likely bulk and surface Ov
560 concentration for the two CZOs under reaction conditions.
561 ΔEr (eq 4) is utilized to evaluate whether a particular lattice/
562 surface O can be removed under reaction conditions. Taking
563 the most stable surface as the model, R(O)-CZ50 (111) and
564 R(O)-CZ60 (201), we found that with the increase of O
565 content, ΔEr drops from −4.07 eV in O-CZ50 to −2.27 eV in
566 the R-CZ50 (111) surface, while it drops from −3.24 eV in O-
567 CZ60 to −2.03 eV in 33.3% O-filled R-CZ60 and becomes
568 positive if Ov is further created. To allow for the CO oxidation
569 cycle, we therefore select the 25% O-filled (111) face of R-
570 CZ50 and the (201) face of 33.3% O-filled R-CZ60 as the final
571 state models for the two CZO catalysts. The details of the
572 surface Ov distribution are shown in Figure S8. In Figure S9 in
573 the SI, we show that the choice of proper surface Ov
574 concentration is critical. For example, on the surfaces of fully
575 oxidized O-CZ50 and O-CZ60 O, CO can be readily oxidized
576 with very low barriers (0 and 0.17 eV) due to the high activity
577 of surface O. In the following, we elaborate on the lowest
578 energy pathways for CO oxidation on two CZO surfaces.
579 3.4.1. CO Oxidation on 33.3% O-Filled R-CZ60(210).

f5 580 Figure 5a shows the energy profile of CO oxidation, which can
581 be divided into two parts: CO oxidation and O2 activation. For
582 the CO oxidation process, CO is first adsorbed on the Zr site

583with 0.33 eV adsorption energy and then reacts with its
584neighboring O (2.54 Å away, see Figure S10 in the SI), where
585the TS (TS1) is achieved when the CO and O distance is 1.75
586Å. The CO2 formation has a barrier of 0.26 eV and releases
587energy by 2.03 eV. After the reaction, two close-neighboring
588Ov are created on the surface due to the formation of an
589interstitial O (O2c Figure 5b) after local relaxation.
590For the O2 activation process, the closest Ov pair spaced 3.93
591Å apart along ⟨110⟩ (Figure 5b) is involved in facilitating O−
592O bond breaking. In the reaction, O2 can be adsorbed at one
593Ov site, noted as O2*, with a significant adsorption energy
594(1.37 eV), with the O−O distance being 1.47 Å. Then, one
595neighboring O atom (labeled as atom A in Figure 5b top
596panel) migrates from the top layer to the subsurface layer to fill
597Ov(1Ce3Zr). The reaction is from O2* to str1 with TS2. Next,
598another nearby O atom (B atom in Figure 5b) moves from the
599subsurface layer to heal the surface Ov(1Ce3Zr) site. After the
600fast diffusion of surface O, the O−O bond then breaks by
601overcoming a barrier of 0.38 eV at TS4, and the dissociation
602reaction is exothermic by 0.30 eV. After the reaction, the Ov
603pair along the ⟨110⟩ direction is healed by two dissociated O
604atoms.
6053.4.2. CO Oxidation on 25% O-Filled R-CZ50(111). Similar
606to that in R-CZ60, the CO reaction with one surface O of R-
607CZ50(111) is also facile with a low barrier of 0.32 eV. The
608major difference lies in the O2 activation, as there are no close
609Ov pairs in the R-CZ50 surface. In the O2 activation, O2 is first
610adsorbed on a surface Ov site along the ⟨100⟩ direction, with
611the O−O distance being 1.48 Å. Then, the O atom diffusion
612process is basically the same as those in R-CZ60, except that
613str1 involves Ov(2Ce2Zr) and str2 involves Ov(2Ce2Zr).
614Obviously, Ov(2Ce2Zr) is much less stable compared to
615Ov(1Ce3Zr) in R-CZ60. The subsequent O2 dissociation is
616also facile with only a 0.50 eV barrier, but the overall barrier is
617higher (0.70 eV), originating from the unfavorable Ov
618diffusion.
619From the reaction profile in Figure 5, we can see that the
620elementary step of CO oxidation has a low barrier on both R-
621CZ50 and R-CZ60 surfaces, although the CO + O barrier on
622R-CZ60 is still 0.06 eV lower than that on R-CZ50. It is the
623activation of the O2 complex that dictates the reaction barrier
624difference of CO oxidation. From our energy pathway, O2
625activation requires a surface Ov pair and thus is influenced by
626the Ov distribution, a structural property dictated by the Ce/Zr
627ratio. On the R-CZ60 surface, Ov is more stable and the closest
628Ov pairs are distributed along the ⟨110⟩ direction. O2 can
629dissociate by the fast diffusion of stable Ov(1Ce3Zr) with only
630a 0.38 eV barrier. On the R-CZ50 surface, Ov is less stable and
631Ov is distal with the other Ov. To allow for O2 dissociation, Ov
632diffusion between surface and subsurface layers is necessary,
633which is, however, kinetically difficult with a barrier of 0.70 eV
634due to the involvement of less stable Ov(2Ce2Zr). It is the O
635anion diffusion that causes a distinct CO oxidation activity for
636R-CZ50 and R-CZ60.
637Our theoretical results help to provide atomic-level insights
638into a large volume of experimental observations. For example,
639Boaro et. al found that catalysts containing 50−80% Ce have
640the best CO oxidation activity.21 This could be rationalized
641because first, O2 activation is much easier on the high-Ce-
642content CZO compared to 50% Ce-containing CZO, and
643second, the CO + O reaction is also easier on higher-Ce-
644content CZO. On the other hand, above 80% Ce content, the
645CZO is not stable (Figure 1), and the OSC ability also
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646 diminishes, which leads to a decrease in catalysis performance.
647 For catalytic oxidation, not only is the oxygen removal (CO +
648 O reaction) important, but the O2 dissociation is also critical,
649 where the presence of geometrically close Ov pairs is a must.
650 From our results, only Ce content above 60% (R-CZ60, R-
651 CZ80) starts to exhibit a high density of low-energy Ov pairs
652 (along ⟨110⟩, Figure 5b). It is therefore not surprising that the
653 high OSC ability of R-CZ50 does not bring any higher catalytic
654 oxidation performance. Furthermore, the importance of oxygen
655 diffusion to catalytic oxidation can also explain the observed
656 activity variation for catalysts synthesized using different
657 methods. Our results indicate that the fast oxygen diffusion
658 occurs exclusively along ⟨100⟩ in the cubic phase, which
659 implies that poorly crystallized CZO and the mixing of the
660 monoclinic phase (as that in CZ50) should deteriorate the
661 catalytic performance. Since the solvent thermal method can
662 yield better crystalline CZO (Figure 3), it is reasonable that
663 solvent thermal-synthesized CZO does show a T50 of 688 K for
664 CO oxidation, being much lower than that of the
665 coprecipitation sample (T50 exceeds 873 K).1

4. CONCLUSIONS
666 This work represents the first attempt to explore the global
667 potential energy surface of an industrially important ternary
668 Ce−Zr−O oxide, where bivalent states (3+ and 4+) are
669 available for Ce. By constructing a Ce−Zr−O G-NN potential
670 with the SSW global optimization algorithm, we identify the
671 ternary phase diagram and reveal three key compositions that
672 are thermodynamically stable at typical high temperatures of
673 calcination, namely, R-CZ50, R-CZ60, and R-CZ80. The
674 thermodynamics of OSC and kinetics governing the migration
675 of the octahedral CZO are then determined.
676 We show that the Ce/Zr cationic position as dictated by
677 thermodynamics influences strongly the properties of CZO,
678 since Ov is preferably generated near Zr, and the increase of
679 first-neighbor Ce cations near Ov dramatically hampers the Ov
680 creation. Notably, R-CZ60, despite lower OSC (33.3%)
681 compared to R-CZ50 (100% OSC), owns the best O anion
682 diffusion kinetics due to the ability to create low-energy Ov
683 pairs. The O anion diffusion in R-CZ60 has an apparent barrier
684 as low as 0.74 eV, which further leads to the highest CO
685 oxidation activity (energy barrier of 0.38 eV). Our results
686 highlight the great potential of R-CZ60 in diverse applications,
687 both as the OSC material and catalysts. With the emergence of
688 machine learning atomic simulations, we believe that the novel
689 structures and properties predicted via global potential energy
690 surface exploration could offer valuable insights into the design
691 of new materials with desirable properties for target
692 applications.
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