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The Exsolution of Cu Particles from Doped Barium Cerate 
Zirconate via Barium Cuprate Intermediate Phases
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As a low-cost alternative to noble metals, Cu plays an important role in indus-
trial catalysis, such as water-gas shift reaction, methanol or ethanol oxida-
tion, hydrogenation of oils, CO oxidation, among many others. An important 
step in optimizing Cu catalyst performance is control of nanoparticles size, 
distribution, and the interface with the support. While proton conducting 
perovskites can enhance the metal catalytic activity when acting as the sup-
port, there has been limited investigation of in situ growth of Cu metal nano-
particles from the proton conductors and its catalytic performance. Here, Cu 
nanoparticles are tracked exsolved from an A-site-deficient proton-conducting 
barium cerate-zirconate using scanning electron microscopy, revealing a con-
tinuous phase change during exsolution as a function of reduction tempera-
ture. Combined with the phase diagram and cell parameter change during 
reduction, a new exsolution mechanism is proposed for the first time which 
provides insight into tailoring metal particles interfaces at proton conducting 
oxide surfaces. Furthermore, the catalytic behavior in the CO oxidation reac-
tion is explored and, it is observed that these new nanostructures can rival 
state of the art catalysts over long term operation.
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candidates in the field of heterogeneous 
catalysis as opposed to traditional noble-
metal catalysts, owing to their lower cost 
and high activity for a variety of applica-
tions including reverse water gas shift 
reactions, NH3 synthesis, CO2 metha-
nation, oxidative coupling of methane as 
well as automotive exhaust catalysis.[4–16] 
Specifically, CO oxidation applied in pol-
lution control in automotive exhaust and 
air purification employs more than 60% 
of the annual production of noble metals, 
such as Pt.[17] When ABO3 perovskite-type 
oxides were used as catalyst supports for 
metal nanoparticles, those showed higher 
activities than those on the inert supports, 
such as SiO2 and Al2O3. The enhanced 
performance may come from the change 
of the acid-base properties of the catalysts, 
the dispersion of nanoparticles, and the 
interaction between the active particles 
and support.[18]

Since proton conduction in perovskite 
oxides was firstly discovered by Iwahara in 1981,[19] it has 
opened new opportunities for electrochemical devices, such 
as chemical sensors, hydrogen separation,[20–22] hydrogenation 
and dehydrogenation of organic compounds,[23] electroliers, 
and solid oxide fuel cells.[24–29] Particularly renowned in the 
fields of electrolysis and fuel cells, the great potential of proton 
conductors is due to the possibility of lowering their operating 
temperatures (<600  °C). The fuel and steam are supplied or 
produced at different electrodes, exempting from gas separa-
tion process. Catalytic activity of proton conducting perovskites 
is thus of great importance not only for chemical catalysis but 
also for the electro-catalysis when these materials are used as 
an electrode material in solid oxide cells. Among the various 
materials, acceptor-doped BaZrO3 and BaCeO3 are the state-
of-the-art high temperature proton conductors. The catalytic 
activity of metal particles supported on the proton conducting 
oxides has previously been investigated, demonstrating prom-
ising properties. Shin et  al.[8] investigated the catalytic perfor-
mance for CO2 methanation of Pt decorated Co nanoparticle 
catalysts supported on the BaZrO3 and Y-doped BaZrO3 oxides, 
where the deposition of Co catalysts to the support was by a 
standard incipient wetness procedure. The results showed that 
catalysts supported on BaZrO3 had a CH4 formation rate of 
6-fold higher than those on γ-Al2O3 and a selectivity of 80% at 
325 °C, in comparison to 43% for γ-Al2O3 support. The catalytic 
activity promotion effect of proton-conducting oxide was also 

ReseaRch aRticle
 

1. Introduction

ABO3 perovskite-type oxides have been applied widely in sen-
sors, solid oxide fuel cells, and solid oxide electrolysis cells, due 
to their advanced properties such as high ionic conductivity, 
high electronic conductivity, design flexibility and excellent 
chemical stability over a wide range of temperatures.[1–3] The 
ABO3 perovskite-type oxides were also found to be promising 
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observed in Ni catalyzing ammonia synthesis from hydrogen 
and nitrogen, where the specific activity of BaZr0.1Ce0.7Y0.2O3-δ 
(BZCY) supported Ni is ≈72 times higher than that of 
non-proton conducting MgO-CeO2 supported catalysts.5 The 
enhanced performance was suspected to be due to the proton 
conducting nature of the support.

In situ exsolution from perovskite has been found to be a 
very promising method to obtain metal nanoparticles.[30–32] By 
doping the catalytic active cation onto the B-site of the perov-
skite oxide under high temperature sintering, the targeted 
B-cation can be exsolved out as nanoparticles on the perovskite 
surface when subsequent chemical or electrochemical reduc-
tion is carried out at about 500–1000 °C. This can be regarded 
as a phase decomposition reaction, driven by reduction. Nan-
oparticles grown by exsolution exhibit strong stability and 
maintain high catalytic activity under various chemical environ-
ments during operation.[16,33–36] However, in many cases, except 
the preferred B-site metal nanoparticles, the large A-site cation, 
such as La3+, also precipitated on the perovskite surface in the 
form of La2O3 or La(OH)3 . By introducing A-site deficiency in 
the perovskite (A1-αBO3-δ), the tendency of A-site segregation 
can be weakened.[31]

Up to now, a variety of cations have been demonstrated to 
exsolve from perovskite oxide lattices through the in situ exso-
lution method,[37–43] and only limited research was involved in 
the exsolution from proton conducting barium cerate or zirco-
nate oxides.[10,23,44–46] Although particle exsolution is observed 
in these studies, the particle growth mechanism is not well 
understood and remains unclear up to now. By understanding 
the exsolution process from a proton-conducting perovskite, the 
emerging phases end up with after reduction can be controlled 
and thus the materials properties can be tuned.

In this work, Cu doped A-site deficient BCZY was syn-
thesized by solid state method, achieving the composition 
Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ (denoted as BCZYC). A combina-
tion of XRD, scanning and transmission electron microscopies 
reveal a novel exsolution mechanism, where A-site segregation 
is not a barrier for Cu exsolving from the BCZYC but instead 
providing Cu nucleation sites by forming the eutectic as inter-
mediate phase for Cu metal exsolution. Furthermore, as a pre-
liminary proof of concept, the catalytic activity and stability of 
the prepared nanostructures were tested for the CO oxidation 
reaction in conditions relevant to emission control catalysis.[16,47]

2. Experimental Section

2.1. Sample Preparation and Processing

The BCZYC perovskite oxide was prepared by the solid-state 
synthesis. Precursor powders, BaCO3 (Aldrich, >99%), CeO2 
(Sigma-Aldrich, >99.9%), ZrO2 (Aldrich, >99%) and Y2O3 (Alfa 
Aesar, >99.9%) were dried in air at 300 °C to remove absorbed 
H2O and CO2 and weighed according to the stoichiometry of 
Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ while warm. Powders were then 
dispersed in acetone and finely mixed by an ultrasonic probe 
(Herslcher UP200S) to break down agglomerates. Afterwards, 
the acetone was evaporated under continuous stirring, followed 
by calcination at 1000  °C for 12  h in air in a muffle furnace, 
with a ramping rate of 5  °C  min−1. The pre-calcined oxides 

were mixed with 6 mol% CuO (Sigma-Aldrich, >99%) by the 
ultrasonic probe in acetone and then dried in air. About 2.5 g 
powder was put into a steel die (ф = 2.3 cm) and pressed into 
pellets with a uniaxial press. The pellet was transferred on an 
alumina plate and sintered at 1350  °C for 12  h in air with a 
ramping rate of 5 °C min−1. A layer of the sintered perovskite 
powder was applied as a buffer layer between the alumina plate 
and pellet to avoid the reaction between them.

The segregation of the large A-site cation on the surface was 
found to be the most common phenomenon in stoichiometric 
perovskite due to the dangling bonds of the surface atoms.[48] 
Therefore, the cleaved surfaces were used to observe exsolution 
because they were more representative of the nominal bulk stoi-
chiometry. In preparing a cleaved surface, the sintered pellet was 
fractured with a pestle in a mortar, and one piece of the pellet 
was transferred into tubular furnace supplied with dry 5% H2/Ar 
(25 ml min−1). The reduction temperature varied between 500–
900 °C for 12 h with a ramping rate of 5 °C min−1 (each reduction 
temperature was applied to different piece of pellet). In addition, 
a polished pellet surface was used to track the particle and phase 
evolution reduced at temperatures from 600 to 900 °C. Polishing 
was carried out with a Metaserv 2000 polisher, using MetPrep 
P600 and P1200 polishing paper, followed by MetPre 6, 3, and 
1 µm cloth polishing with diamond paste.

2.2. CO Oxidation Tests

For the CO oxidation experiments a polished Cu-doped BCZY 
pellet was used. To exsolve particles, the pellet sample was 
reduced in a controlled atmosphere furnace, under continuous 
flow of 5% H2/Ar (25 ml min−1) at 600 °C for 12 h with heating 
and cooling rates of 5°C  min−1. The catalytic activity of the 
Cu-doped BCZY pellet was tested using in a continuous-flow 
single-chamber reactor. A K-type thermocouple was placed to 
close proximity of the pellet sample to measure the sample 
temperature during the reaction. All experiments were con-
ducted at atmospheric pressure. Also, a fixed bed reactor filled 
with Al2O3 powder was placed upstream to the single chamber 
reactor and was used to capture possible decomposed carbonyl 
species formed in the CO-containing gas cylinders. For the CO 
oxidation reaction, 20% CO/He, 20% O2/He, and CP grade He 
provided gases were used provided by BOC Ltd. Helium was 
used as a balance gas. Flow rates of 1 × 10−4 mol s−1 were used 
(at normal temperature and pressure, NTP). The flow rates 
were controlled using mass flow controllers and measured 
at the outlet using a 1000 series Varian digital flow meter. To 
study the effect of temperature on the reaction rate, the pellet 
sample was heated in an inlet gas composition of 1% of O2 
and 0.6% of CO from 100 to 520 °C. During heating in steps 
of 20 °C, the holding time had been varied depending on the 
time the reaction rate needed to stabilise (i.e., not vary >±5% 
for at least 60 min). To analyse the carbon dioxide (CO2) mole 
fraction in the product stream an XTREAM-CO2 analyser pro-
vided by Rosemount was used. The minimum measurable CO2 
mole fraction for the XTREAM-CO2 analyser was 1 ppm, which 
corresponds to a minimum measurable rate of CO2 production 
of 1 × 10−10 mol s−1 with typical flow rate at 150 cm3 min−1 (1 × 
10−4 mol s−1). Reaction rates (rCO2 ) in terms of steady CO2 pro-
duction rates were calculated as shown below in Equation 1:
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( )( )= =− − ⋅ −r Ymol of CO s cm n ACO 2
1 2

CO
1

2 2  (1)

where, YCO2  was the measured CO2 mole fraction at outlet gas 
stream, ⋅n  was the molar flow rate and A was the pellet surface 
area (top surface where exsolution took place). The reactor was 
operated under “gradientless” conditions (differential conver-
sion of carbon monoxide (CO) of 25% or less). The CO conver-
sion was calculated using Equation 2:

= ×
Y

Y
CO conversion 100CO

CO

2  (2)

where, YCO was the CO mole fraction at the reactor inlet.
In order to see how the site activities of the Cu particles com-

pare to the literature, their nominal turnover frequency (nTOF) 
was calculated during the CO oxidation reaction. The nTOF 
was calculated as the number of molecules reacted per time (in 
seconds), per exposed metal atom site at the surface of parti-
cles, using Equation 3:

( ) ( )= ⋅ ⋅ ⋅ ⋅ ⋅− −n N r a A A kA e pTOF s 10 /1 20
CO

2
2  (3)

where, NA was the Avogadro’s number (mol−1), Ae was the sur-
face area of the pellet decorated with particles per total surface 
area (µm2 µm−2), Ap was the exposed particle area per total 
surface area (cm2), a was the unit cell parameter of the crystal 
lattice of the particles and k was the average number of metal 
sites per unit cell face (the faces were considered to be in a 
(100) termination, thus, for the CuO rock-salt structure k = 1).

2.3. Sample Characterization

The crystallographic structure and crystalline phases of the 
perovskite were analysed by X-ray diffraction (XRD). The room 
temperature XRD (RT-XRD) patterns were collected on a PANa-
lytical X-ray diffractometer in an 2θ range of 10–90° operating 
with CuKα radiation (λ = 1.5406 Å). The RT-XRD patterns were 
collected on powder sample, ground from the pellets with an 
agate pestle and a mortar. Variable temperature powder X-ray 
diffraction (VT-XRD) was used to in situ monitor solid phase 
transitions during reduction as a function of temperature, car-
ried out on PANalytical Empyrean operating with Mo radiation 
λ = 0.709 Å) from 10–45° in 5% H2/N2. The VT-XRD patterns 
were collected on a polished pellet.

The testing temperature profile was shown as Figure 1. Each 
temperature was held for 6  h and XRD pattern was collected 
every 2  h (3 times at each temperature) on heating, and only 
1 h was held to collect the XRD data at each temperature during 
cooling down. Rietveld refinement of the X-ray data was ana-
lyzed using STOE WinXPOW software.

Surface morphology and phase homogeneity were investi-
gated by SEM on a FEI Scios DualBeam microscope, equipped 
with secondary electron, backscattered electron detectors and 
an EDS analysis system. The samples were left uncoated.

TEM samples were prepared by focused ion beam (FIB), 
operated on Scios DualBeam microscopy. Protective carbon 
and platinum layers were first deposited onto the selected area 

to prevent damage from the gallium focused ion beam. High-
resolution transmission electron microscopy (HRTEM) was 
carried out on a probe-corrected Titan Themis STEM/TEM 
instrument operated at 200 kV.

3. Results and Discussion

3.1. Structural and Morphological Characterization of 
BCZYC Before Reduction

The crystalline structure of the as-prepared BCZYC mate-
rial was examined by powder X-ray diffraction. As shown in 
Figure  2a, the sample exhibits a rhombohedral symmetry 
with space group R-3c. Minor impurities are detected labeled 
in the inset. The impurity phases are Y2BaCuO5, Y2O3, and 
Zr0.9458Y0.0545O1.9732, which commonly exist in the CuO aided 
sintering of barium cerate or zirconate.[49–53]

SEM image in Figure  2b reveals the microstructure of the 
native surface of BCZYC pellet. The sample shows a dense 
microstructure except for a few isolated pores. The shape of the 
grains is almost cuboid and forms a disordered grain boundary, 
suggesting an abnormal grain growth. Impurity phases are also 
found in the SEM images shown in Figure S1a,b (Supporting 
Information) and are characterized by EDS line scan and ele-
ment quantitative analysis. These phases have been attributed 
to YSZ and Y2BaCuO5, in agreement with the XRD data.

3.2. Exsolution of the Cu Metal Particles from BCZYC

Figure 3a–e shows SEM images taken of cleaved pellets reduced 
at 500–900  °C for 12  h. At each reduction temperature, large 
particles (≈0.2–1 µm diameter) can be seen often populating the 
grain boundaries and are labelled as type I particles (the particle 
size information is listed in Table 1) in Figure  3a. These par-
ticles become more spherical at higher reduction temperature 
and show a polyhedron morphology at 900  °C. EDS quantita-
tive result of spot 3 in Figure S2 (Supporting Information) and 
EDS maps in Figure 4a show these particles to be Cu metal but 
with small amounts of Ba and O on the surface. Interestingly, 
thin platelet-like features can be seen underneath the Cu par-
ticles (highlighted in the yellow oval in Figure  3c,d) and they 
become island-like features at 900  °C, existing at the interfa-
cial area between the particles and the perovskite (Figure  3e). 

Figure 1. Temperature program of the VT-XRD test.
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Figure 2. a) XRD pattern with the inset of higher magnification in the 2θ range of 25–50°, b) SEM image of the as-prepared Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ 
oxide sintered at 1350 °C for 12 h.

Figure 3. SEM images of cleaved surface of Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ pellet reduced at different temperatures for 12 h in 5% H2/Ar, a) 500 °C, 
b) 600 °C, c) 700 °C, d) 800 °C, e) 900 °C. The left, middle and right columns show magnification from low to high.

Adv. Funct. Mater. 2023, 2302102
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EDS maps in Figure  4a and Figure S4 (Supporting Informa-
tion) reveal the phase cupping Cu particles is BaOx. From the 
line profile in Figure  4c, derived from region shown by the 
arrow in Figure  4b, this interfacial layer is revealed to have a 
thickness of ≈3  nm. The AO phase has also appeared in the 
Fe nanoparticles exsolution (adjacent to SrO nanorods) from 
La0.6Sr0.4FeO3-δ and Ni nanoparticles exsolution (adjacent to 
La2TiO5) from La0.43Ca0.37Ti0.94Ni0.06O3.[54,55] The similar island 
phases are also observed to socket alone without cupping parti-
cles at 900 °C (highlighted in the red circle in Figure 3e), sug-
gested to be also BaOx from the EDS maps and quantification 
result in Figure 4d.

Apart from the large particles, smaller particles, labelled type 
II, with average size of ≈90 nm can also be observed in the tem-
perature range of 500–800 °C (Figure 3a–d). They are less popu-
lated at higher temperature and almost only visible at the grain 
boundaries at 800 °C. The EDS quantification result of spot 1 in 
Figure S2 (Supporting Information) suggest the Type II particle 
contains mostly an amount of Cu with less Ba and Zr. It is pos-
sible that the Ba and Zr are from the matrix signal because the 
particle size is smaller than the electron beam effect area (The 
EDS penetration depth is ≈2 µm with a 20 keV electron beam).

Type III particles are the smallest ones (≈20  nm) and are 
only observed at reduction temperature of 600  °C, shown in 
the red square in Figure  3b). The EDS quantitative analysis 
in Figure S5 (Supporting Information) suggests a Ba-rich 
phase of the type III particle, and other elements except Ba 
from EDX are mainly due to fluorescence/projection effects. 
The type III particle is thus deduced to be BaOx. Treatment 
with O2/Ar plasma does not appear to affect their overall mor-
phology (see Figure S3, Supporting Information), which also 
suggests a non-Cu metal particle phase of the type III par-
ticle. For the substrate area at EDS spot 4, the EDS quanti-
tative result is almost identical to the Ba/Ce ratio present in 
Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ but with less Zr and Y. No Cu 
was found in this area, suggesting that most Cu atoms have 

already been stripped from the perovskite lattice due to the 
reduction treatment.

Occasionally, it is seen that the largest particles are wrapped 
in an extra phase highlighted in the yellow square region of 
Figure  3d. This extra phase can also be found on the pellets 
reduced at 500–700 °C but due to the limited observation area 
of the SEM they are not shown here. EDS quantitative analysis 
of spot 2 in Figure S2 (Supporting Information) indicates the 
excess amount of Ba and Cu in this phase compared with the 
perovskite substrate, supposed to be barium cuprate. They 
are probably formed from the impurity phase of Y2BaCuO5 or 
from the reduction of the perovskite (Table 1).

3.3. Particle Tracking on Polished BCZYC Pellet

In contrast to the more conventionally observed “tidy” exsolu-
tion in the lanthanum titanate system, Cu exsolution from 
doped BCZY is accompanied with several types of phases, e.g., 
the “platelet-like” phase in the yellow oval and the “island” 
phase in Figure  3, making the exsolution process some-
what more complex. Particularly, it is still unclear whether 
the barium cuprate phase is formed from the perovskite lat-
tice or a decomposition product of the Y2BaCuO5 impurity 
phase. To exemplify the above, selected 12 regions of the 
Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ perovskite pellet are shown in 
Figure 5, and their evolution with reduction temperature and 
duration is tracked. This pellet served as a well-defined model 
catalyst system for investigating the exsolution process.

Figure 4. Characterization of the sample reduced at 900 °C for 12 h in 5% H2/Ar. a) HAADF image of the particles and its EDS maps of Ba, Cu and O 
elements, b) interface layer between the particle and the perovskite matrix in (a), the inset is the HR-TEM image of the bulk perovskite, c) EDS line scan 
profile along the arrow in (b), d) HAADF image and EDS maps of the “island” phase in Figure 3e, the inset table is the corresponding EDS quantification.

Table 1. Particles type information.

Particles type Type I Type II Type III

Particle size [nm] ≈200–1000 ≈90 ≈20

Adv. Funct. Mater. 2023, 2302102
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Before reduction, the pellet surface is clean with a defective 
hole at the area labeled 9 After reducing the pellet at 600  °C 
for 2 h (Figure 5b), some particles (e.g., particles 1, 2, 3, 4, 5)  
appear on the surface, believed to be the type I particle in 
Figure 3. A number of irregular-shaped phases are also present, 
e.g., at regions 6, 7, and 8, revealed to be BaOx from the EDS 
maps in Figure 6b. Further reduction at 600 °C for 10 h, they 
evolve into spherical particles that could belong to the type  II 
particles in Figure  3, with a smaller particle size (≈38  nm) 
than those obtained after 2 h reduction (≈134 nm). Therefore, 
the irregular-shaped phases (BaOx) seem to provide a transient 
stage for particle exsolution, we named them as “intermediate 
phase”. This kind of phase also exists underneath the spherical 
particles, such as in particle 5 in the inset of Figure  5b, and 
the nature of BaOx is revealed by the TEM image in Figure 6c 
and EDS maps in Figure  6d and EDS quantification result in 
Figure 6e of spot 4. Also, the Cu particle is socketed in the BaOx 
phase instead of the perovskite oxide. Another small Cu par-
ticle embedded in the BaOx phase in Figure 6c is surrounded 
by some even smaller particles. Ba is shown to exist in the 
small Cu particle from the EDS quantification result of spot 3 
and Ba EELS spectrum in Figure 6f. The dual composition in 
the particle is more obviously indicated from the BSE image 
in Figure S6b (Supporting Information). The Cu EELS spec-
trum in Figure  6g shows the Cu0 state with a small amount 
of Cu2+, which may be due to the oxidation when handling the 
sample in air. For the perovskite bulk region 2 in Figure  6c, 
the EDS quantitative result illustrates a similar composition 
as the designed Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ but with less Cu 
that is resulted from its exsolution. At the defect of region 9 
in Figure 5b, where it is accumulated with many particles and 
the BaOx “intermediate phases” after reduction at 600  °C for 

2 h, it evolves into a large irregular-shaped phase after another 
10 h reduction (Figure 5c). EDS maps and quantitative result in 
Figure S7 (Supporting Information) indicate the existence of Ba, 
Cu, and O species in it, with relatively higher oxygen content 
than that in the parent perovskite, likely to be barium cuprate, 
which is also observed in Figure S2 (Supporting Information). 
The appearance of the barium cuprate phases also indicate they 
are formed from the perovskite lattice but not the reduction of 
Y2BaCuO5 since no impurity phase exists at this area before 
reduction. With a series of reduction treatment at higher tem-
perature (700–900  °C), similar kinds of large irregular phases 
keep decomposing and exsolving at some regions (region 6 in 
Figure 5d and region 7 at Figure 5e). They are all supposed to 
be barium cuprate but with different stoichiometry from 9 in 
Figure 5c, which is deduced from the previous microstructure 
observation in the study of BaO-CuOx system.56 Smaller par-
ticles seem to slowly re-dissolve into the perovskite substrate 
at temperatures higher than 700  °C (such as particles 2, 7, 8, 
10, 11, and 12), gradually decreasing the particle population. 
The particles distribution variation can be seen in Figure S8 
(Supporting Information) that the population decreases from 
18 µm2 at 600 °C to 2 µm2 at 900 °C and the average particles 
size increases with temperature except at 700  °C when the 
smaller particle size is due to the partially re-dissolving into the 
perovskite.

3.4. Analysis with Phase Diagram of BaO-CuO System

The Cu exsolution process from BCZY seems to be very com-
plex, with several phases evolving on the surface, especially the 
re-dissolving of Cu particles and frequently observed barium 

Figure 5. SEM images of the polished Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ pellet reduced at different temperature in 5% H2/Ar, a) before reduction, b) 600 °C 
for 2 h, c) 600 °C for 10 h, d) 700 °C for 10 h, e) 800 °C for 10 h, f) 900 °C for 10 h. Note that each SEM image was taken at the same area after the 
pellet was reduced at each stage.
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cuprate and BaOx phases. Moreover, the suspected barium 
cuprate phases with different stoichiometries due to the varied 
reduction temperature further motivates us to know the phase 
equilibrium between BaO and CuO. Figure  7a presents the 
phase equilibrium of the BaO-CuO system in air.[57–60] Since in 
our material, the amount of Ba is far more than Cu (Ba is ≈15.8 
times of Cu amount), here we firstly analyze the Ba-rich region 
(BaO > 66.7  mol%) of the phase diagram. The schematic of 
phase change is illustrated in Figure 7b according to the phase 
diagram in Figure 7a. In order to simplify the analysis, we first 
assume that the phase equilibrium in the reducing atmosphere 
is the same as the one in air and the reduction temperature is 
held at 800  °C. Therefore, Cu will exsolve from the Ba2CuO3 
compound that is in equilibrium with BaO at this temperature. 
The Cu exsolution process will be accompanied with precipi-
tation of BaO, otherwise a phase with richer Ba than 2:1 will 
be obtained, which disobeys the phase equilibrium at 800  °C. 
This process can be expressed as Equation 4 and illustrated in 
Figure 7c.

( ) ( ) ( )= + − + − + −x y x y x y x yBa Cu O Ba CuO 2 BaO Cu 0.5 O2 3 2 3 2  (4)

With exsolution progresses, BaO proportion in the BaO-
CuO system increases, leading to the phase equilibrium left 
shift parallelly until a limit value of pure BaO, following the 
blue arrow in Figure 7a. However, if the process of Cu exsolu-
tion from Ba2CuO3 is slow, Ba2CuO3 will not decompose com-
pletely when the temperature is held at 800 °C for 12 h. This 
will lead to a continuous decomposition during cooling as long 
as the temperature is high enough for the decomposition reac-

tion. In this case, the equilibrium on cooling does not follow 
a vertical line but a line with a positive slope (following the 
red arrow in Figure  7a). This process will finish until a tem-
perature at which the exsolution is thermodynamically lim-
ited and followed by a vertical change in phase equilibrium at 
low temperature. Therefore, the incomplete decomposition of 
Ba2CuO3 finally gives rise to a mixture of BaO2 and Ba2CuO3 at 
room temperature. This may well explain why we observe the 
barium cuprate phases rich in oxygen in Figure S4 (Supporting 
Information).

The above analysis is based on the assumption that the 
phase equilibrium in reducing atmosphere is the same as that 
in air. However, the real equilibrium is changed with oxygen 
partial pressure. As shown in Figure S9 (Supporting Informa-
tion), the compositions that can bear the P(O2) from high to 
low is Ba2Cu3O5, Ba2CuO3, BaCuO2 and BaCu2O3, respectively. 
The conversion between these phases in the Ba-Cu-O system is 
related to the following reactions:

= + ++Ba Cu O CuO 2BaCuO (y/2)O2 3 5 y 2 2  (5)

( )= + +3BaCu O Ba CuO BaCu O 0.45 O2 2 3.1 2 2 2  (6)

( )= + +2Ba Cu O 3BaO BaCu O 0.6 O2 3.1 2 2 2  (7)

= + +2BaCu O 2BaO 4Cu O2 2 2  (8)

= +4CuO 2Cu O O2 2  (9)

Figure 6. TEM characterization of the polished Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ sample reduced at 600 °C for 2 h in 5% H2/Ar. a) TEM image and b) EDS 
maps of the intermediate phase, the inset is the SEM image of the sample for FIB preparation; c) the TEM image and d) EDS mappings of the par-
ticle with irregular shaped phase, the inset in (c) at the left bottom is the magnified TEM image of the particle in red square and the inset at the right 
bottom is the SEM image of the TEM sample); e) EDS quantification results of area 1, 2 3, and 4 in (c); f,g) are the Ba and Ce EELS spectra in the 
small particle of region 3 in (c), respectively.
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Under even lower P(O2), the Cu2O and BaO can be reduced 
into the corresponding metal state by the Equation 1–7 and 1–8:

= +2Cu O 4Cu O2 2  (10)

= +2BaO 2Ba O2  (11)

However, it is worth to mention that the phase diagram 
can only express thermodynamically instability of a phase 
and does not offer kinetic information, which means that it is 
unknown how quickly the unstable phase decomposes. This 
indicates that although the P(O2) in our experiment may reach 
a value of 10−29, the Ba-Cu-O phase is possible to exist, and 
the BaO2 phase can also be present. In addition, the migra-
tion of lattice Cu2+ towards the surface and re-dissolving into 
the perovskite at high temperature may cause a local compo-
sition change. All these factors will result in a different Ba-Cu-O  
system but not only the Ba-rich one we discussed above. On 
reheating the pellet at higher temperature, the previously 
formed barium cuprate phase has enough time for decompo-
sition, while at some regions a new barium cuprate phase is 
prone to be produced, as observed in Figure 5. Apparently, the 

higher reheating temperature and the local composition change 
due to ions migration will give rise to the different Ba fraction 
in the barium cuprate phase, which is verified from the varied 
morphologies in the keep arising large irregular-shaped phase 
in Figure 5. Although the “intermediate phase” on the polished 
surface reduced at 600 °C for 2 h (Figure 5b) is indicated to be 
BaOx by the TEM analysis, it is believed that lattice Cu2+ would 
diffuse towards the BaOx phase to form Ba-Cu-O system if the 
sample is reduced for a longer time.

In Figure  3c,d, we observed the layered morphology of the 
nanoparticles and it is attributed to the involvement of eutectic 
solidification process. When the eutectic phase is formed at 
890–920  °C (E1, E2, and E3) according to the phase diagram 
under air in Figure  7a, it is possible that the transformation 
temperature to eutectic decreases under reducing atmosphere. 
The thin layer in the yellow oval of Figure 3c,d could also indi-
cate the participation of eutectic phase during reduction.

Overall, Cu exsolving from the doped barium cerate zir-
conate oxide by two steps: the exsolution of barium cuprate 
phase from the perovskite and the exsolution of Cu particles 
from the barium cuprate phase. This process is illustrated as 
the schematic in Figure  8. At lower reduction temperature 

Figure 7. a) Phase diagram of BaO-CuO system, b) schematic of phase change on cooling in the BaO rich region (BaO > 66.7 mol%) in air, c) sche-
matic of phase change on cooling in the BaO rich region (BaO > 66.7 mol%) in 5% H2/Ar at 800 °C. The blue line indicates the phase change if barium 
cuprate phase can completely decompose at 800 °C, and the red line indicates the phases in equilibrium under the assumption that barium cuprate 
cannot decompose completely at 800 °C.
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and short time, i.e., 600  °C for 2  h, Ba2+ first exsolves on the 
perovskite surface in the form of BaOx (Figure  5b), lowering 
the migration barrier for the following Cu2+ migration with 
further reduction. Also, the pre-existed BaOx enables the het-
eronucleation of Cu that is energy saving process, forming a 
Ba-Cu-O system (Figures S2,S7, Supporting Information). At 
higher reduction temperature, Cu particle is exsolved from the 
barium cuprate phase, producing BaOx at the same time due 
to the decomposition reaction (Figure 3e). The lattice ions dif-
fusion towards the surface, the re-dissolving of particles to the 
perovskite, and the exsolution of particles from barium cuprate 
make the local composition to reorganize, and thus producing 
a new Ba-Cu-O system in other regions (irregular-shaped phase 
in Figure 5c,d,e).

Herein, although B-site exsolution accompanied by A-site 
enrichment on the surface has been proposed, and BaO surface 
enrichment was found by TEM observation after Ni exsolution 
from Ba(Zr0.4Ce0.4Y0.2)0.8Ni0.2O3-δ,[32,61] to the best of authors 
knowledge the phenomenon of co-segregation of A and B-site 
in the form of eutectic oxide has not been reported before. As 
previously reported, the A-site cation diffusion to the surface 

filling the A-site vacancy creates a new rigid “native surface”, 
which is expected to prevent further diffusion of exsolvable cat-
ions and contribute to locking the particles into place. In our 
work, the co-segregation of Ba cation with Cu in the form of 
eutectic is more like to play a role in providing an energy-saving 
route for the B-site exsolution but not produce a hindering 
effect.

3.5. VT-XRD Analysis

VT-XRD experiment was conducted on the polished BCZYC 
pellet to investigate phase and cell parameter change with 
reduction and further reflect on the copper exsolution process. 
The perovskite peaks are indexed with the cubic symmetry 
in Figure  9. Two distinct peaks at 19.45° and 22.47° appears 
after reduction at 600  °C for 2  h, corresponding to the (111) 
and (200) plane of Cu metal, respectively. The peak intensity 
of Cu metal only increases slightly with reduction tempera-
ture and duration, indicating that the nucleation process may 
be time-dependent, but the growth of Cu is relatively fast.[54] In 

Figure 8. Schematic of Cu exsolution process from barium cerate zirconate oxide.

Figure 9. VT-XRD results of polished Ba0.95Ce0.5Zr0.3Y0.14Cu0.06O3-δ pellet on heating a) and on cooling b) in 5% H2/N2. (Patterns are collected with 
MoKα radiation, and a shoulder may be observed at each peak due to the stripping of peaks from MoKα2).

Adv. Funct. Mater. 2023, 2302102
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addition, another two weak peaks at 11.17° and 12.85° appear 
at 700 °C, corresponding to the mZrO2 phase according to the 
matched file data PDF #01-074-0815, which may come from the 
decomposition of the impurity phases. During cooling, there is 
no apparent evidence for the phase change in Figure 9b.

Since exsolution is an ion stripping process, unit cell con-
stant would be changing along with the exsolution process. As 
Figure 10 displayed, the BCZYC pellet exhibits a maximum unit 
cell volume after reduction at 500 °C for 2 h, resulting from the 
reduction of surface Ce4+ to Ce3+ on the one hand (with ionic 
radius increasing from 0.87 to 1.01  Å for six-fold coordinated 
cerium) and the stripping of lattice oxygen on the other hand. A 
rapid cell contraction occurs with further reduction until reduc-
tion at 600  °C for 2  h, which is supposed to come from the 
massive diffusion of Ba2+ to form BaOx on the surface and the 
followed Cu2+ migration, consistent with the SEM observation 
in Figure 5b. After that, further reduction at 600 °C and even 
higher temperature to 900 °C led to the slowly cell expansion, 
attributed mainly from the thermal expansion of the structure 
since almost the same tendency is observed in the cell volume 
on cooling. This vibration of unit cell volume is well reflected 
on the observation in Figure  5c–f that only mild evolution of 
the barium cuprate and particle coarsening occur in this period 
without considerable cation diffusion to the surface that can 
produce a significant change in the cell volume.

It is noticed that on cooling the cell volume remains similar 
at temperature between 600 and 900  °C as those on heating, 
however, at 500  °C, it did not change back to the value on 
heating. This indicates that the segregated Ba species is not 
able to re-incorporate into the perovskite structure.

3.6. Catalytic Activity and Stability Tests

A reduced Cu-doped BCZY pellet was tested for the CO oxida-
tion reaction, as a preliminary proof of concept. The catalytic 
activity of the Cu-doped BCZY pellet sample was tested for 

CO oxidation reaction under mildly oxidizing feed gas condi-
tions (1% O2, 0.6% CO), which are characteristic of catalytic 
converters,[16,62] as a function of temperature. Figure 11 shows 
the CO2 production rate (rCO2) as a function of temperature on 
the left y-axis and the corresponding CO conversion and nTOF 
values as a function of temperature (right y-axes). It should be 
note that the rCO2 on the left y-axis is normalized with respect 
to the pellet surface area decorated with particles. As shown 
in Figure  11, the minimum temperature for any measurable 
CO2 reaction rate was around 150 °C while above this tempera-
ture, the activity increased upon increasing temperature up to 
≈425  °C that corresponds to ≈25% of CO conversion. Above 
this temperature the CO2 reaction rate seems to be reaching 
a plateau. In order to compare the active site activities of the 
Cu-doped BCZY catalyst system to the literature for base metal 
exsolved systems and catalyst systems made by conventional 
deposition techniques, we calculate the nTOFs for the CO oxi-
dation reaction. In order to do that, we assume that one active 
site corresponds to one surface metal atom and the nanoparti-
cles have hemispherical shape.[16,63,64] Consistent with previous 
reports on thermally exsolved base metal nanoparticles, the 
nTOFs for the CO oxidation reaction are of the order of hun-
dreds per second, with values up to 900 s−1 at ≈425 °C. That is a 
few orders of magnitude higher than generally reported for typ-
ical base metal or metal oxide nanoparticles produced through 
common deposition techniques and in the range typically 
reported for noble metal particles.[16,63] According to reports in 
literature, the high activity observed in exsolved nanoparticles 
from perovskite oxide supports as opposed to systems with 
nanoparticles deposited by traditional techniques (i.e., chemical 
impregnation) is attributed to the strain imposed by the sock-
eting nature of these nanostructures.[64,65]

To investigate the long-term stability of the Cu-doped BCZY 
catalyst we measured the catalytic activity over a period of 170 h 
of continuous operation at 520  °C (Figure  12). That is condi-
tions where base metal nanoparticle catalysts produced by con-
ventional methods typically deactivate via agglomerate within 
a few hours, even though are of practical importance in base 
metal catalysis.[66] It is worth noting that in the long-term sta-
bility test the same pellet sample that was used for the light-off 
experiment was employed. It can be seen that the CO2 reaction 
rate of the Cu-doped BCZY sample improved over the first 40 h 

Figure 10. Cell volume of the polished BCZYC pellet on heating and on 
cooling calculated by the Rietveld refinement of VT-XRD patterns. The 
black graph is the cell volume on heating with XRD collected for three 
times at each reduction temperature, and the red symbols are the cell 
volume on cooling. The symbol size of the data implies the error.

Figure 11. CO2 production rate as a function of temperature from CO 
oxidation test on Cu-doped BCZY pellet reduced at 600 °C for 12 h. The 
right axes show the CO conversion and nTOF values as a function of 
temperature. Errors are of the size of the points used for plotting.
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of testing and was maintained over the remaining testing time, 
in agreement with similar reports on exsolved base metal cata-
lyst systems.

4. Conclusions

A large number of Cu particles was successfully formed by in situ 
exsolution from the proton-conducting BCZY perovskite. Indi-
vidual particles are followed during their evolution with reduction 
temperature and duration, revealing a distinct exsolution process 
from the conventional one. The A-site Ba cations play a key role in 
the Cu exsolution process determined by the phase equilibrium 
of the BaO-CuO system. The first segregated BaOx species lowers 
the followed Cu2+ migration barrier and provides the heteronu-
cleation sites which is an energy saving path for Cu2+ segregation. 
The formed barium cuprate eutectic phase acts as an interme-
diate phase for Cu particles exsolution. The BCZYC supported Cu 
particles show excellent catalytic activity in CO oxidation reaction 
and have an nTOF value of 900 s−1 at 425 °C and an outstanding 
long-term stability in a continuous test for 170 h.
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from the author.
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