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AbstractDisordered macroporous La2O2CO3/ZnO materials were prepared by a solution combustion method, and
then their microstructures and La2O2CO3 phases were investigated as functions of La/Zn ratios and calcination tem-
peratures. All of the materials prepared by the solution combustion method clearly showed disordered macroporous
morphology whose framework was composed of ZnO and La2O2CO3 nanoparticles. A monoclinic La2O2CO3 struc-
ture was mainly formed in the disordered macroporous materials at La/Zn=1 and 2. In contrast, the conventional co-
precipitation of La2O2CO3/ZnO materials dominantly formed a hexagonal La2O2CO3 phase with aggregating morphol-
ogy of ZnO and La2O2CO3 nanoparticles. However, nanocrystalline sizes of ZnO (7-10 nm) and monoclinic La2O2CO3
(12-14 nm) in the disordered macroporous structure were much smaller than those (29-36 nm for ZnO and 44-58 nm
for hexagonal La2O2CO3) by conventional co-precipitation. In addition, the high temperature calcination at 700 oC
increased the ZnO nanocrystallite size (24 nm) in the disordered macroporous framework, with transforming La2O2-
CO3 into La2O3. This result implies that the interaction between monoclinic La2O2CO3 and ZnO in the disordered
macroporous structure inhibited ZnO nanoparticle agglomeration.
Keywords: La2O2CO3 Phases, Disordered Macroporosity, Solution Combustion, Nanoparticle Sizes, Structural Properties

INTRODUCTION

Lanthanum has been widely employed as an electronic material
[1], a special glass for optical devices [2], and in catalysts (or sup-
ports) [3-6] because it has unique electric, optical, and catalytic prop-
erties due to its partially filled 4f shell electronic configuration. The
solid state compounds of lanthanum have also been used for diverse
applications in the forms of oxide, hydroxide, carbonate, titanate
and oxycarbonate [7-14]. Specially, lanthanum oxycarbonate has
been reported as a promising CO2 sensor and efficient catalyst (or
support). Single phase La2O2CO3 nanoparticles were synthesized
by a hydrothermal process, resulting in good sensing properties
for CO2 [8]. The La2O2CO3 phase was also introduced as a catalyst
support for hydrogen production processes and an active interme-
diate of La2O3 in the dry reforming of methane [9,11]. Recently,
La2O2CO3/ZnO materials were used as catalysts for CO2-based reac-
tions [12-14] and as commercially-available heterogeneous catalysts
for microwave-assisted biofuel production [15].

Controlling the structural properties (including size, shape, and
phase) is of considerable interest because it is a key variable influ-
encing material performance [8,10-12,16-18]. The size of La2O2CO3

nanoparticles had an effect on the catalytic activity and CO2-sens-
ing response [8,16]. Porous La2O2CO3 material made of hollow
microspheres was successfully fabricated and applied for fluorescent

biological labeling [17]. Metal catalysts supported by nanorod-
shaped La2O2CO3 exhibited excellent catalytic performance in selec-
tive hydrogenation and dry reforming of methane [10,11]. The exis-
tence of La2O2CO3 phase in the dry reforming of methane enhanced
the removal of carbonaceous deposits from neighboring active
sites [11,19,20].

Meanwhile, ordered or disordered macroporous La-containing
materials have been prepared by various methods [12,21,22]. Sada-
kane et al. introduced a facile preparation route to form ordered-
macroporous perovskite-type mixed La1xSrxFeO3 materials using
colloidal crystal templating method [21]. Disordered macroporous
La1xKxCo1yFeyO3 complex oxide catalysts were synthesized by an
ethylene glycol-ligation and solution combustion method and used
for diesel soot combustion [22]. In addition, the disordered mac-
roporous La2O2CO3/ZnO materials were prepared by a solution
combustion method [12]. The La2O2CO3 phase influenced the cat-
alytic performance in studies of La2O2CO3/ZnO materials for glyc-
erol carbonylation with CO2; the monoclinic La2O2CO3 phase in
the materials was superior to the hexagonal La2O2CO3 phase in
the production of glycerol carbonate [12]. However, in literature,
the structural properties of the disordered macroporous La2O2CO3/
ZnO materials have not yet been investigated in detail.

In this study, disordered macroporous La2O2CO3/ZnO materi-
als were prepared by a solution combustion method, and their mi-
crostructures and phases were investigated as functions of the La/Zn
ratios and the calcination temperatures to understand their struc-
tural properties. The disordered macroporous structure of the
materials was well developed with the formation of monoclinic
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La2O2CO3 phase irrespective of the La/Zn ratios as well as the cal-
cination temperatures. Even at high temperature calcination (700 oC),
the disordered macroporous morphology was maintained while
the monoclinic La2O2CO3 was transformed into La2O3. The disor-
dered macroporous La2O2CO3/ZnO materials in this study have a
potential as a heterogeneous catalyst for CO2-related or heavy-coke-
generated chemical reactions.

EXPERIMENTAL

1. Catalyst Preparation
We prepared disordered macroporous La2O2CO3/ZnO materi-

als by a solution combustion method [12]. In the preparation,
Zn(NO3)2∙6H2O (Sigma-Aldrich Korea, Gyounggi, South Korea)
and La(NO3)3∙9H2O (Sigma-Aldrich Korea, Gyounggi, South Korea)
were used as starting materials. Two precursors were dissolved into
the ethylene glycol solution at ambient temperature for 2 h. After
complete mixing, moderate amounts of methanol were added. Then,
the ethylene glycol-methanol solution was mixed with metal nitrates,
heated in a muffle furnace with the ramping rate of 1 oC/min to the
selected calcination temperature, and held there for 5 h. The final
products were named as “LZ-x-y” where x and y indicate the La
and Zn atomic ratio and the calcination temperature, respectively.

For comparison, another type of La2O2CO3/ZnO materials was
synthesized by a conventional co-precipitation method. Zn(NO3)2∙
6H2O (Sigma-Aldrich Korea, Gyounggi, South Korea) and La(NO3)3∙
9H2O (Sigma-Aldrich Korea, Gyounggi, South Korea) were well
dissolved into a 2 M NaOH solution, and the mixed solution was
added dropwise to deionized water. The detailed procedure for the
preparation is described elsewhere [12]. The materials calcined at
different temperatures were named as “CoLZ-x-y,” where x and y
indicate the La and Zn atomic ratio and the calcination tempera-
ture, respectively.
2. Catalyst Characterizations

The surface areas and pore size distributions of the catalysts
were characterized by a nitrogen adsorption-desorption technique
(Micromeritics ASAP 2020, Norcross, GA, USA). The samples
were measured at 196 oC using an automatic analyzer. The mor-
phologies of catalyst surfaces were observed by field-emission scan-
ning electron microscopy (FE-SEM-EDX, JEOL, JSM-600F, Tokyo,

Japan) with an energy dispersive spectrometer and a high-resolu-
tion transmission electron microscopy (TEM) instrument (JEM-
2100F, JEOL, Tokyo, Japan). The X-ray diffraction (XRD) patterns
were measured on a Rigaku D/MAX-2200 powder X-ray diffrac-
tometer (Rigaku Corp., Tokyo, Japan) using a Cu K radiation
source (=0.15418 nm). The X-ray tube was operated at 35 kV and
20 mA, and the two theta angle was scanned from 10 to 90o (step
wise 0.02o) at a speed of 2o/min. The infrared spectra of the com-
posite materials were collected using a Nicolet 380 Fourier trans-
form infrared (FTIR) spectrophotometer (ThermoFisher Scientific
Co., Waltham, MA, USA). The spectrum was acquired by adding
124 scans with a resolution of 4 cm1.

RESULTS AND DISCUSSION

The physicochemical properties of the materials prepared by
solution combustion and conventional co-precipitation methods
are listed in Table 1. The Brunauer-Emmett-Teller (BET) surface
areas of the LZ and CoLZ materials were in the range of 10.8-38.1
m2/g, which is similar to those in the literature [12-14]. There was
no trend in BET surface area with preparation methods or La/Zn

Table 1. Physicochemical properties of La2O2CO3/ZnO composite materials

Sample SBET

(m2/g)
Pore volume

(cm3/g) La/Zn*
Crystallite size (nm)**

Hexagonal La2O2CO3 Monoclinic La2O2CO3 ZnO
LZ-0.125-550 28.1 0.327 0.114 - - 07
LZ-0.25-550 36.5 0.285 0.180 - 12 04
LZ-1-550 17.4 0.128 1.373 - 14 10
LZ-2-550 14.4 0.137 1.735 08 14 10
CoLZ-0.125-500 10.8 0.117 0.095 44 20 35
CoLZ-0.25-500 10.9 0.116 0.197 58 - 36
CoLZ-1-500 10.9 0.142 1.158 58 - 35
CoLZ-2-500 38.1 0.353 2.417 58 - 29

*Values were obtained from the EDS elemental analysis
**Values were calculated using the Scherrer equation for the corresponding XRD characteristic peaks of the phases

Fig. 1. Nitrogen adsorption-desorption isotherms of (a) LZ-0.125-
550, (b) LZ-0.25-550, (c) LZ-1-550, and (d) LZ-2-550.
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ratio. The pore volumes also showed no trend with preparation
method or La/Zn ratio (0.116-0.353 cm3/g). Figs. 1 and S1 show
the isotherms for LZ and CoLZ materials, respectively. Irrespective
of the preparation methods or the existence of macropores, all of
the isotherms follow the type V adsorption pattern with the type
H3 hysteresis loop, implying that mesoporosity of LZ and CoLZ
materials is similar. However, the values measured by the N2 ad-
sorption/desorption technique imply that the materials in this study
were well prepared.

FE-SEM images of the LZ materials with different La/Zn ratios
are displayed in Fig. 2. As a whole, all the FE-SEM images of the
LZ materials clearly confirmed the disordered macroporosity gen-
erated by the solution combustion method during the preparation
step. The disordered macroporosity was well developed for the LZ
materials due to the release of gases in the combustion step, but
there was a slight change in the disordered macroporosity depend-
ing on the La/Zn ratio. That is, the thickness of the disordered mac-
roporous framework in the LZ materials became slightly thinner
as the La/Zn ratio increased. Additionally, at La/Zn=1, the regular-
ity of the macroporous framework (including the thickness) was
relatively high (Fig. 2(c)), implying the La/Zn=1 would be an opti-
mal value for preparing the disordered macroporous structure.
Fig. S2(a)-(d) shows FE-SEM images of the CoLZ materials pre-
pared by the conventional co-precipitation method. The CoLZ mate-
rials were composed of agglomerates of nanoparticles. As with the
LZ materials, the nanoparticle morphology of the CoLZ materials
changed slightly depending on the La/Zn ratio. The irregular nano-
particles with various particle sizes became larger up to a La/Zn
ratio of 1. Then, the nanoparticle size in CoLZ-2-550 suddenly de-
creased (Fig. S2(d)). In summary, the solution combustion meth-
ods resulted in the disordered macroporosity of the LZ materials,
which is clearly different from nanoparticle-aggregating morphol-

ogy observed in the conventional CoLZ materials.
Meanwhile, the elemental composition in the materials was ana-

lyzed by EDS measurements. Actual La/Zn ratios are listed in Table
1 based on the results from the EDS elemental measurements.
Even though the actual La/Zn values in the materials were a little
different from the nominal La/Zn values, the overall trends in the
La/Zn ratios were similar.

Fig. 3 shows the XRD patterns of the LZ materials prepared at
various La/Zn ratios. The typical XRD characteristic peaks for zincite
ZnO with a P63mc space group (JCPDS 36-1451) were observed
at 2=31.8o, 34.4o, 36.3o, 47.5o, 56.6o, and 62.9o for all the LZ-500

Fig. 3. XRD patterns of (a) LZ-0.125-550, (b) LZ-0.25-550, (c) LZ-1-
550, and (d) LZ-2-550.

Fig. 2. FE-SEM images of (a) LZ-0.125-550, (b) LZ-0.25-550, (c) LZ-1-550, and (d) LZ-2-550.
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materials. The peak intensity of the ZnO phase depended on the
La/Zn ratio. The XRD peak intensity of the ZnO phase decreased
with increasing the La/Zn ratio, indicating the low crystallinity of
the ZnO phase at high La/Zn ratios. Similarly, the ZnO crystallin-
ity in the LZ-500 materials was relatively lower than that of the
CoLZ materials when comparing the XRD peak intensities of the
ZnO phase (Fig. S3). Through the Scherrer equation, the ZnO crys-
tallite sizes for all the materials were calculated, and the values are
listed in Table 1. As expected, the ZnO crystallite sizes in the LZ
materials (7-10 nm) were much smaller than those in the CoLZ
materials (28-36 nm), which could be related to the preparation
method since the combustion method might inhibit stable growth
of each nanoparticle in the LZ materials.

As shown in Fig. 3, two types of La oxycarbonate were detected:
the monoclinic and hexagonal La2O2CO3 phases. The XRD pat-
terns of the LZ composite materials show that the monoclinic
La2O2CO3 phase was mainly observed, indicating that it was dom-
inant in the LZ composite materials. At La/Zn=0.125, there were
no XRD characteristic peaks for La2O2CO3 phases (Fig. 3(a)). As
the La/Zn ratio increased, the XRD peaks for the monoclinic
La2O2CO3 phase with a P63/mmc space group (JCPDS 48-1113)
clearly appeared at 2=13.1o, 22.8o, 26.7o, 29.5o, and 44.4o (Fig. 3(c)).
At the highest La/Zn ratio (La/Zn=2), small XRD peaks for the
hexagonal La2O2CO3 phase with a P63/m(176) space group (JCPDS
37-0804) were additionally detected (Fig. 3(d)) along with the strong
existence of the monoclinic La2O2CO3 phase. We observed the fol-
lowing in the LZ material series depending on the La/Zn ratios: (i)
no La2O2CO3 phases appeared at La/Zn=0.125, (ii) the mono-
clinic La2O2CO3 phase was dominant at La/Zn=1 and (iii) at La/
Zn=2, the monoclinic La2O2CO3 phase was still the main La2O2CO3

structure, whereas the hexagonal La2O2CO3 phase existed as a
shoulder. Meanwhile, the XRD patterns of the CoLZ materials
showed different La2O2CO3 phase formation behavior (Fig. S3).
Monoclinic and hexagonal La2O2CO3 phases co- existed together
even at low La/Zn ratio (La/Zn=0.125) (Fig. S3(a)). As the La/Zn
ratio increased, the hexagonal La2O2CO3 phase became domi-
nant, resulting in the formation of the highest crystalline hexago-
nal La2O2CO3 phase at La/Zn=1 (Fig. S3(c)). The crystallinity of
the hexagonal La2O2CO3 phase in CoLZ-2-550 decreased a little,
which was similar to the trend that the monoclinic La2O2CO3

phase crystallinity in the LZ materials was the highest at La/Zn=1.
Even in the CoLZ materials, the portion of hexagonal La2O2CO3

phase relatively increased except for La/Zn=2. For the co-precipi-
tation method, the hexagonal La2O2CO3 phase was strongly formed
at La/Zn=1, whereas the solution combustion method mainly gener-
ated the monoclinic La2O2CO3 phase.

The crystallite sizes of the monoclinic and hexagonal La2O2CO3

phases were also calculated using the Scherrer equation, and the
values are listed in Table 1. The monoclinic La2O2CO3 crystallite
sizes in LZ materials increased up to 14 nm at La/Zn=1, while
those in the CoLZ materials decreased from 20 nm to the point
where none were formed. In contrast, the hexagonal La2O2CO3

crystallite sizes were in the range of 44-58 nm for the CoLZ mate-
rials, clearly showing the preference for the formation of hexago-
nal La2O2CO3 phase in the CoLZ series. In addition, the crystallite
sizes (44-58 nm) of the hexagonal La2O2CO3 phase in CoLZ series

were much greater than those of the monoclinic La2O2CO3 phase
in LZ series (4-10 nm), implying that the growth of monoclinic
La2O2CO3 nanoparticles was suppressed in the solution combus-
tion method.

Fig. 4 shows FTIR spectra of the LZ materials prepared at vari-
ous La/Zn ratios. The assignments of typical FTIR bands for car-
bonates in La2O2CO3 phases are described elsewhere in detail [23-
26]. The bands at 845 cm1 showed three-fold splitting due to more
than one CO3

2 type, and the band around 1,367 cm1 was inter-
preted as a unique carbonate mode for the monoclinic La2O2CO3

phase. As seen in Fig. 4, the behavior of the unique carbonate
modes for the monoclinic La2O2CO3 phase is consistent with the
XRD results. The intensity of the band at 1,367 cm1 apparently
increased under specific conditions (La/Zn=1 or 2 of the LZ com-
posites), matching the existence of the monoclinic La2O2CO3 phase
in the composite materials. The trend in splitting mode at 845 cm1

was the same, the clear appearance of splitting bands only for the
LZ materials with La/Zn=1 or 2. Therefore, FTIR spectra provided
additional evidence for the preference of La2O2CO3 phase forma-
tion in the LZ materials, which depends on the crystallinity of the
La2O2CO3 structure (La/Zn ratio) and the preparation methods.

Fig. 5 shows the TEM images for the LZ materials with differ-
ent La/Zn ratios. All of the TEM images show an irregularly lay-
ered and empty-hole-like structure containing nanoparticles of ca.
10 nm. In contrast, dense and large nanoparticles (over 30 nm)
appear in the TEM images of the CoLZ materials (Fig. S4). This is
consistent with the results observed by the XRD and FE-SEM meas-
urements.

Fig. 4. FTIR spectra of (a) LZ-0.125-550, (b) LZ-0.25-550, (c) LZ-1-
550, and (d) LZ-2-550.
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materials was stable up to 600 oC, but the characteristic XRD peaks
for the monoclinic La2O2CO3 phase were not detected at 650 oC
and 700 oC (Fig. 6(d) and (e)). Instead, the characteristic XRD peaks
for the ZnO phase became sharp and clear. At the 700 oC calcina-
tion, the characteristic XRD peaks for the La2O3 phase with a P-3m1
space group (JCPDS No. 73-2141) appeared at 2=26.1o, 29.1o,
30.0o, 39.5o, and 46.0o, and the XRD peaks for the ZnO phase
became much sharper (Fig. 6(e)). This indicates that the mono-
clinic La2O2CO3 structure collapsed to La2O3 phase by releasing CO2

into the gas phase, and ZnO nanoparticles agglomerated simulta-
neously. In contrast to this behavior, the XRD patterns of the
CoLZ-1 materials remained unchanged even at 650 oC. The inten-
sity of the characteristic XRD peaks for the hexagonal La2O2CO3

phase was still strong irrespective of increasing calcination tem-
perature up to 650 oC (Fig. S5), implying higher stability of the
hexagonal La2O2CO3 phase in the CoLZ-1 materials than the mono-
clinic La2O2CO3 phase in the LZ-1 materials. At the 700 oC calci-
nation, sharp characteristic XRD peaks for the La2O3 phase appeared
instead of the peaks of the hexagonal La2O2CO3 phase, and the peak
intensity for the ZnO phase remained unchanged, which indicates
transformation of the hexagonal La2O2CO3 into the La2O3 phase
with no agglomeration of ZnO nanoparticles.

The crystallite sizes of the La2O2CO3 and ZnO phases calcined
at the different temperatures were calculated by the Scherrer equa-
tion. The values are listed in Table 2. The crystallite sizes of the
La2O2CO3 phases remained almost unchanged irrespective of in-
creasing the calcination temperatures at around 14 nm for the LZ-
1 materials and 49-58 nm for the CoLZ-1 materials. Interestingly,
the behavior of ZnO crystallite sizes at various calcination tem-
peratures depended on the preparation methods, which is clearly
displayed in Fig. 7. For the CoLZ materials, the ZnO crystallite
sizes were maintained at a similar value of around 34-39 nm even
after the La2O2CO3 phase was transformed into La2O3 phase at the
700 oC calcination. In contrast, the ZnO crystallite sizes for the
LZ-1 materials suddenly increased from 10 nm to 21 and 24 nm
after the CO2 release from the monoclinic La2O2CO3 phase at

In this study, we also investigated the structural properties of
the LZ materials at different calcination temperatures. The XRD
patterns of the LZ-1 composites calcined at different temperatures
are shown in Fig. 6. The monoclinic La2O2CO3 phase in the LZ-1

Fig. 5. HR-TEM images of (a) LZ-0.125-550, (b) LZ-0.25-550, (c)
LZ-1-550, and (d) LZ-2-550.

Fig. 6. XRD patterns of LZ-1 materials calcined at different tem-
peratures. (a) T=500 oC, (b) T=550 oC, (c) T=600 oC, (d) T=
650 oC, and (e) T=700 oC.

Table 2. Crystallite sizes of each crystalline structure in LZ-1 and
CoLZ-1 calcined at different temperatures

Samples
Crystallite sizes (nm)*

Hexagonal
La2O2CO3

Monoclinic
La2O2CO3

ZnO

LZ-1-500 - 14 13
LZ-1-550 - 14 10
LZ-1-600 - 14 10
LZ-1-650 - - 21
LZ-1-700 - - 24
CoLZ-1-500 58 - 35
CoLZ-1-550 49 - 34
CoLZ-1-600 58 - 39
CoLZ-1-650 54 - 38
CoLZ-1-700 - - 39

*Values were calculated using the Scherrer equation for the corre-
sponding XRD characteristic peaks of the phases
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650 oC and 700 oC, respectively. Below 600 oC calcination and with
different La/Zn ratios, the ZnO nanocrystalline sizes were main-
tained below 10 nm. Accordingly, it can be deduced that there was
specific interaction between the monoclinic La2O2CO3 phase and
ZnO nanoparticles to inhibit the growth of ZnO nanoparticles in
the LZ materials.

Fig. 8 shows FE-SEM images of the LZ-1 calcined at 550 oC,
650 oC and 700 oC. In spite of increasing the calcination tempera-
ture, the disordered macroporous structure in the LZ-1 compos-
ites was still maintained. However, many smaller pores were gen-
erated in the macroporous framework of the LZ-1 materials cal-
cined at 650 oC and 700 oC (Fig. 8(b)-(c)), which is directly related to
the CO2 gas release by the phase transformation from La2O2CO3

to La2O3.
A schematic illustration of the morphologies and La2O2CO3

structures of the LZ materials is displayed in Scheme 1. In the LZ
materials, the disordered macroporosity was well developed by the
solution combustion method, resulting in small nanocrystallites of
ZnO and monoclinic La2O2CO3 structures. In the preparation pro-
cess, ethylene glycol was oxidized to glyoxylate dianion in the solu-
tion under 100 oC due to the properties of nitrates of mixed metals.
The metal glyoxylate was converted to metal oxide or metal oxy-
carbonate when the growing temperature reached 400 oC. Finally,
La2O2CO3 or La2O3 phase was clearly obtained by the calcination
above 500 oC for 5 h with ZnO nanoparticles. The continuous gas
release in the process of the solution combustion method not only

left the disordered macroporous structure in the solid, but also
induced the dominant formation of a monoclinic La2O2CO3 phase.
The presence of the monoclinic La2O2CO3 phase in the LZ mate-
rials inhibited the growth of ZnO nanoparticles in the disordered
macroporous framework due to the strong interaction between
ZnO and monoclinic La2O2CO3 nanoparticles, resulting in much
smaller ZnO crystallites (4-10 nm) in the LZ materials. Conversely,
the destruction of the monoclinic La2O2CO3 phase by calcination
above 650 oC caused a rapid agglomeration of ZnO nanoparticles
in the LZ-1 materials (21-24 nm). On the other hand, the CoLZ
materials were composed of aggregates of ZnO and hexagonal
La2O2CO3 nanoparticles. The larger crystallites of ZnO phase (29-
39 nm) in the CoLZ materials indicates no interaction between
hexagonal La2O2CO3 and ZnO nanoparticles in the conventional
co-precipitation process, resulting in the no difference in the ZnO
crystallite sizes even after the calcination at 700 oC.

CONCLUSION

Disordered macroporous La2O2CO3/ZnO materials were syn-
thesized as a function of the La/Zn ratios and the calcination tem-

Fig. 7. ZnO nanoparticle sizes depending on the La/Zn ratios and
the calcination temperatures.

Fig. 8. FE-SEM images of LZ-1 materials calcined at different temperatures. (a) T=550 oC, (b) T=650 oC, and (c) T=700 oC.

Scheme 1. Schematic illustration of morphologies and crystalline
structures of LZ and CoLZ materials.
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peratures by the solution combustion method. All of the composite
materials prepared by the solution combustion method clearly
showed a disordered macroporous framework that was composed
of ZnO and monoclinic La2O2CO3 nanoparticles. On the contrary,
the materials prepared by the conventional co-precipitation method
were composed of aggregates of nanoparticles with the dominant
formation of hexagonal La2O2CO3 phase. Calcination at 700 oC
transformed the La2O2CO3 phase into La2O3 phase in the materi-
als. Based on the sizes of ZnO nanoparticles, the ZnO nanoparticles
in the disordered macroporous LZ composite materials interacted
strongly with the monoclinic La2O2CO3 nanoparticles, which inhib-
ited the growth of the monoclinic La2O2CO3 phase in the disor-
dered macroporous LZ materials.
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Fig. S1. Nitrogen adsorption-desorption isotherm of (a) CoLZ-0.125-
500, (b) CoLZ-0.25-500, (c) CoLZ-1-500 and (d) CoLZ-2-
500.

Fig. S2. FE-SEM images of (a) CoLZ-0.125-500, (b) CoLZ-0.25-500,
(c) CoLZ-1-500 and (d) CoLZ-2-500.

Fig. S3. XRD patterns of (a) CoLZ-0.125-500, (b) CoLZ-0.25-500,
(c) CoLZ-1-500 and (d) CoLZ-2-500.
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Fig. S4. FE-TEM images of (a) CoLZ-0.125-500, (b) CoLZ-0.25-500,
(c) CoLZ-1-500 and (d) CoLZ-2-500.

Fig. S5. XRD patterns of LZ-1 materials calcined at different tem-
peratures (a) CoLZ-1-500, (b) CoLZ-1- 550, (c) CoLZ-1-600,
(d) CoLZ-1-650and (e) CoLZ-1-700.
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