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Abstract
A novel porous La2Zr2O7 ceramic prepared by combining a sol-gel template method and high-temperature
calcination process. The structural evolution and crystallisation behaviour of the samples were
systematically characterized using SEM, XRD, TEM and Raman spectroscopy. The results indicated that
the as-prepared porous La2Zr2O7 ceramic had a typical nanoparticles assembling and mesoporous
structure with single-phase pyrochlore crystal structure. Meanwhile, the as-prepared porous La2Zr2O7

ceramic presented an ultralow room temperature thermal conductivity of 0.07 W/(m·K), high speci�c
surface areas of 325.17 m2/g and a relatively high compressive strength of 11.95 MPa. What’s more, the
as-prepared porous La2Zr2O7 ceramic possessed ideal photocatalytic activity owing to the unique 3-D
porous structure, high crystallinity and large surface area. These reported studies are proposing some
new insight to improve porous rare-earth zirconates ceramic for thermal insulation and dye degradation
applications.

1. Introduction
Lanthanum zirconate (La2Zr2O7) belongs to a family of compounds with the general formula A2B2O7,
where A denotes trivalent rare earth elements and B a tetravalent cation, which has a face-centered cubic
crystal structure with the space group Fd3m (No. 227) [1, 2]. Some outstanding properties for La2Zr2O7

are performed, such as high melting point, low thermal conductivity, high thermal expansion coe�cient,
excellent thermal stability, and high tolerance to defects [3–6]. Those properties are attributable to the
pyrochlore crystal structures that is a superstructure derivative of the simple �uorite. As such, La2Zr2O7

has attracted signi�cant interest in various applications, such as high temperature ceramic thermal
barrier coating materials, photocatalysts, solid electrolytes, nuclear waste containers, host materials for
luminescence centers and so on [7–11].

In order to improve the properties of the La2Zr2O7 and broaden the �elds of its application, the
preparation methods of La2Zr2O7 have been received considerable attention especially in recent years,
including the conventional solid-state mixing method [12, 13], hydrothermal synthesis [14], coprecipitation
route [15, 16], combustion synthesis [17], molten salt method [18, 19], sol-gel method [20, 21], and
hydrazine method [22]. However, of these methods, the synthesis of La2Zr2O7 materials usually requires
tedious process (long reaction times), harsh condition (high temperatures and pressures), environmental
hazardous, etc. For example, solid-state reaction requires a reaction temperature above 1000 ℃ and a
reaction time above 10 h [23], which is easy to cause agglomeration and instability of the nano/micro
structure. Whereas, in the hydrothermal method, the surfactant is required to reduce the reaction time [24].
However, from the viewpoint of green chemistry, the aqueous surfactant mixture wastes produced from
these processes are hazardous to the environment. Therefore, it is very necessary to develop a new
e�cient method with the advantages of simple operation, low energy consumption, low cost and no
secondary pollution, which can endow La2Zr2O7 with multifunctional properties.
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Herein, in the present work, we demonstrated �rstly the synthesis of a novel porous La2Zr2O7 ceramic by
combining a sol-gel template method and high-temperature calcination process. The micro-structural,
room- temperature thermal conductivity property, mechanical properties as well as photocatalytic
activities of porous La2Zr2O7 ceramic aerogels were systematically studied. In addition, the surface area
of this materials is high after heat treatment. This synthetic strategy was performed to develop a new
preparation method of porous La2Zr2O7 ceramic and can be extended for the preparation of other porous
ceramic materials with multifunctional properties.

2. Experimental Procedures

2.1 Materials
Commercially available thermoplastic phenolic resin (RF; 99.9%, Shandong Shengquan Chem Co., Ltd.,
China), urotropine (AR, 99.0%, Guangdong Xilong Chem Co., Ltd., China) and anhydrous ethanol (AR,
Tianjin Fuchen Chem Co., Ltd., China) were used as a sacri�ce template, a curing agent and a solvent,
respectively. La(NO3)3·6H2O, (AR, > 99.9%, Shanghai Macklin Biochemical Co., Ltd., China) and
Zr(CH3COO)4 (Zr, 15.0–16.0%, Shanghai Aladdin Biochemical Co., Ltd., China) were used as raw
materials. Methylene blue (MB) dye chemical was used for photocatalytic study.

2.2 Preparation of the samples
To begin our optimization studies for the synthesis of porous La2Zr2O7 ceramic powders and bulks. The
fabrication procedure was illustrated in Scheme. 1. Firstly, 0.45 g RF was dissolved in 10 mL ethanol and
stirred for 1 h to obtain a clear RF sol. Afterwards, 0.151 g (1 mmol) Zr(CH3COO)4, 0.433 g (1 mmol)
La(NO3)3·6H2O and 0.8 g urotropine were added and stirred for another 1 h. A homogeneous mixture
solution (M/RF sol) was then introduced to a stainless-steel Te�on lined autoclave, kept at 80 ℃ for 20 h
and naturally cooled to room temperature. The obtained wet gel (M/RF gel) was placed in ethanol for
solvent exchange and aging. Then the ethanol was replaced every 6 h for 4 times. Subsequently, the La3+

and Zr4+-doped RF aerogel (M/RF aerogel) was prepared via an ethanol supercritical drying process
(SCD). Finally, the porous La2Zr2O7 ceramic was obtained after thermal treated at 1000 ℃–1200 ℃ in
air for 2 h (2 ℃/min). To facilitate the presentation next, the sample of La2Zr2O7 calcined at 1000 ℃,
1100 ℃ and 1200 ℃ are named as LZ1, LZ2 and LZ3, respectively.

In order to obtain the bulks, for example, the as-synthesized LZ1 powders were mixed with proper amount
of polyvinyl alcohol (PVA) binder for granulation. After that, the mixed powders were ground and sifted
through a 80-mesh sieve, and then pressed into cylindrical disks at a uniaxial pressure of 50 MPa for 2
min, while the size of the bulks can be adjusted according to the actual testing requirements. Finally, the
compressed disks were calcined at 600 ℃ for 2 h (1℃/min, in air) to burn out the PVA binders. Other
bulk samples were also prepared under the same conditions and named as LZ2 bulk and LZ3 bulk.

2.3 Materials characterization
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High-resolution images of the samples were obtained by FESEM (JSM-7800 F, JEOL) at an acceleration
voltage of 15 kV. Energy dispersive X-ray spectroscopy (EDX, X-Max SDD Detector, Oxford Instruments)
was employed to identify the elements present in the products. Transmission electron microscopy (TEM,
Talos F200X G2, US) with EDS and selected-area electron diffraction (SAED) were conducted to analyse
the morphological characteristics and crystalline structure of the obtained samples. X-ray diffraction
(XRD) measurement was performed using a diffractometer (XRD diffractometer Bruker AXS D8) with Cu
Kα radiation (λ = 1.54 Å) in a 2θ range of 20°–90° with a scanning rate of 5°/min. High-resolution Raman
spectrometer (Renishaw, RM2000, UK) was carried out to analyse Raman spectra. The Fourier transform
infrared spectrum (FT-IR) were recorded on a WQF-410 spectro- photometer (Beijing Secondary Optical
Instruments, China). The surface areas of sample were characterized by Brunauer-Emmett-Teller (BET)
principle and porous structures of products were determined by Barrett-Joyner-Halenda (BJH) method
using Nitrogen adsorption- desorption measurements (MFA-140, Beijing Builder Company, China).

2.4 Measurements of thermal conductivity and mechanical
property
The as-synthesized La2Zr2O7 cylindrical pellets with standard size (Φ = 50 mm; d = 5 mm) were used to
conduct the room-temperature thermal conductivity measurements by using a thermal conductivity
instrument (DRE-III, Xiangtan Xiangyi Instrument Co., Ltd., Xiangtan, China). The La2Zr2O7 samples (Φ = 
22 mm; d = 10 mm) were loaded at a testing machine (Instron 5569, Instron corp., Canton, USA) to test the
compressive strength, with a crosshead speed of 0.05 mm/min. The samples were machined with the
compressive surface perpendicular to the freezing direction. In order to obtain the average value, more
than 6 samples of each measurement were chosen.

2.5 The photocatalytic property
The photocatalytic property of the samples were evaluated by rhodamine B (RhB) decomposition under
UV-light. A commercial 250 W halogen spotlight (the spectrum below 400 nm removed using a cutoff
�lter) was used for the UV-light illumination. The initial concentration of RhB in quartz reaction vessel
was �xed at 50 mg/L with as-obtained catalyst loading of 1 g/L. Before irradiation, the solution was
under magnetic stirring for 30 min to ensure the adsorption-desorption equilibrium. Then the solution was
stirred and exposed to the UV-light irradiation. The extent of RhB decomposition was determined by
measuring the absorbance value at 465 nm using UV-1201 spectrometer. Emission/excitation spectra
were recorded on a Hitachi F-4500 �uorescence spectrophotometer at room temperature.

3. Results And Discussion
Figure 1(a) showed the XRD (5°/min) patterns of the as-prepared LZ1. No characteristic re�ections of
impurities were detected, demonstrated a face-centered cubic pure pyrochlore type structure (JCPDS No.
01-071-2363). Notably, the peaks marked with black peach for the LZ1 were characteristic superlattice
diffraction peaks of pyrochlore structure [25].
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The Raman spectra of the LZ1 were presented in Fig. 1(b). According to symmetry theory, the Raman
spectra are very sensitive to the vibrations of the O cation. The pyrochlore structure usually consists of
six Raman active vibration modes as follows:

For an ideal pyrochlore structure, the six vibration modes are associated with an O cation, including one
mode (F2g) related to the O cation at the 8a site and �ve modes (A1g + Eg+3F2g) assigned to the O cation
at the 48ƒ site, where Eg is derived from the O–RE–O bending vibrations [26, 27]. The LZ1 presented four

typical vibration modes in the range of 200–800 cm− 1 without other vibration modes, indicating a
pyrochlore structure.

The simulated model of an ideal crystal structure diagram of pyrochlore was depicted in Fig. 1(c). An
ideal pyrochlore structure belongs to the space group Fdm (Z = 8), where La3+ distributed randomly and
equally at the 16c site, and the Zr4+ equally and homogeneously occupy the 16d site. The O occupies the
8b and 48f sites, while the O vacancy occupies the 8a site [28].

The FT-IR spectra of LZ1 in the wave range of 400 cm− 1 to 4000 cm− 1 were presented in Fig. 1(d). The
peaks centered approximately at 1187 cm− 1 and 1108 cm− 1 are ascribed to the stretching vibration of Zr
atoms against O atoms in Zr-O-Zr bond [29]. While the peaks at the vicinity of 540 cm− 1 and 3690 cm− 1

are correspond to the vibration of the chemical bond Zr-O stretching modes. A relatively weak band
centered at about 436 cm− 1 associated with the vibration of O-La-O bending modes [30]. Also, the
appearances of the band centered at approximately 1630 cm− 1 are evidence of the existence of water
molecules attached to the powders.

Figure 2(a, b) depicted the SEM and TEM images of the calcined LZ1. Clearly, the samples have a good
microstructural integrity with a typical “pearl chain” microstructure, which presented a 3-D porous network
skeleton with numerous nanoscale particles and nanopores. The nanoscale particles (approximately 25–
35 nm) were uniformly distribute in the whole �eld of vision with an average particle size. The nanopores
presented open and close pore structures with an average size of approximately 40–50 nm. HRTEM was
performed to further verify the information of the LZ1 with pyrochlore structure (Fig. 2(c)). The observed
interplanar spacing of 0.182 nm and 0.173 nm were corresponded to the (222) and (440) planes,
respectively. The SAED pattern of LZ1 were shown in Fig. 2(d). The Miller indices (hkl) of all the crystal
planes of LZ1 obtained from SAED pattern are in good agreement with XRD reference patterns. The LZ1
were further examined through EDS mapping to investigate the element distribution homogeneity on the
nanoscale, as shown in Fig. 2(e), all the elements contained were uniformly distributed without any
noticeable elemental segregation or clustering.

Figure 3 showed the microstructures and the corresponding XRD patterns of the La2Zr2O7 powders
calcined at different temperature. It can be seen from Fig. 3(a) that the enlarged particles and decreased
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size of pores. Nevertheless, the 3-D porous network skeleton of the microstructure still present. As for
sample LZ3 (Fig. 3(b)), we can clearly see that the particles were grow bigger in the whole �eld of view
and many of them seemed closely combined. The pores still exist though most of them disappeared and
the interconnected assembly forms a relatively dense structure. The corresponding XRD patterns of three
samples calcined at different temperatures were shown in Fig. 3(c). Obviously, the three samples
presented a single-phase pyrochlore structure without other phases. However, because of the lattice
constant increase, the diffraction peak positions slightly shifted toward a lower diffraction angle as the
calcined temperatures increase [31].

Figure 4 showed the N2 adsorption-desorption isotherms and corresponding BJH pore size distribution
analysis of the samples. It appeared a typical type IV adsorption isotherm with an H3-type hysteresis loop
in accordance with mesoporous structure [32]. The BET speci�c surface areas were calculated to be
325.17, 221.43 and 62.57 m2/g for samples LZ1, LZ2 and LZ3, respectively. The pore size distribution
curve (inset images) depicted that the samples exhibited mesopore and macropore size regions with a
small average pore width and a high pore volume. The BET speci�c surface area of the samples
decreased because the grains further grow. Simultaneous, the pore size of the samples decreased as the
calcination temperature increases.

Figure 5(a) depicted the photograph of the as-prepared LZ1 bulk reconstructed under a uniaxial pressure
of 50 MPa, which shows an intact overall structure. The surface morphology with low magni�cation
which demonstrated a uniform, regular and dense morphology, as shown in Fig. 5(b). The magni�ed
surface morphology (Fig. 5(c)) showed a 3-D porous network skeleton with no structural destroyed.

The room temperature thermal conductivity of the samples were shown in Fig. 6(a). Clearly, the room-
temperature thermal conductivity were 0.07 W/(m·K), 0.09 W/(m·K) and 0.13 W/(m·K) for the sample LZ1,
LZ2 and LZ3 bulk, respectively. The lower room temperature thermal conductivity can attributed to the
unique 3-D interconnected porous structures with rich porosity, and the ceramics grains were not
continuous that can block the heat conducting pathways [33]. We can conclude that the high porosity can
greatly reduce the effective thermal conductivity of the porous La2Zr2O7 bulk. What’s more, combining
with the results of Fig. 4, the speci�c surface area (SSA) is another factor for decreasing thermal
conductivity of porous La2Zr2O7 bulk. For a given density, the smaller the size of the pores, the higher the
SSA, and the better will be the insulation performance.

The heat conductivity mechanisms within aerogels were systematically sketched out in Fig. 6(b). Heat
transfer in monolithic non-evacuated aerogels involves three components, since the convection heat
transfer can be neglected in porous materials where void spaces are smaller than 4 mm. Thus, the total
thermal conductivity can be described as follows [34].

k  T  = ks + kg + kr (2)
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where kT is the total thermal conductivity and ks, kg, and kr refer, respectively, to the solid, gaseous and
radiative transfer components of the �rst.

The ks relates to the solid fraction of aerogels which is in�uenced by the extent of crosslinking and
network connectivity. Heat conduction in the solid network occurs through the atomic lattice, due to the
excitation of vibrational energy levels of interatomic bonds or even by free electron transport under
thermal gradient [35]. When the heat conducted in the gaseous state, the collision phenomenon happens
and the faster ones transfer part of their kinetic energy to the slower molecules. But the movements are of
minor relevance in the monolithic native aerogels because the average pore dimensions are typically
below 70 nm, and the mean free path of air molecules is about 66 nm [36]. The kr is based on
electromagnetic waves, correlated to the photon's mean free path. Therefore, this component is highly
temperature-dependent, with a high factor-scaling exponent. According to Fomitchev [37], the radiative
thermal conductivity can be computed as follows:

K  r  = 16n2σT3ε−1 (3)

where n is the index of refraction, σ is the Stefan-Boltzmann constant, T is the temperature (K) and ε (ε = 
ρbe) is the spectral attenuation coe�cient.

In conclusion, the extremely low thermal conductivity of the as-prepared porous La2Zr2O7 bulks were
result from the combination effect of the three heat conduction modes.

The pore structure and morphology of the particles also have a signi�cant effect on the mechanical
properties of porous La2Zr2O7 ceramic. Figure 7 depicted that the compressive strength values were 5.22,
8.34 and 11.95 MPa for sample LZ1, LZ2 and LZ3 bulk, respectively. Even though the compressive
strength values here were lower compared with reported work [38], the as-prepared porous La2Zr2O7

ceramic in this work had much higher porosity. According to Gri�th theory, the critical crack size has a
vital effect on the mechanical strength and the cracks are mainly result from the pores. Since the stress
concentrates on the surrounding region of pores, and the pores can decrease the load area and weaken
the load capability [39]. The porosity decreased with the increasing of sintering temperature and the
interconnected adjacent particles formed a strong neck, which enhancing the compressive strength.

The LZ1 bulk samples were utilized as photocatalyst for the photo-degradation of RhB dye. As depicted
in Fig. 8(a), different absorption spectrums of RhB solution taken out at different times were
characterized by UV-light irradiation. At the initial stage, the spectrum showed the maximum absorption
peaks of RhB at 553 nm. The absorption peak intensity decreased with prolonging irradiation time,
demonstrating the gradual degradation of the organic dye. The inset showed the photograph of RhB
solution at beginning and after 60 min of UV-light exposure. The color of the solution was almost faded
away, manifesting the degradation of the dye molecules. The characterization of degradation e�ciencies
of the three photocatalysts were presented in Fig. 8(b). It is the plot of degradation C/C0 as a function of
irradiation time, where C is the absorbance of RhB solution measured every 10 min in the process of
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photodegradation and C0 is the original RhB solution. It was clear that the degradation e�ciencies of the
LZ1 photocatalyst was ideal and the dye is decomposed 73% after UV-light treated for 60 min,
demonstrating a better photocatalytic degradation performance than its counterparts. Figure 8(c)
depicted the re-use performances of LZ1 photocatalyst. Though the photocatalytic degradation under UV-
light irradiation has a little changed, the yield was still 60% after repeating 4 times. The enhanced
photocatalytic performance of LZ1 photocatalyst can ascribed to its unique 3-D porous structure and
high speci�c surface area, which provided more electrons-holes (h+-e−) that facilitating the enhancement
for photocatalytic properties.

The La2Zr2O7 photocatalyst has received signi�cant attention due to the absorption of oxygen (O2) and
water molecules (H2O) on the porous structures surface of the photocatalyst by the effect of UV light
irradiation [40]. In order to explore the photocatalytic mechanism, the band energy levels of La2Zr2O7

samples were depicted in Fig. 8(d). When exposed to UV light, the La2Zr2O7 absorbed photon of energy

greater than the energy band gap (Eg) electrons (e−) and excited from valence band (VB) into the vacant
conduction band (CB). Based on the reports [41, 42], a possible mechanistic pathway of the La2Zr2O7

catalyst is shown as follows:

La2Zr2O7 + hv → La2Zr2O7 (h+) + La2Zr2O7 (e−)

La2Zr2O7 (e−) + O2 → O2
· −

O2
· − + H2O → H2O2 + OH·

La2Zr2O7 (h+) + H2O → OH·

OH· + Dye → CO2 + H2O

The electrons (e−) at CB of La2Zr2O7 were scavenged by dissolved O2 and produce superoxide radicals

(O2
·−), and the produced O2

·− then reacts with H2O to form hydroxyl radicals (OH·). Also, the holes (h+) in

VB of La2Zr2O7 can react with H2O and generate OH·. The produced OH· can decompose the RhB organic
dye molecule into the smaller organic molecules [43], H2O, CO2, and mineral acids.

4. Conclusions
In this study, a novel porous La2Zr2O7 ceramic was successfully fabricated by combining a sol-gel
template method and high-temperature calcination process. The micro-structural, room temperature
thermal conductivity property, mechanical properties as well as photocatalytic activities of the samples
were systematically studied. The as-prepared porous La2Zr2O7 ceramic exhibited an ultralow room-
temperature thermal conductivity, high speci�c surface areas, relatively high compressive strength, and
ideal photocatalytic activities. The combining of sol-gel template method and high-temperature
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calcination process can be considered as an e�cient technique to prepare porous rare-earth zirconates
ceramic materials with multifunctional properties for applications in the �elds of thermal insulators and
dye degradation applications.
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Figures

Figure 1

(a) The X-ray diffraction pattern. (b) Raman spectrum. (c) the crystal structure schematic and (d) the FT-
IR spectra of LZ1.
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Figure 2

(a) SEM. (b) TEM. (c) HTEM. (d) SAED pattern indexed with XRD peaks and (e) EDS mapping of the as-
prepared LZ1.

Figure 3

The SEM images of (a) LZ2. (b) LZ3 and (c) corresponding XRD patterns.



Page 14/16

Figure 4

The N2 adsorption-desorption isotherms and corresponding pore size distributions of sample (a) LZ1. (b)
LZ2 and (c) LZ3.

Figure 5

The photograph (a) and microstructures (b), (c) of the representative sample of as-prepared LZ1 bulk with
different magni�cation.

Figure 6
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(a) Comparison of room temperature thermal conductivity of the samples. (b) different mechanisms of
heat transfer in porous La2Zr2O7 bulk: solid conduction through the particle's chain (red arrows);
radiative conduction (yellow arrows); and gaseous thermal conduction (dark blue arrows).

Figure 7

Comparison of compressive strength of the samples.
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Figure 8

(a) The spectral absorbance of LZ1 for photocatalytic decomposition of RhB with the variation of
irradiation time under UV-light. (b) degradation e�ciencies curves of RhB as a function of irradiation
time. (c) cycling runs for the photodegradation of RhB over LZ1. (d) schematic diagram for the
photocatalytic mechanism under UV-light irradiation.
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