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a b s t r a c t

Mesoporous mesocrystals are highly desired in catalysis, energy storage, medical and many other ap-
plications, but most of synthesis strategies involve the usage of costly chemicals and complicated syn-
thesis routes, which impede the commercialization of such materials. During the sintering of dense
ceramics, coarsening is an undesirable phenomenon which causes the growth of the grains as well as the
pores hence hinders the densification, however, coarsening is desired in the sintering of porous ceramics
to expand the pore sizes while retaining the total pore volume. Here we report a chemi-thermal process,
during which nanocrystallite aggregates were synthesized by hydrothermal process and then converted
to the product by sintering. Through this strategy, we synthesized mesoporous self-supported meso-
crystals of yttria-stabilized zirconia with tunable pore size and the process was then scaled-up to in-
dustrial production. The thermal conductivity measurement shows that the mesoporous powder is a
good thermal isolator. The monolith pellets can be obtained by SPS sintering under high pressure and the
mesoporosity is retained in the monolith pellets. This work features facile and scalable process as well as
low cost raw chemicals making it highly desirable in industrial applications.
© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mesopores can be introduced into self-supported mesocrystal
particles resulting in a kind of materials highly desired in catalysis,
energy storage, medical and many other applications since they
possess advantages provided both by nano-particles and relatively
larger single crystals [1e5]. On one hand, similar to nano-crystals,
they show large surface area for adsorption and catalysis re-
actions; on the other hand, self-supported mesocrystals are easy to
handle in industrial production process as well as show certain
degree of structural coherence hence good mechanical stability
[3,6,7]. Currently, there are mainly two approaches to synthesis
self-supported mesoporous mesocrystals and mesoporous single
crystals: (1) by using hard template: e.g. Edward and et al. used
nano silica particles as the hard template to synthesize mesoporous
eramic Society.

roduction and hosting by Elsevi
TiO2 single crystals which show high electronic mobility [6]; (2) by
using soft surfactants: e.g. Yong L. and et al. used Pluronic P123 to
direct the formation of TiO2 mesocrystals by hydrothermal reaction
[8e10]. Both of these two approaches involve the using of costly
chemicals, which impedes the large scale industrial production and
application.

Nanocrystallite aggregates can be obtained as the product from
the hydrothermal synthesis of some inorganic oxides e.g. zeolites,
ZnO2 and TiO2 [11e14]. A considerable amount of intercrystal pores
are normally presented in such powders due to imperfect stacking
of nanocrystallites [11,14]. However, such kind of structures is
fragile due to the loose bonding between nanocrystals [15,16].
Moreover, the obtained pore sizemay notmatch the requirement of
the application.

Sintering is a process conventionally used to convert porous
green bodies into dense ceramics. Similar to a ceramic green body,
each nanocrystallite aggregate is an assembling of thousands of
crystallites, hence heat treatment of the powder is a sintering
process for each particle. During the sintering process, different
er B.V. This is an open access article under the CC BY-NC-ND license (http://
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mass transportation mechanisms are divided into two competing
categories resulting either coarsening or densification effect.
Although sintering is normally employed to eliminate the pores,
porous ceramics with various pore sizes can be achieved when
coarsening mechanisms outweigh densification mechanisms dur-
ing sintering [16e18]. Therefore instead of densifying the nano-
crystallite aggregates, sintering process can possibly be used to
adjust the pore size when coarsening mechanisms overweigh
densification mechanisms. Moreover, sintering can also enhance
the bonding between the nanocrystallites thus to improve the
mechanical stability of the structure which is a crucial but often
absent properties for the application of mesoporous materials [19].

In this work, yttria-stabilized zirconia (YSZ) self-supported
mesocrystals with tunable pore sizes were synthesized through a
chemi-thermal process. The nanocrystallite aggregates of YSZ were
firstly obtained through hydrothermal synthesis. Then sintering of
the obtained nanocrystallite aggregates produce mesoporous YSZ
with tunable pore size. In the as-hydrothermal synthesized nano-
crystallite aggregates the crystallites are roughly aligned and in the
size of a few nanometers, which causes coarsening mechanisms,
especially coalescence, to dominate the sintering process leading to
the formation of mesoporous YSZ self-supported mesocrystals. In
additional, monolith pellets with retained mesoporosity are also
fabricated at 450 �C under 120MPa applied pressure by spark
plasma sintering (SPS). This chemi-thermal process is facile and
scalable and uses only low cost raw chemicals, which makes it
highly desirable in industrial applications as catalyst support, bio-
ceramics, electrolyte and so on [20,21]. As an example of the po-
tential applications, we show that the mesoporous YSZ is an
excellent thermal insulator with considerably lower thermal con-
ductivity than the macroporous counterpart [22e25]. This work
paves the way to a top-down synthesis strategy of mesoporous
inorganic materials.
2. Materials and methods

2.1. Materials and sample preparation

Synthesis of YSZ nanocrystallite aggregates and the sintering
process. Solution A: 20mmol of ZrOCl2$8H2O was dissolved in
50ml of deionized H2O; Solution B: 0.6mmol of YCl3 was dissolved
in 10ml H2O; The two solutions were then mixed together and 2M
NH3OH solution was added drop-wise under vigorous stirring to
the mixed solution till PH¼ 6. The gel obtained was transferred to
an autoclave of 200ml for the hydrothermal treatment at 190 �C for
10 h. The product was washed with excess water and ethanol. Then
the product was dried at 200 �C in air. The sintering was carried out
in a muffle furnace in air atmosphere at the temperature of 300,
450, 500, 550, 600 700 and 900 �C. The corresponding product is
denoted by the sintering temperature as S300, S450, S500, S550,
S600, S700 and S900.

The fabrication of monolith. 2 g of as-synthesized YSZ powder
was firstly dried in vacuum at 200 �C for 2 h before loaded into a
graphite die of 12mm in diameter. The sintering is carried out in a
spark plasma sintering (SPS) furnace (Dr Sinter, SPS-825, Fuji
Electronics, Japan). The sintering temperature is measured through
a thermal couple in contact with the die. The sample was heated up
at the rate of 100 �C per minute to 450 �C and held for 5min before
the sample was furnace cooled to room temperature. A pressure of
120MPawas applied to the sample at 450 �C and kept to the end of
the sintering. The obtained monolith sintered aggregate sample is
denoted as SPS450.
2.2. Characterization

SEM observation was carried out on JEOL JSM-7401 F equipped
with cold field emission gun and TEM observation was carried out
on a JEOL JEM-2100 LaB6 microscope operating at 200 kV. To pre-
pare the sample for electron tomography, YSZ powder after sin-
tering at 700 �C was dispersed in ethanol solution which was then
deposit onto the copper TEM grid (with carbon film). A droplet of a
colloidal gold solution with gold particle size of 5 nm was then
deposit on the gird to serve as the markers during the data
reconstruction process. A tilt series of 51 TEM images with tilt step
of 2� were collected to cover the range of 102�. The reconstruction
was done by using software kit IMOD. N2 adsorption-desorption
isotherm was measured at 77 K by using a Micromeritics
ASAP2020 analyzer. The pore distribution and pore volume were
analyzed by BJH method. Powder X-ray diffraction (PXRD) patterns
were collected on a Panalytical X'Pert PRO diffractometer operating
in reflection mode. The Rietveld refinement of the PXRD patterns
was done by using software suite TOPAS-Academic. To measure the
thermal diffusivity, as-synthesized powder was mixed with binder
solution in a weight ratio of 9:1 and then pressed into pellets of
10mm in diameter by using a uniaxial hydraulic press. Thermal
diffusivity was measured by laser flash method at room tempera-
ture using a Netzsch LFA 427 machine.

3. Results and discussion

The as-synthesized YSZ powder consists of compressed globular
particles of around 100 nm in diameter (Fig. 1a) and each particle is
an aggregate of nanocrystallites of 3e5 nm in size. The corre-
sponding SAED pattern shows broadened diffraction spots instead
of ring pattern implying that the nanocrystals in the particle are
aligned along similar crystallographic direction. The assembling of
nanocrystallites takes place presumably during the hydrothermal
process.

Sintering at 450 �C causes slightly growth of the nano-
crystallites, however the diffraction pattern is still similar to the one
obtained from as-synthesized sample. After sintered at 700 �C, both
the sizes of nanocrystallites and the pores increase to around
10e20 nm in diameter. It is also noticed that the broadened
diffraction spots become a few sets of slightly misorientated
diffraction patterns with sharp spots, which indicates that the
nanocrystallites within each particle are grouped into a few single
crystals with small misorientations among them, which is a typical
feature of the mesocrystal materials [2]. Increase sintering tem-
perature to 900 �C causes the further growth of the crystals and the
interconnected pores become isolated.

Fig. 2a shows a HR-TEM image taken on a particle from S700
sample. We did FFT on the marked area to study the orientation
difference. It was found that all the marked areas are along [001]
direction (Fig. 2b), implying that after sintering at 700 �C the
nanocrystallite aggregates become particles of self-supported
porous structure composed of well aligned and connected
nanocrystallites.

The synthesis of YSZ powder was also scaled up by using a
1200 L hydrothermal reactor in the factory of Size Materials Co.,
Jiujiang, China. The recipe of the industrial scale production is
similar but not strictly the same as the lab one. 96.5 Kg of powder
can be obtained from each batch and the yield was over 95%. The
same microstructure as in the lab synthesized YSZ can be obtained.
The facile synthesis procedure makes the scale-up process straight
forward, which is not achieved in most of the other published
method for the synthesis of mesoporous mesocrystal materials. The



Fig. 1. The arrangement and the size of the nanocrystallites as well as the morphology of the particles after sintered at different temperature. (a-d) TEM images and the corre-
sponding selected area electron diffraction (SAED) patterns of the as-synthesized sample, S450, S700 and S900.

Fig. 2. Nanocrystallites are well aligned in the mesoporous YSZ mesocrystal particle after sintered at 700 �C. (a) High resolution TEM (HR-TEM) image and the SAED pattern (insert)
of a particle from sample S700. Pores are indicated by yellow ellipses. (b) The fast Fourier transform (FFT) of the marked areas (blue square) in the HRTEM image.
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industrial scale production of this material also makes it possible
for other researchers to look for the applications of this material
and test it in real-life scale.

Since TEM images are the projections of an object along
particular directions, the lacking of 3-dimensional information
could lead tomisinterpretation of the images, for instance, particles
with homogeneously distributed pores or with pores just on the
surface gives out similar contrast in TEM images [26]. Therefore in



Fig. 3. (a) TEM image of a mesoporous YSZ mesocrystal particle from the sample after
sintered at 700 �C(S700), (b) a slice of the electron tomography of the particle and (c, d)
3D model of a part (thickness: 40 nm) of the particle.
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this work the distribution of the pores was studied by electron
tomography technic which uses a tilt series of TEM images to
reconstruct the 3Dmodel of a particle. Fig. 3a shows the TEM image
of a particle after sintered at 700 �C. The black dots in the image are
nano gold particles added to the sample as the markers to align the
tile series of images for the reconstruction of the tomography. The
pores in the particle can be seen from the variation of the contrast
in the TEM image but the size and distribution are still hardly
resolved. Fig. 3b shows a slice of the reconstructed tomography
from the middle part of the particle. It is clearly resolved that the
pores are in the size of around 10 nm, which is in a good agreement
with the result from N2 isothermal presented below. It is also
revealed that the pores are connected and homogeneously
distributed in the particle (Fig. 3c and d and video 1).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jmat.2019.03.001
Fig. 4. (a) PXRD patterns of the mesoporous YSZ mesocrystal powders sintered at
different temperature and the simulated reference patterns of the monoclinic and
tetragonal ZrO2. b) and c) The crystal sizes and phase ratio obtained from Rietveld
refinement of the powder XRD patterns.
PXRD patterns (Fig. 4a) were collected and Rietveld refinement
were performed to study the crystallite size and phase ratio (be-
tween monoclinic and tetragonal) in the samples. The crystallite
size increases gradually from around 5 nm for the as-synthesized
powder to around 17.5 nm and 31 nm for the S700 and S900
powder (Fig. 4b). Fig. 4c shows that the as-synthesized powder
composed mainly by monoclinic phase and the ratio of tetragonal
phase increases as the increase of sintering temperature. This is due
to the stability of the tetragonal phase YSZ increases as the increase
of the crystallite sizes. The high sintering temperature overcame
the energy barrier to convert metastable monoclinic phase ob-
tained from the hydrothermal process to tetragonal phase.

The porosity of the YSZ powders was further analyzed by using
N2 adsorption-desorption isothermal (Fig. 5). The as-synthesized
powder shows high adsorption of N2 at low relative pressure re-
gion which indicates the existence of considerable amount of mi-
cropores (pore size< 2 nm). For the sintered samples the intake of
N2 at low pressure region drops sharply while the hysteresis loop
becomes more pronounced implying the disappearing of the mi-
cropores and the appearing of the mesopores (2 nm< pore
size< 50 nm). It can also be noticed that the hysteresis loop moves
toward higher relative pressure region as the increase of the
heating temperature, which implies the increase of the pore size.
Fig. 5b shows the pore size distribution by plotting the incremental
pore volume against the pore width. The as-synthesized powder
contains mainly micropores and the increase of the sintering
temperature caused gradual increase of the pore size from around
3.3 nm (S450) to 10.5 nm (S700). However, after sintering at 900 �C,
negligible amount of pores is observed implying the collapse of the
mesoporous structure. The N2 adsorption data confirms the TEM
analysis results that the mesopores were generated after sintering
of the as-synthesized microporous YSZ powder. More importantly,
it shows that the size of the pores can be rationally controlled by
adjusting the sintering temperature.

Fig. 5c shows the changes of the pore volume of the pores in size
between 1.5 nm and 15 nm and the BET surface area. As expected,
both of them decreases as the increase of sintering temperature.
However it is found that the BET surface area drops gradually over
the temperature range while the pore volume shows sharp drop
after sintering at 600 �C and 900 �C. The decrease of the BET surface
area was due to the growth of the nanocrystallites which occurred
continuously with the increase of the sintering temperature. In
contrast, the pore volume was not affected by the crystallite
growth. While two possible reasons can lead to the decrease of the
pore volume: 1) the shrink of the particles can results in the shrink
of pores; 2) the connectivity of the pores decrease as the growth of
crystals and the increase of the pore size. As a result, some of the
pores become closed pores. A study from Coleman and Beere shows
that the volume of closed pore starts to increase when the porosity
decreases to 15% during the sintering of a homogeneously packed
UO2 ceramic [27]. In this work, each particle in the as-synthesized
powder is an assembling of around a few thousands of aligned
nanocrystals. Therefore the heat treatment process is a sintering
process for each particle. If the pores between 1.5 nm and 15 nm are
assumed to be mainly the intra-granule pores, the open porosity of
the particles can be calculated to be around 31% for as-synthesized
sample and 18% for S700 sample, which implies that the porosity is
still too high for the formation of closed pores at this stage. Hence
the decrease of the pore volume in the samples sintered at and
below 700 �C was due to the shrinkage of the particles. This is also
supported by the tomography results of the 700 �C sintered pow-
der, as the pores are still forming well connected network. While
the sudden drop of the pore volume after 900 �C sintering can be
attributed to both of the two mechanisms.

Sintering is a competition process between densification and

https://doi.org/10.1016/j.jmat.2019.03.001


Fig. 5. a) N2 adsorption-desorption isothermal curves measured at 77 K; b) Pore distribution calculated from the adsorption curve by BJH method; c) the volume of the pores in the
sizes between 1.5 nm and 15 nm and the BET surface area. The baseline of each curve in a) and b) was adjusted to avoid overlapping.
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coarsening (Fig. 6). The former one involves grain boundary diffuse,
lattice diffuse and plastic flow causing the shrink of the particles.
While the latter one is responsible for the formation of mesopores
in this work. The sharp increase of the pore size after sintering
indicates the strong coarsening effect took place during the sin-
tering. The coarsening normally involves lattice diffusion (from the
surface), the surface diffusion and vapor transportation [18,28]. We
have previously observed the coalescence of ZrO2 nanocrystals
through sliding and rotating takes place during sintering at lower
than normal sintering temperature [29]. In this study, aligned
crystallites with the size of 3e5 nm in the as-synthesized aggre-
gates facilitated the coalescence making it another possible
mechanism contributing to the strong coarsening effect.

The porosity of themonolith sintered aggregate samplewas also
studied. Comparing to S450, the SPS450 sample shows around 20%
less pore volume but around 100% larger average pore size. While
Fig. 6. Scheme of the development of the crystal arrangement in a particle during
sintering.
comparing to S600, the SPS450 shows similar average pore size but
around 40% larger pore volume. The differences are most likely due
to the enhanced mass transportation during SPS process which
strongly contributes more to the coarsening leading to a larger pore
size than the counterpart from pressureless sintering.

The effect of mesopores on the thermal conductivity is investi-
gated in this study. In order to measure the thermal conductive of
the powders, pellets were fabricated by uniaxial die pressing of the
as-synthesized YSZ powder mixed with 10wt% binder and sintered
at different temperatures ranging from 450 �C to 900 �C. Thermal
gravimetric analysis was carried out and shows that the binder
burns off at around 400 �C. Therefore all of the sintered samples are
binder-free. Fig. 7 shows that, comparing to the macroporous YSZ
from Ref.20e22, the mesoporous YSZ pellets sintered at 450 �C,
Fig. 7. Thermal conductivity and relative density of the mesoporous YSZ pellets sin-
tered at different temperature.
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600 �C and 700 �C show higher densities but considerably lower
thermal conductivity. This indicates that with similar pore volume,
mesopores are more effective than macropores to reduce the
thermal conductivity. Increase the sintering temperature to 900 �C
caused slightly increase of relative density, however, removedmost
of the mesopores in the materials thus led to the sharp increase of
thermal conductivity. This also indicates the importance of the
mesopores in reducing the thermal conductivity.

4. Conclusions

In summary we have shown that mesoporous YSZ self-
supported mesocrystals with the tunable mesopore can be ob-
tained through a chemi-thermal process starting with a hydro-
thermal synthesis followed by heat treatment. The heat treatment
can be considered as a sintering process for each particle. Due to the
microstructure features of the as-synthesized aggregates, the
coarsening is enhanced and outweigh the densification mecha-
nisms, resulting in the generation of the mesopores while main-
taining considerable pore volume. As an example of the potential
applications, we show that the mesoporous YSZ is an excellent
thermal isolator with considerably lower thermal conductivity than
its macroporous counterpart. This work not only provides a low
cost and scalable method for preparing mesoporous YSZ self-
supported mesocrystal powders, but also gives a new perspective
for preparing a wide range of mesoporous inorganic oxide
materials.

Author contributions

All authors have given approval to the final version of the
manuscript.

Acknowledgment

Berzelii Center Exselent on Porous Materials was acknowledged
for financial support to this work, so does the Swedish Research
Council. We also thank JECS Trust for providing the travelling grant.

The microstructural characterization part of the work was per-
formed at the Electron Microscopy Centre of Stockholm University,
which is supported by the Knut and Alice Wallenberg Foundation
and Electron Microscopy Center of University of Birmingham.

Abbreviations

YSZ yttria stabilized zirconia
TEM transmission electron microscopy
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