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Nanostructures tend to be unstable at high temperatures due to large capillary energies, and therefore
nanotechnology has not yet found many high-temperature applications at 1000 �C and above. By
taking advantage of the high-temperature stability of refractory ceramics, here we develop a new
approach of making hollow nano-grained materials to achieve thermal superinsulation across a wide
temperature range, where the gaseous voids are mostly isolated within individual grain, with size
comparable to the mean free path of air molecules to lower the thermal conduction by Knudsen effect.
We have proved this general concept with hollow-grained La2Zr2O7 ceramic, and demonstrated
exceptionally low thermal conductivity (0.016W/(m�K)), the lowest ever reported for hard materials at
or above room temperature. The centimeter-scale samples also have ultrahigh compressive strength
(251 MPa), tensile strength in bending up to 100 MPa, and excellent thermal stability up to 1400 �C in
air, due to monodispersity of pores that delays coarsening.
Introduction
Crystalline ceramic nanowires (1D) and nanoshells (2D) can be
surprisingly robust mechanically in bending, and even stretch-
ing. If properly assembled into closed-cell foams or open-cell
nanolattices, the 3D assembly could possess a satisfactory level
of flaw tolerance [1] and structural integrity seen in some ceramic
nanolattices [2], with distinctly different macro-properties from
the monolith [3]. Porous materials design by judiciously control-
ling the air pore topology and geometry could change the effec-
tive properties of a macroscopic solid by several orders of
magnitude [4]. In particular, it has been shown that the thermal
conduction properties can vary greatly by tailoring the porous
architecture in terms of porosity (ranging from a few to >95vol
%), pore size (from several nanometers to millimeters), shape,
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interconnectivity and distribution of pores, and so on, all of
which are strongly influenced by the manufacturing method
[3]. For example, bulk hollow micro-/nanostructures have been
synthesized by hard/soft/sacrificial templating [5,6], and has
been used for enhancing thermal insulation [7], wherein cavity
size reduction to about � 350 nm led to a marked decrease in
the effective thermal conductivity. However, in order to achieve
ultralow thermal conductivity, a high porosity, i.e. low density,
is usually required, which often leads to poor mechanical integ-
rity. Fortunately, the mechanical degradation could be largely
slowed down if appropriately designing material’s microarchitec-
ture [8]. In this work, we exercise such design freedom on La2Zr2-
O7 (LZO), a refractory ceramics with lower bulk thermal
conductivity and better thermal stability than yttria-stabilized
zirconia (YSZ) [9]. We show that the effective thermal conductiv-
ity can be reduced by another two orders of magnitude while main-
taining satisfactory strength characteristics as a hard material, in
35
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FIGURE 1

Material processing. Schematic of the two-step sintering process developed in this study.
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a well-designed hollow-grained polycrystal that we call “Voronoi
foam”, with potential application as thermal barrier coating [10]
in erosive or other mechanically/chemically demanding condi-
tions, or as free-standing film for thermal insulation in high-
temperature MEMS/NEMS devices. The synthesis strategy we pre-
sent is general and can be applied to many crystalline ceramic
materials.

As LZO has excellent thermal stability in air and thermal
shock resistance [9], our goal is to design a thermal superinsula-
tor out of it in a very wide temperature range. A thermal superin-
sulator has thermal conductivity k < kair = 0.026 W/(m�K)
(diffusive only, without convective heat transfer). Monolithic
LZO has k 1.5–2W/(m�K) in the wide temperature range between
200–1500 �C [9], already close to the minimum thermal conduc-
tivity of 1.4 W/(m�K) [11] for dense solid based on Einstein’s fun-
damental derivation [12]. We are thus constrained by the
following considerations in order to induce thermal superinsula-
tion across a wide temperature range, where the effective k of the
ceramic/air composite must be less than that of either the cera-
mic or the free air:

i) The volume fraction of the LZO phase (/ceram) must be low
enough because heat conduction through percolating LZO
ligaments is much faster than in air.

ii) However, /ceram cannot be too low due to the mechanical
robustness requirement for the coating or free-standing
film in erosive or other mechanically demanding environ-
ments [10].
36
iii) Because the mean free path of air molecules in free air is
�70 nm at ambient pressure [13], the pore diameter D
must be nanoscopic in order for the mean-free path of air
molecules to be dimensionally confined (Knudsen effect
[14]), to achieve thermal conductivity less than free air.

iv) On the other hand, hollow nanostructures are thermody-
namically unstable [15]. High-temperature aging drives
thermal vacancies emission and coarsening of the pores,
and eventual consolidation. To delay the consolidation
of pores at temperature up to 1500 �C, D cannot be too
small.

Aerogels, while achieving thermal superinsulation, are situ-
ated in a completely different materials parameter space, with
much lower /ceram and much smaller D. They are much softer
and weaker mechanically, with Young’s modulus in the MPa
range, and do not qualify as hard material. They have huge
internal surface area (500–1500 m2/g) and capillary energy den-
sity, so generally become thermally unstable and consolidate
above 700 �C. Also, structurally speaking, aerogels are more like
open-cell lattices with 1D chains, whereas our material is much
closer to closed-cell foams with high-quality single-crystalline
walls, giving much lower fluid permeability across the sample,
thus stopping the penetration of corrosive agents. Our hollow-
grained structure is akin to Voronoi partition of 3D space, with
the partition centers at the origin of spherical pore in each
grain, and thus we call this structure “Voronoi Nanofoam”

(Fig. 1). To delay coarsening, the pores need to be highly
monodisperse, enabling thermal stability up to 1400 �C.
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Results and discussion
In this study, the sacrificial templating method is used and the
synthesis method is schematically illustrated in Fig. 1. First,
highly monodisperse carbon spheres (CSs) are synthesized and
used as the templates. The CSs are then coated with La2Zr2O7

by immersing them in a liquid precursor to form CS-La2Zr2O7

core–shell nanopowder. Subsequently, the core–shell powder is
sintered to dense ceramics in a protective atmosphere. Finally,
the ceramics are heat-treated in air to remove the carbon cores
to form the hollow-grained structure. This method provides flex-
ibility to tailor the pore size (by varying the size of the CSs) and
wall thickness (by varying the thickness of the La2Zr2O7 coating
layer) independently for optimizing the properties.

A hydrothermal process was adopted to synthesize the CSs,
which can produce a large quantity of monodispersed CSs [16].
Fig. 2a and 2b are typical SEM and TEM images of the as-
synthesized carbon spheres, respectively. It is seen that the CSs
exhibit perfectly spherical shape with a very uniform size of
D � 240 nm. Such CSs were then coated with La2Zr2O7 precursor
by immersing them into a solution containing La(NO3)3 and
ZrOCl2. SEM image of the CSs after coating (Fig. 2c) reveals that
the surface of the coated spheres becomes rough, indicating the
presence of the coating, while the powders still have a well-
defined spherical shape and excellent mono-dispersity. TEM
observation (Fig. 2d) shows an obvious contrast between the
FIGURE 2

Characterizations of precursors. (a) SEM and (b) TEM images of as-obtained ca
La2Zr2O7-carbon hybrid composites after coating.
edge and center of the coated powders. EDS analysis (Fig. S1)
reveals that there is a much higher amount of La and Zr around
the edge area than in the center, confirming the presence of the
coating on the surface. Close observations of more than ten
spheres suggest that the coating layer is dense and completely
covers the CSs. By controlling the immersion time, the core–shell
powders with different coating thicknesses were synthesized as
shown in Table 1.

The coated powder was then compressed into green compacts,
which were sintered at 1650 �C for 2 h in argon protection. This
densifies the ceramic skeleton while it was still supported by the
CS template. The sintered samples were then calcined in air at
800 �C for 12 h to remove the CSs templates and form hollow-
grained structure. XRD and Raman analyses (Fig. S2) revealed
that the resultant hollow-grained ceramics was a single-phased
crystalline La2Zr2O7 with cubic Fd-3 m space group [17]. No trace
of carbon was detected, which suggests the complete removal of
the inner carbon. The microstructure of the hollow-grained
ceramics was analyzed using electron microscopy. Fig. 3a shows
an SEM image of the fracture surface of the material. It is seen
that the ceramic skeleton was sintered to almost full density,
with faceted polyhedral grains and uniform grain size of
�200 nm.

The tetrakaidecahedron grains were obviously transformed
from the spherical starting particles during sintering. The
rbon spheres from hydrothermal method; (c) SEM and (d) TEM images of
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FIGURE 3

Microstructures of hollow-grained La2Zr2O7 ceramics. (a) Panoramic and (b) high-magnified SEM image of the cross section after calcined in air at 800 �C for
12 h; (c) TEM image and (d) corresponding SEAD pattern of the bulk. The insert represents a tetrakaidecahedron model; (e) mercury intrusion results
demonstrating the porosity distribution and the inset stacked column chart reveals the closed porosity and open porosity; (f) illustration of heat transfer
paths where the blue skeleton represents LZO shell, green arrows show heat transfer through gas phase and wine arrows indicate heat transfer through LZO
phase.

TABLE 1

Thermal and mechanical properties of the hollow-grained La2Zr2O7 ceramics with different shell thicknesses and the solid La2Zr2O7 counterpart.

Shell thickness (nm) q (g/cm3) Porosity (%) k* (W/(K�m)) rf (MPa) rf/k*

20 0.71 88.2 0.016 101.4 ± 1.3 6337.5
30 1.23 79.5 0.020 157.7 ± 4.5 7885.0
40 1.47 75.6 0.022 228.2 ± 7.5 10372.7
50 1.86 69.1 0.025 259.1 ± 9.7 10364.0
Pure La2Zr2O7 6.014 / 1.900 518.8 185.3

k* is the room-temperature thermal conductivity.
rf is the compressive strength.
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FIGURE 4

Thermal performance of hollow-grained La2Zr2O7 ceramics. (a) Comparison of thermal conductivities measure experimentally through LFA and TPS with
predicted values from the thermal conductivity bounds proposed by ME and EMT models; (b) thermal conductivity of La2Zr2O7 ceramics at various
temperatures.
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mono-dispersity and the spherical shape of the starting particles
likely facilitated such a transformation, with very little coarsen-
ing in the process. It is also seen (Fig. 3a) that the fracture was
almost intergranular, suggesting the grain is stronger than the
grain boundary, even though the wall of the ceramic skeleton
was only a few tens of nanometers. From the broken grains
(Fig. 3b), it is obvious that the tetrakaidecahedron grains have
a hollow structure. The hollow nature of the La2Zr2O7 grains
can be seen more clearly from the TEM image (Fig. 3c), which
reveals that the grain had a tetrakaidecahedron outer shape
and nearly spherical inner cavity (see insert in Fig. 3c). The thick-
ness of the ceramic wall was about 20–30 nm. From the SAED
pattern in Fig. 3d, a pure LZO cubic diffraction is observed, with
no presence of any other atoms, also indicating carbon is com-
pletely eliminated after two-step sintering (Fig. 1). Mercury intru-
sion measurement was used to determine the size distribution of
the open pores, and as shown in Fig. 3e, some open pores with a
size of 0.6 lm as well as a large fraction of 140 nm open pores
that are originated from the inner voids of the hollow grains
(as compared to Fig. S3), were detected. Furthermore, the open
porosity of the samples was measured using the Archimedes’
method with distilled water as the immersion medium, and the
results can be found in the inset of Fig. 3e. It seems for samples
with different shell thickness, the open porosity is similar, at
around 40%. Previous researches reveal that for porous ceramics,
the gas phase has a physical percolation threshold at the porosity
value of �30% [18] and mechanical percolation threshold of
20% porosity [19], both of which, however, are not necessarily
the critical porosity from a heat transfer perspective. As a matter
of fact, with such a moderate porosity in this study, it seems the
gas phase and ceramic phase could be locally continuous and
form heat transfer pathways, as illustrated in Fig. 3f.

The density of the sintered ceramics was measured using the
Archimedes method and listed in Table 1. The ceramics exhibited
a high porosity (/ceram as low as 11.8 %) even though the skele-
ton was sintered together. The Voronoi foam structure is stable in
air in the temperature range of 25–1400 �C, and the high-
temperature shrinkage is especially evaluated in Fig. S4. After
samples treated at 1400 �C for 2 h, negligible linear shrinkage is
observed, confirming the high-temperature stability. Its thermal
diffusivity was measured using laser-flash method. The thermal
conductivity (k) was then calculated and listed in Table 1, using
the following equation:

k ¼ CpðTÞ � aðTÞ � qðTÞ ð1Þ

where Cp(T) is the specific heat capacity of La2Zr2O7 obtained
from the literature, a(T) is the thermal diffusivity, and q(T) is
the density of the material. Note that the slight decrease in the
density due to thermal expansion is neglected, and q(T) �
6.014 g/cm3 is adopted in this study. On the other hand, a mod-
ified model of Cp(T) is proposed in Fig. S5, where the heat capacity
of La2Zr2O7 at various temperature can be estimated by Cp (T)
= 0.456 + 0.0000523 T – 6635 T�2, and the specific heat capacity
of LZO at 25–1400 �C that is used in Eq. (1) is listed in Table S1.
The temperature dependence of thermal diffusivity is determined
from transient temperature versus time curves, and a typical mea-
surement along with its fit is provided in Fig. S6. To take thermal
radiative heat loss into consideration, instead of the conventional
half-rise-time method, Cape-Lehmann-model [20], which main-
tains a non-linear regression with consideration of radial and
facial heat losses, is used to fit the transient temperature history
curve obtained by the laser flash [21]. It is seen that all obtained
ceramics had extremely low thermal conductivity, which are
about two orders of magnitude lower than that of the bulk coun-
terpart and even lower than that of air (0.026 W/(m�K)) [22]. The
thermal conductivity of the ceramics decreases with decreasing
the thickness of the shell. The sample with a shell thickness of
20 nm has thermal conductivity as low as �0.016 W/(m�K),
which is the lowest value that has ever been reported for hard
materials. As double-check, we also utilize a transient plane source
method (TPS) to measure the thermal conductivity from 25 �C to
500 �C and compare the measured values with LFA results in
Fig. S7. Some discrepancy could be observed, most of which is
on the 10�3 W/(m�K) order of magnitude, except the 50 nm sam-
39
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ple tested at 25 �C where TPS measurement is 0.014 W/(m�K)
higher than that from LFA measurement. Because estimation of
the thermal conductivity through LFA requires additional knowl-
edge of other relevant properties, such as thermal diffusivity,
specific heat, density, and sample thickness. Errors in the mea-
surement of these additional parameters are propagated through
data reduction and result in error in the thermal conductivity
determination.

In Supporting Information (SI), we modeled the measured
conductivity bounds by the Maxwell-Eucken (ME) and Effective
Medium Theory (EMT) models, where the Knudsen effect [14]
on gaseous thermal conductivity (Ar gas is assumed here because
different gases seem to have negligible influence (<0.01 W(m�K))
on the overall thermal conductivity, as revealed in Fig. S10 and
Table S2) in confined pores is taken into consideration. Fig. 4a
compares the thermal conductivity measured experimentally
(both LFA and TPS) with those proposed thermal conductivity
bounds. While EMT model well predicts the thermal conductiv-
ity of samples with 50 nm-thick nanoshells, some deviation can
be seen in the thermal conductivities of samples with smaller
shell thickness. Previously, the effective thermal conductivity
region bounded by the Hashin-Shtrikman model [23] could be
divided into external porosity and internal porosity regions by
the EMT equation [24]. To be specific, external porosity is identi-
fied as that in which the gaseous component forms continuous
conduction pathways and internal porosity is that in which
the condensed phase forms continuous conduction pathways.
Apparently, for samples with a shell thickness of 20–40 nm,
the effective thermal conductivities lay within the “internal
porosity region”, indicating the majority of the heat transfer is
through the condensed phase, namely the LZO skeleton.

The thermal conductivity and stability of the hollow grained
La2Zr2O7 ceramics were tested from 25 �C to 1400 �C. As shown
in Fig. 4b, the thermal conductivity of La2Zr2O7 decreases gradu-
FIGURE 5

Mechanical performance. (a) Compressive strain–stress curves of the hollow gr
plotted against relative density (q/qb) on logarithmic scales for hollow LZO wit
thermal conductivities. Here polymer foam [30], silica aerogel [31], hollow nic
ceramics were compared with hollow LZO.

40
ally with increasing temperature up to 800 �C, and then increases
slowly with further increasing temperatures. We think the non-
monotonic temperature dependences of thermal conductivity
are caused by a combined action of three mechanisms: (a) solid
state thermal conductivity (ks), (b) gas thermal conductivity
(kg), and (c) radiation thermal conductivity (kr). For crystalline
LZO, ks generally follows the 1/T law and decrease with T [25],
while at high temperature, where the phonon mean free path
is comparable to the crystal lattice size, ks almost maintains con-
stant and does not change with T. Regarding gas thermal con-
ductivity, as will discussed in SI, its relationship with T could

be expressed as 0:017
1þ0:00676T, exhibiting a monotonical decrease with

T. Therefore, in the low-temperature range, kg and ks, both of
which exhibit a decreasing trend with temperature enhance-
ment, dominate and add up together to contribute the measured
thermal conductivity, whereas thermal radiation conductivity

calculated by 16n2rT3

3a [26], where n is the refractive index and a

is the mean absorption coefficient of LZO, monotonically
increases with T starts to be competitive at certain high temper-
ature (we guess from 800 �C in this study). Therefore, the overall
thermal conductivity exhibits a nonmonotonic temperature
dependence. Similar temperature dependences of thermal con-
ductivity have been obtained for Al2O3 hollow spheres tested
in nitrogen [27]. Note that the Kapitza resistance of grain bound-
aries was not considered. According to a previous report about
YSZ materials [28] that have similar thermal properties with
LZO, the Kapitza resistance is temperature independent above
room temperature, indicating the same temperature dependence
for polycrystalline LZO bulk with nano-size grains. For our sam-
ple with a shell thickness of 20 nm, the thermal conductivity of
0.0126 W/(m�K) was achieved at 800 �C. This value is more than
100 times lower than the calculated amorphous limit of bulk
LZO [11]. The very stable thermal conductivity at high tempera-
ained La2Zr2O7 specimens. The inset is relative compressive strength (r/rb)
h different shell thickness; (b) Ashby chart of compressive strength versus
kel microlattices [32], concrete foam [33], alumina nanolattices [2,34] and
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tures up to 1400 �C also indicated that our hollow material exhi-
bits excellent thermal stability (consistent with high-
temperature shrinkage results in Fig. S4), despite the thermody-
namic tendency to consolidate [15]. All these validate the success
of our materials design strategy.

To characterize mechanical properties of the porous La2Zr2O7

ceramics, compression tests were carried out on samples with dif-
ferent shell thicknesses, as well as the dense La2Zr2O7 counter-
part. Fig. 5a shows the representative compressive stress–strain
curves. Unlike the dense counterpart, which exhibits a typical
brittle fracture during compression, the hollow grained ceramics
exhibited “pseudo-ductile” behavior. Compressive stress firstly
increases with increasing strain, becomes constant, and then
increases with increasing strain again. The increase in the stress
after a long plateau corresponds to the initiation of local densifi-
cation of the hollow-grained La2Zr2O7 ceramics. Similar stress–
strain curve behavior was reported by Ashby [4,29] and Greer
et al. [2]. The compressive strain for all the samples of different
shell thicknesses can reach 30–34% before the occurrence of den-
FIGURE 6

The formation mechanism of the Voronoi Nanofoam structure. (a) Green body b
spheres, and the micro-porous outer layers represent very small randomly orient
inside which grain coarsening is greatly expedited. (b) Illustration of 1:2 arrange
arrangements by the time the rough contact interfaces are eliminated completel
by one grain. (e) Voronoi structure after sintering, with dense single crystal su
lattice orientation, which is inherited from a single nanograin in (a), which has
sification, which indicates large damage tolerance [1] and load-
bearing capacity. The compressive stress, i.e. the failure strength,
of the hollow grained La2Zr2O7 ceramics is listed in Table 1,
which decreases from 259 to 101 MPa with decreasing shell
thickness from 50 nm to 20 nm (shell thickness uncertainty is
also measured in Fig. S8). An Ashby chart of compressive
strength versus thermal conductivity that compares the polymer
foam [30], silica aerogel [31], hollow nickel microlattices [32],
concrete foam [33], alumina nanolattices [2,34] and ceramics
with hollow LZO is plotted in Fig. 5b.

Furthermore, the measured values of the failure strength rf are
fitted by a classic model of mechanical strength of cellular solid,
which is generally expressed as a function of the density q [29]:

rf

rf ;b
¼ b

q
qb

� �m

ð2Þ

where rf, b is the fracture strength of the corresponding bulk mate-
rials. The constants of b and m depend on the structure of the cel-
lular solid with m = 3/2 for bending-dominated behavior, and
efore the 1650 �C sintering. Red, blue, green filled circles represent carbon
ed nanograins of ceramics. The unfilled circles represent “circle of influence”,
ment, where one carbon sphere, surrounded by two grains). (c) Formed 1:1
y. (d) Illustration of 2:1 arrangement, where two carbon spheres, surrounded
rrounding each carbon sphere. The orthogonal frames represent the grain
grown to surround one and only one carbon sphere completely.
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m = 1 for plastic stretch-dominated behavior [29]. Using the data
in Table 1, one obtains b = 0.22 and m = 1 (inset of Fig. 5a). While
conventional cellular foam materials with stochastic porosity are
known to deform predominantly through bending of their cell
walls/struts (m = 1.5–2), it seems our delicately designed Voronoi
foam has a reduced coupling relationship between mechanical
properties and mass density, exhibiting a slower degradation in
mechanical properties as the density decreases.

Additionally, four-point bending test of the hollow grained
La2Zr2O7 ceramics was also performed (Fig. S5), in which a tensile
stress state is sustained in half of the specimen. The peak tensile
strength of the composite is measured to range from 100 to
50 MPa with decreasing shell thickness from 50 nm to 20 nm.
This is extraordinary for a light ceramic foam, and is orders of
magnitude larger than aerogels.

We would like to end by addressing a puzzling aspect of our
process. The final Voronoi foam structure has excellent thermal
stability against coarsening, due to the high degree of monodis-
persity of the grain and air pore sizes inside. Because each carbon
sphere was initially coated with very small nanograins of ceram-
ics with plenty of pores in between (Fig. 6a), it is reasonable to
ask why and how during the 1650 �C sintering, these nanograins
coarsen into a larger single-crystal grain that envelops the carbon
sphere completely, so there is just one carbon sphere per grain
(1:1), and not say, a 1:2 arrangement (one carbon sphere, sur-
rounded by two grains, as illustrated in Fig. 6b), or 2:1 arrange-
ment (two carbon spheres, surrounded by one grain, as
illustrated in Fig. 6d), which are indeed rarely seen in electron
microscopy of our material. Each carbon sphere appears to have
its own “circle of influence” (red, blue and green circles in Fig. 6a)
that facilitates grain coarsening inside, but not towards the out-
side of the circle, resulting in the eponymous Voronoi tessella-
tion of space by dense crystals. It would be quite improbable to
achieve the 1:1 Voronoi foam structure if the nanograins coars-
ening follows the standard von Neumann curvature-driven grain
growth theory [35,36]. Here we believe the carbon spheres in our
process are essential in providing the long-range director (purple
arrows in Fig. 6a) for 1:1 arrangement, by the following
mechanisms:

i) The green body contains a lot of nanopores at the rough
contact interfaces between coated spheres. Elimination of
these nanopores is energetically more urgent than nano-
grains coarsening, because surface energy is higher than
grain boundary energy. In usual sintering without pres-
sure, the nanopores can easily coarsen into some very large
pores inside the material, which degrade the performance.
Here, however, the initial carbon spheres are porous them-
selves, and provide natural sink for the excess vacancies
emitted from these “contact nanopores” at the rough con-
tact interfaces.

ii) Due to this initial radial flux of vacancies from outside the
“circle of influence” to the central carbon sphere, grain
growth inside the “circle of influence” is greatly expedited.
The standard grain growth theory [35,36] requires grain
boundary migration and short-range diffusion only. But
here, the long-range vacancy influx (purple arrows in
Fig. 6a, percolating through the nanograin boundary net-
42
work) like drainage basin in hydrology would greatly accel-
erate grain boundary migration and grain coarsening
within the sphere of influence, before the contact nano-
pores at rough contact interfaces are completely eliminated
and two spheres start to compete for atoms.

iii) By the time the rough contact interfaces are eliminated
completely (Fig. 6e), it is likely that the 1:1 arrangement
have already formed completely (a single grain has already
unified each and every “circle of influence”, as demon-
strated in Fig. 6c). Thereafter, grain coarsening would be
a much slower process, because with the high uniformity
of the coated spheres, the ceramic grains are all of nearly
equal sizes.

iv) The green body will then slowly undergo about 40% vol-
ume shrinkage, due to the elimination of free volume accu-
mulated in each carbon sphere (one can think of this
process as pore coarsening, with the free space outside of
the sample being by far the largest “pore”). In other words,
the carbon spheres will shrink, with the ones closest to the
sample free surface shrinking the fastest. However, during
the 1650 �C sintering in Ar protective environment, the
carbon cannot disappear, so there is a limit to how much
the carbon sphere can be squeezed. One can reduce, but
never eliminate, the center space extended by the densified
carbon. After waiting for considerable time (due to slow-
ness of (c), one can afford to wait a long time), all the car-
bon spheres are fully squeezed, and one achieves beautiful
Voronoi tessellation with close-to-perfect tetrakaidecahe-
dron shaped grains.

v) Then in the last step of 800 �C oxygen exposure, one elim-
inates the carbon spheres, and ends up with a highly
monodisperse Voronoi foam with nearly identical grain
and pore sizes, essential to the excellent thermal stability
of the final product.

Conclusions
In summary, the hollow-grained La2Zr2O7 “Voronoi Nanofoam”

with ultralow thermal conductivity, sufficient mechanical
strength and excellent thermal stability in air across a wide tem-
perature range has potential as thermal insulation and corrosion
protection layer in energy, aerospace, manufacturing, and micro-
electronics industries, where the challenging mechanical envi-
ronment (such as erosion) and/or high temperature makes
aerogels impractical. Our approach of making these nanoporous
ceramics in bulk form is very general, and should apply to a wide
variety of ceramics besides La2Zr2O7. The results demonstrate the
unique properties of cellular ceramics where a macro property
can be tuned by orders of magnitude, while still maintaining
the extraordinary thermal and corrosion stabilities of crystalline
ceramics. It firmly demonstrates the rationale and power of nan-
otechnology for high-temperature applications, by design.
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