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Mass diffusion controls material structuring from the atomic to the
macro-scale defining properties and functionalities. We show here
that surface energy in Cep9Gdg 10354 shaped nanocrystals, ie.
nanocubes, nanorods and spherical nanoparticles, can control
solid state diffusion mechanisms over a long range, leading to ex-
treme microstructural diversity.

Solid state mass diffusion (SSD) is crucial in materials
technologies. As dictated by Fick's laws, SSD controls the
migration of atoms in space and time, occurring exclusively
at the solid state via interface and bulk crystalline paths.!
SSD regulates material formation into their final shapes,
from the atomic to the macro-scale. Diffusion thus
regulates the final microstructure, e.g., by regulating grain
size and porosity in sintering. SSD also controls
mechanical performances at high temperatures, as in creep,
in solid to solid joining, and chemical processes such as
solid-solid chemical contamination, powder processing and
doping.

The SSD process in oxides is thermally activated and
influenced by the composition, defects, and oxygen gas activ-
ity and by the morphology of the starting materials.”™> Mor-
phology is particularly relevant to control the final micro-
structures, especially when the starting materials are on the
nanometric scale. Nanomaterials can rapidly grow with in-
creasing temperature and time and can even lead to crystalli-
zation of three-dimensional superlattices mimicking the mor-
phology on the starting nanometric units.* Size also matters
in SSD and microstructures rapidly change from the nano- to
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the micro-scale through fast diffusive mechanisms.'® Nano-
materials can indeed densify fast at lower temperatures be-
cause of high surface energy contribution in the mass diffu-
sion process. This occurs mainly for highly packed
nanoparticles at the green stage, where fast diffusion acti-
vates simultaneous necking among the particles. However,
size effects can also impact SSD in alternative ways. SSD
mechanisms are rather complex: slow and fast mechanisms
can compete in nanoparticles with significantly different
results.>”"° The morphological features of nanomaterials can
rapidly evolve via mass flow, dissipating the high surface en-
ergy contribution at the nanoparticles, thus creating preferen-
tial paths of diffusion, controlled by slow mechanisms, and
thus leaving densification incomplete.® As fast necking be-
tween nanoparticles can be easily activated at low tempera-
ture, it can also favour agglomeration, inhibiting densifica-
tion at high temperatures."®'® Particularly for the so-called
bulk diffusive mechanism/s, activated above 0.7Tgysion (€.,
for the last stage of the sintering), a long range crystalline or-
der is needed to transport mass from the core of a crystal to
its neighbours."® The disorder introduced by the large grain
boundary generally inhibits such mechanisms.'" Therefore,
while low activation energy is required to activate the mass
diffusion at the interfaces of nanomaterials (surface and
grain boundaries), intense mass transport within and be-
tween large crystals through the interface barrier requires
high thermal energy.*'" In either cases, the interface plays a
key role as the diffusion takes place at the contact between
particles.

In this study, we discriminate the surface SSD mechanisms
by comparing the thermal evolution of nanocrystals with de-
fined crystalline morphologies. We especially investigate 10%
molar gadolinium-doped ceria (GDC) for its relevance in sev-
eral chemical, environmental and energy technologies, and
for the knowledge gathered on its diffusion effects."*® For
the morphologies, we synthesized GDC as nanocubes (NCs)
and nanorods (NRs) by hydrothermal synthesis, and random
spherical nanoparticles (RDs) were obtained by co-
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precipitation. The chemical methods are described in detail
in ref. 17 and 6, respectively.

Fig. 1 shows the overall structural (X-ray diffraction,
XRD) patterns (left hand side) and microstructural features
observed by both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) of the starting
materials after calcination at 450 °C for 2 h. The XRD
data show that the starting materials are crystalline, with
a typical fluorite diffraction pattern. The XRD analysis also
clearly indicates rather broad diffraction peaks for both
the RD and the NR samples, while the NC pattern ex-
hibits narrow peaks. These peak widths correspond to av-
erage crystallite sizes, calculated by the Scherrer equation,
of ca. 9, 47, and 7 nm for RDs, NCs and NRs, respec-
tively. As shown in the SEM and TEM images in Fig. 1,
such differences at the structural level are also reflected
at the microstructural and crystalline levels. Particularly
for the NCs, the higher intensity of the diffraction peaks
is attributed to the sharp cubic morphology of the fluorite
symmetry that ranges in tens of nanometers. The NRs ex-
hibit a linear extension of ca. 100 nm and a section in
the order of a few nanometers (ca. 10 nm) with a rather
narrow distribution of sizes. The RD nanoparticles have
an average size of a few tens of nanometers and the TEM
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inset indicates a dominant spheroidal shape with no pref-
erential crystallographic orientation.

The thermodynamic behaviour of nanocrystals is mainly
associated with the energetic term (y x A), where y and A are
the surface free energy and surface area, respectively.'® The A
values can be evaluated by simply applying the formulas of
the corresponding geometrical shapes, whereas the y values
can be obtained in previously published data. For instance,
previous reports indicated an average value of 0.3 ] m™> for
random ceria nanoparticles.” For the NCs, the characteristic
surface energy of the (100), (110) and (111) faces is expected
to be as high as ~1.6 ] m™ (as for the relaxed crystals in ref.
19), equivalent for all the six faces of the cubes. The NR sam-
ple shows two main orientations along the 1-D extension,
where the crystals are expected to minimize the surface en-
ergy to 0.3-0.7 J m 2" Considering the different shapes ob-
served from the TEM images and the corresponding nano-
crystal dimensions, the energetic content at the surfaces of
the individual nanocrystals is expected to be: RDs = 0.3 x
Ssphere = 76.3 X 107'% J, NCs = 1.6 X Scype = 21.2 X 10 ** J, and
NRs = 0.5 X Sroqs = 25.3 X 107'° J. Among the three differently
shaped nanocrystals, we can thus estimate the maximum sur-
face energy content of the NCs. Despite the calculations, the
NC sample reflects the fluorite symmetry, possessing surfaces

Fig. 1 Structural X-ray diffraction patterns (left hand side) and microstructural features observed by both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) of the starting materials after calcination at 450 °C for 2 h.
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with the same chemical energy and sharp edges with a high
curvature. The edges are thus expected to be highly reactive
for the NCs and NRs, while the spherical particles will be-
come reactive mainly when in contact with neighbouring par-
ticles, as per the Coble model.” Such anisotropy in the NCs
can in principle induce the formation of preferential surface
diffusion paths, where the crystals are packed by edge-edge,
face-face or surface-edge contacts.

Fig. 2 shows the contact dilatometry (Setaram Instrumen-
tation) curves and SEM images of the sintered samples at
1400 °C. The NC, NR and RD samples are pressed under the
same conditions (uniaxial pressure of 150 MPa) with relative
green densities (p,) in the 40-60% range depending on the
particle shape (Fig. 2(a)). A high green density (p, > 50%)
was achieved for both NCs and RDs, while a slightly lower
value (<45%) was found for NRs. The p, values were mea-
sured from several samples confirming that the initial pow-
der shape influences particle packing. The observed differ-
ences are attributed to the shape-driven packing process,
which, along with possible agglomeration effects for the RD
sample, results in a different particle-to-particle coordination
in the green ceramic body depending on the shape of the
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Fig. 2 (Top) Densification profile as relative volumetric shrinkage (a)
and densification rate (b); (Bottom) SEM images of the sintered
samples at 1400 °C for 0.1 (bottom-left) and 10 hours (bottom-right).
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crystals.>*® For the diffusion leading to the densification
process (Fig. 2(b)), the green density is a crucial parameter
that controls the densification rate as well as the residual po-
rosity under the final equilibrium conditions.*® According to
Chen et al, loosely packed starting particles are generally
expected to remain porous at high temperature.> The SSD is
monitored by free sintering (pressure-free) with a constant
heating rate of 10 °C min* in air (synthetic air flow at 50 ml
min"). The experimental data are presented here as the den-
sification (Fig. 2a) and densification rate (Fig. 2b) as a func-
tion of the temperature. The densification rate is calculated
as reported in previous studies to represent diffusion activity
as a function of the thermal energy (see ref. 11-14 and 20).
The plots display several unexpected features. Generally, the
fastest densification is expected for the highest p,, ie. the
NCs (ponc = 0.55). However, the NRs, with the lowest green
density (ponr = 0.4), show the fastest densification starting at
low temperatures between 300 and 500 °C. Fig. 2 also reveals
that NCs exhibit no densification but rather a slight expan-
sion during the thermal treatment. By analysing the dp d7~"
curve, dilatometry indicates that the diffusive activity leading
to densification is practically null for the NCs. Conversely,
diffusion is well-pronounced for the NRs. Interestingly the
rods show an accelerated diffusive activity with two local
maxima taking place at 800 and 1050 °C, where the intensity
of the mass diffusion at 1050 °C is higher than that at 800
°C. This second high-temperature maximum is also unex-
pected and it indicates a two-stage diffusive process, where
the first stage controls the second one. Such a diffusive be-
haviour is typical of multiphase systems such as composite
or porous materials.” Conversely for the RD powders, a typi-
cal densification process consists of a progressive, single-step
densification, where the most intense diffusive activity acti-
vates at the first stage (i.e. the particle necking and rapid
densification of the nanoparticles). The intermediate stage of
the sintering, corresponding to residual porosity annihilation
and grain growth, has generally minor densification, i.e. in
the RD sample for temperatures above 900 °C. The SEM anal-
ysis of the samples after a heat treatment of 0.1 hours and af-
ter a prolonged sintering of 10 hours at 1400 °C is reported
in Fig. 2(right panel). The final microstructures indicate a
nearly full densification of both the NR and RD samples, with
the typical polycrystalline morphology and flat grain bound-
ary. A careful analysis of grain boundaries in the sintered
NRs indicates a fast and complete diffusive process that
resulted in a rather homogeneous microstructure with a nar-
row grain size distribution and no traces of stable porosity,
as expected from the two-stage activity in Fig. 2b. For the RD
sample, some residual porosity could be encountered as a re-
sult of typical agglomeration issues often found in the fast
sintering of nanoparticles (not shown in Fig. 2).® As for the
most interesting result, it is seen in the NC solid state diffu-
sion process, in which open porosity is structured in the body
of the samples after both heat treatments at 0.1 and 10
hours. The rounded shapes of grains after sintering for 10
hours in the NC sample indicate an intense diffusive process
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that promotes the change from the cubic shape to the spheri-
cal shape. Remarkably, the grains have well-defined and lim-
ited necking and this feature leads to extensive rounded po-
rosity in the consolidated ceramic body (digital evaluation of
grain and pore sizes was carried out using Image J as in ref.
11). Such a result suggests that the porosity is stable in the
NC sample, despite the pores being smaller than the grains,
e.g. (~1 um pores vs. ~2 um grains after 10 hours). The evo-
lution of the crystallite size of both NRs and NCs was mea-
sured by XRD analyses of the as-synthesized materials and af-
ter heat treatments between 850 °C and 1400 °C (see Fig. S1
in the ESIf). The results showed that SSD in NC crystals is
substantially inert, whereas NRs present a rapid evolution of
the crystallinity. The diffusion coefficients calculated at 1400
°C, D400, through the grain boundary as in ref. 2, are Dycs =
3x 10 ™ em® s, Dyrs = 3 X 10 ecm? s7! and Dgps = 5 X
107" em?® s, Such estimated values are consistent with pre-
vious calculations on GDC at the late stage of sintering and
indicate that NCs are at least one order of magnitude less dif-
fusive than RDs and NRs.®'* Moreover, from the microstruc-
tural observations in Fig. 2, the diffusive mechanisms leading
to the transition from the specific nanostructured shape to
the final sintered grains appear to be controlled by the cubic
shape only. On the other hand, NRs lose rapidly the rod-like
shape to evolve into spherical particles. SEM characterization
of the samples treated at intermediate stages of sintering
(800 °C and 1100 °C for 0.1 h) is shown in Fig. S2+ and con-
firms such features. To have a closer look on the microstruc-
tural evolution of the nanopowders, a spark plasma sintering
(SPS) treatment was carried out at 70 MPa up to 980 °C with
5 min dwelling under a constant dc current of 1 kA, in a vac-
uum (Dr. Sinter Lab 515S, Fuji-SPS, Japan) on both the NC
and NR samples. By such a rapid sintering process, it is pos-
sible to have an insight into the preferential and most ener-
getic mass diffusion mechanisms activated under the effect
of both the applied electric field and pressure. This is espe-
cially relevant for the NC samples that exhibit a slow mass
diffusion and stable porosity. Fig. 3 shows the details of the
densification profile during SPS (top) and the resulting
microstructures by SEM after the treatment of the NC and
NR samples (bottom). The SPS profile indicates similar fea-
tures of the conventional sintering as observed in the dila-
tometry curves reported in Fig. 2. The SPS profile in Fig. 3
confirms an inhibited mass diffusion transport in the NCs,
despite the intense conditions of SPS. Surprisingly, the final
relative density of the NC sample was around 50% with half
of the sample remaining porous. For the NRs, the SPS pro-
cess showed fast densification at the early stages. The SEM
images in Fig. 3(bottom) clearly show a rapid evolution of the
NRs into the spherical grains with very few residual rods in
the sample. This result is consistent with the free sintering
process (Fig. 2), in which no traces of rods resulted for the
sample densified at 1400 °C. On the other hand, Fig. 3 indi-
cates that the NC sample retained its cubic shape after SPS,
especially for the few large particles still present in the mate-
rial (inset Fig. 3).

4028 | CrysttngComm, 2019, 21, 4025-4029

View Article Online

CrysttngComm
1000 : : 2.0
800 115
— —— \ £
o £
3;; 600 - NRs (SPS) 110 2
2 s
§ §
g 400 {05 ¢
E / a
= 200 {00 °
/ NCs (SPS)
0 r ; : -0.
0 400 800 1200 1600

Time (Sec)

Fig. 3 Densification profile during SPS (top) and the resulting
microstructures by SEM after the treatment of the NC and NR samples
(bottom).

Conclusions

GDC nanoparticles with different shapes have rather dissimi-
lar diffusive behaviours. Such effects are the result of the crit-
ical role of the surface mechanisms over the bulk diffusion
mechanisms. The preferential surface diffusive paths can
control the overall diffusion, even overcoming the packing
factors at the green state and the overall energy content in
materials, e.g. as expected from the grain size. As an extreme
case, we disclose that solid state diffusion mechanisms in
nanocubes are geometrically confined, inhibiting porosity an-
nihilation, grain growth and even morphological changes
from the cubic shape. The surface energy in NCs leads to a
“locked” diffusion, even under the severe conditions of the
SPS treatment, with the possibility to form a highly porous
continuum with stable porosity, even at high temperatures.
Such a result is relevant for those applications in which po-
rous ceria is desired under harsh operative conditions, e.g. in
high temperature catalysis, solid oxide electrochemical cells
and thermochemical water splitting. Conversely, the high sur-
face energy in NRs leads to a rapid rod to spheroidal transfor-
mation and to a rapid densification with maximum activity at

This journal is © The Royal Society of Chemistry 2019
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ca. 1100 °C. Full density and equilibrium microstructures
resulted in NRs, despite the low green density of ca. 45%,
overcoming the general effects associated with the particle
coordination and densification paths. These two cases
strongly suggest that topological features in nanometric ceria
can influence the microstructural assembly even in the case
of randomly packed particles.
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