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ABSTRACT: The deep understanding of the sintering mecha-
nism is pivotal to optimizing denser ceramics production. Although
several models explain the sintering satisfactorily on the micro-
metric scale, the extrapolation for nanostructured systems is not
trivial. Aiming to provide additional information about the
particularities of the sintering at the nanoscale, we performed in
situ experiments using high-resolution transmission electron
microscopy (HRTEM). We studied the pore elimination process
in a ZrO2 thin film and identified a high anisotropic pore
elimination. Interestingly, there is a redistribution of the atoms
from the rough surface in the solid−gas surface, followed by the atom attachment in a faceted surface. Finally, we found evidence of
the pore acting as a pin, reducing the GB mobility. These findings certainly can contribute to enhance the kinetic models to describe
the densification process of systems at the nanoscale.
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Despite being an ancient thermal process used to obtain
materials, the scientific basis of the sintering process was

established after the World War II.1 The sintering is a thermally
active process, where two phenomena compete for thermal
energy, i.e., densification (or pore elimination) and grain
growth.1 The sintering process can be wanted, for instance, to
process pore-free nanostructured materials aiming to take
advantage of their grain-size dependent physical properties;2,3

or even unwanted, particularly in nanocatalyst materials used at
high temperatures.4,5 The driving force for densification is
lowering the surface free energy by replacing solid−gas
interfaces. This process will result in a new, but lower-energy,
solid−solid interface with a total decrease in the system’s free
energy.1,6 More recently, we have witnessed significant progress
in the sintering methods, which enabled us to obtain materials
with differentiated properties.1 However, getting nanostruc-
tured materials with controlled porosity and particle size is not
yet a routine. The development of new synthetic routes and the
controlled assembly of nanoparticles brought new hope in
advancing particulate materials processing. Despite it, the use of
nanoparticles to obtain nanostructuredmaterials with controlled
porosity and final grain size proved not to be an easy path.
Perhaps we need to take a step back to better understand the
sintering of the materials at the nanoscale (nanomaterials) and
then advance in their fabrication process.
As Castro and Gouvea7 and Cheng and Wang8 elegantly

discussed in their review articles, there are limitations in the
sintering models developed for micrometric-scale particles to
explain the sintering process of nanomaterials. These limitations
are related to the thermodynamics driving force associated with

the radius of curvature of the neck (contact area formed among
particles) and the anisotropy of the surface energy of the
nanoparticles.7 In addition to the simplifications mentioned
above that impact sintering models at the nanoscale, other
considerations also affect kinetic models, even at the micro-
metric scale. For instance, the sintering models assume that
atomic diffusion is the rate-controlling step for the overall
sintering kinetics.6,9 However, as Bordia et al.1 pointed out,
interfacial reactions related to atomic transport can also take part
or control the sintering process. The interfacial reactions are
related to faceted (atomically ordered and macroscopically
straight or zig-zagged) grain boundary and pore surfaces
regions.10−13 Experimental results have indicated the existence
of a critical driving force for densification in samples with faceted
grain boundaries,10−13 supporting the idea that we should
consider the interfacial reaction to describe the sintering
process. The correlation between the interface faceting and
the limit of densification relies on the assumption that the
detachment or attachment of atoms in the faceted surface can
control the densification kinetics.1,10−13 Identifying the critical
driving force for the sintering process in systems that present
faceted boundaries implies that the grain boundaries and pore
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surfaces are not perfect sources and sinks of atoms, without an
energy barrier for the attachment/detachment of atoms.10 Thus,
further study is needed to understand the sintering kinetics in
faceted systems.
In situ characterization techniques with atomic resolution

based on high-resolution transmission electron microscopy
(HRTEM) analysis have been used to study sintering
successfully. In particular, it is possible to mention the studies
about the assembly of nanoparticles deposited in a membrane
and diffusional processes in nanostructured ceramic materials
and metallic nanoparticles.14−19 With the development of a
proper sample preparation process, the in situ HRTEM can be a
powerful tool to shed light on the study of the final stage of the
sintering process with atomic resolution. Here, we report the in
situ study of the sintering phenomenon at the atomic scale in
ceramics formed by nanometric grains (<5 nm) of monoclinic
zirconium oxide (m-ZrO2). More specifically, we studied the
pore elimination process in the final sintering stage (isolated
pores located at the grain boundaries). The choice of ZrO2 NCs
was due to their stability in the face of oxidation state variation
and radiation damage, well-known chemical and physical
properties, and well-established synthesis and assembly
protocols.20 In addition, ZrO2 is a widely employed material
for different applications, such as catalysts,21−28 composites for
light-emitting diodes,29,30 water purification,31 Li-ion bat-
teries,32,33 and biomedical applications.34−36 We used
HRTEM analysis operating at room temperature in free-
standing films formed by a monolayer of nanoparticles (without
a supporting membrane). By joining the optimized sample
preparation, the cleaning protocol, and the constant electron
beam illumination, we achieved a sufficient dynamic process,
allowing us to visualize the sintering process using a simple

single tilt sample holder with very high spatial and temporal
resolution.
The use of self-supporting (or free-standing) thin films of

nanocrystalswith controlled thicknessis an alternative
approach we can use to study the evolution of nanomaterials
by in situ HRTEM analysis. We had used this approach to follow
the in situ desintering and mechanical stability of ZrO2
nanowires with atomic resolution.37 We showed that in some
regions of the samples, the film suffered tensile stresses due to
heterogeneous densification originating from the heterogeneous
packing of the ZrO2 nanocrystals.

37 These conditions provided
the perfect scenario to induce the desintering of ZrO2
nanocrystalline bridges formed between denser regions of the
sample.38 However, we observed in other regionsunder the
same experimental conditions, including in the same sample
that the tensile stress seems negligible (no increase or decrease
was observed in the distance between two dense regions), and
the pores shrink until complete elimination. So, here we will use
a similar methodology to study further the final stage of the
sintering process.
We prepared the unsupported ZrO2 film for this study by

assembling oleic acid (OA)-capped monoclinic-ZrO2 nano-
crystals (OA@ZrO2 NCs). Synthesis and morphology details
about the OA@ZrO2 NC are described in sections S1.1a and
S1.2 (Figure S1a-b) of Supporting Information (SI). Here, we
prepared the free-standing films directly onto the TEM Cu grid
(#400) using a transfer technique. For this, we deposited a drop
of OA@ZrO2 NCs dispersed in toluene over the surface of a
hydrophilic polar liquid (ethylene glycol). Due to the nonpolar
(hydrophobic) nature of the OA@ZrO2 NCs dispersion, we
notice the formation of a film at the liquid−gas interface. After
the toluene evaporation, a film of OA@ZrO2 NCs is formed on

Figure 1. Schematic representation of experimental protocol. (a) OA@ZrO2 NCs dispersed in toluene (1% wt.) were deposited on ethylene glycol
(EG). (b) Assembled OA-coated ZrO2 NCs at the EG/air interface were kept under rest for 24 h and then (c) were transferred to a holey carbon-
coated Cu grid, (d) producing a continuous ZrO2 thin film (OA@ZrO2 thin film). (e) The grid was thermally treated at 500 °C/1 h under vacuum to
remove the OA, producing a sintered and cleaned free-standing ZrO2 thin film. (f) After the cleaning step, the grid was transferred to a Cs-corrected
TEM microscope to perform the in situ analysis (electron beam current density (EBCD) of 62500 e A−2 s−1).
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the surface of the ethylene glycol. Then, we transfer this film to
the TEMCu grid. To eliminate the organic layer of OA, we used
a heat treatment in a vacuum oven (500 °C/30 min). Based on
thermogravimetric analysis (see Figure S2 in the SI), complete
OA elimination occurs at a temperature high than 530 °C (at
atmospheric pressure). However, we did OA remotion under a
vacuum of ∼1 × 10−2 Torr. Considering the Clausius−
Clapeyron equation and the ΔH of vaporization of the OA
(83.8 kJ mol−1), we can estimate that (under the pressure of 1 ×
10−2 Torr) the OA elimination (by evaporation) occurs at a
temperature of ∼140 °C. Thus, at 500 °C under vacuum (∼1 ×
10−2 Torr), we guarantee the complete elimination of OA
without carbon residue. This procedure allowed us to obtain
large areas of the homogeneous cleaned ZrO2 film. After heat
treatment, no phase transformation was observed, keeping the
monoclinic ZrO2 phase, as illustrated in Figure S3. Finally, the
grid was transferred to a spherical aberration (Cs)-corrected FEI
Titan Cubed Themis microscope to perform the analysis by
HRTEM (see detail in section S1.1b in the SI). Figure 1 shows
the schematic representation of the experimental procedure we
used to prepare the ZrO2 nonsupported film for the sintering
study.
In our previous work using a similar methodology for the in

situ TEM analysis, we observed that the electron beam (e-beam)
does not cause permanent damage in our experimental
conditions.37 However, the e-beam increases surface diffusion,
giving atomic mobility even at room temperature. This increase

in superficial atomic mobility is well documented in the
literature on nanomaterials, especially in nanocrystals without
a protective organic layer.17−19 The e-beam induced diffusion
process we observed here can be associated with different effects,
such as knock-on, radiolysis, damage by induced electrical field
(DIEF), and electron beam heating.39

We calculated the e-beam induced heating considering the
HRTEM experimental setup and ZrO2 thermal conductivity (κ)
of 2 W m−1 K−1. According to the Reimer model,40 it is possible
to estimate that the rising temperature (ΔT) is around 1 K. Even
considering a lower thermal conductivity (κ ranging from 0.1 to
1 W m−1 K−141) associated with the ZrO2 NCs, the e-beam
inducedΔT is in the range of 2−6 K. Then, we can neglect the e-
beam induced heating during the in situ HRTEM experiments.
Moreover, we believe radiolysis is less likely because this kind of
damage preferentially generates point defects,39 and in our
experiment, we observed only collective atomic displacement
phenomena. Another probable effect is the DIEF. However, this
type of damage only occurs in extremely intense e-beam (TEM
operationmode).39 We performed the experiments under low to
moderate electron beam intensity conditions.
On the other hand, knock-on is a plausible hypothesis to

explain atomic mobility. We can find several articles in the
literature correlating atomic mobility on transition metal oxide
surfaces with the creation of vacancies (mainly oxygen vacancy)
caused by a knock-on.39 In most cases, the authors mention the
formation of oxygen vacancies without a phase transformation

Figure 2. Evolution of Pore 1 as a function of time. (a−h) HRTEM images taken at different times, showing the pore shrinkage, highlighting the mass
transport. The red regions indicate the atom addition, and the blue areas indicate atom redistribution. To properly indicate the regions of redistribution
and addition of atoms, we subtract the next image from the previous one. In (g), the preferential growth in some regions led to the formation of two
smaller pores with different sizes. (i,j) Schematic representation of the mass transport during the pore elimination. In (i), the rough surface (blue
atoms) is redistributed in the solid−gas surface by surface diffusion (Ds). The blue arrows indicate the atom flux direction. In (j), the dashed black line
indicates the initial surface that was redistributed, as well as the unfilled circles. The red outline corresponds to the new pore surface. The striped grain
indicates the orientation of the grain, and the red area shows the atom attached to the faceted surface. The red arrows indicate the atom flux by the grain
boundary diffusion (DGB). (k,l) HRTEM images collected after 1.5 and 3 h of experiment. The insets are the FFT obtained in the highlighted squares in
each image. In (k), the atom attachment occurs in the (−200) facet, then (l) the atom attachment occurs in (111) facet.
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or extensive beam-induced damage on the oxides. The ZrO2 is a
less reducible oxide in comparison with those reported in the
literature;42−44 thus, we could expect that the oxygen removal
should be less extensive (or even reversible or in equilibrium
with the amount of oxygen present in the TEM chamber), but
enough to promote the atom mobility in our experimental
conditions. Thus, based on these arguments, we decided to
conduct the pore closure experiments in the final sintering stage
at room temperature.
We follow the sintering process of two types of pores, the first

(Pore 1) formed by several grain boundaries (a pore
coordinated by several grains), and the second one (Pore 2)
located between two grains. Figure 2 describes the temporal
evolution of Pore 1. The first information we notice is that the
process required hours of data collection (∼6 h of continuous
HRTEM analysis) to follow the entire process. Due to this, we
take images in HRTEM mode every 10 min (see the complete
sequence in Figure S4 in SI). TheHRTEM images of Figure 2a−
h illustrate representative HRTEM images of the sintering
process. In these images, the regions marked in red represent
where the deposition of atoms occurred, and the areas
highlighted in blue represent the region where the removal of
atoms occurred.
The HRTEM images displayed in Figure 2a−f clearly show

that atoms are detached from the rough (atomically disordered
and macroscopically rounded) surface and redistributed (by
surface diffusion - DS) in the solid−gas interface, as illustrated
pictorially in Figure 2i. On the other hand, we notice that the
faceted surfaces (ordered - lower energy surface) are associated
with the atom’s attachment process, followed by a pore area
reduction. Since a pore area reduction occurs (i.e., a
densification process), the atom flux must be via the grain
boundary (solid−solid interface) to the pore surface (by grain
boundary diffusion process; see Figure 2j). This phenomenon
described before can be interpreted as a transition from a rough
to a faceted surface.
The sequence of HRTEM images pictured in Figure 2a−f also

shows that the atomic transport process, which induces the pore
elimination, is not isotropic. We can observe (see Figure 2c, for
instance) that the attachment of atoms does not occur on every
pore surface but only on specific solid−gas interfaces. This
anisotropic growth must be related to the surface energy
anisotropy and the grain boundary diffusion coefficient (DGB)
anisotropy. In other words, it is a direct consequence of the
different surface energies present in the solid−gas and solid−
solid interfaces. This surface energy anisotropy leads to
preferential growth in some regions (Figure 2e−g), leading to
the formation of two pores of different sizes (Figure 2 g,h).
We can visualize the dependence of pore elimination with the

surface orientation in the HRTEM images illustrated in Figure
2k,l. The inset of Figure 2k shows the FFT analysis of the region
indicated by the cyan square. We can see that this grain is
oriented along the zone axis [010], making it possible to identify
the (−200) facet. Following the densification process, we
observed the attachment of atoms along other orientations.
More specifically, after 3 h, the atom’s attachment occurs along
the face (111), as indicated in Figure 2l (see inset with the FFT
analysis, showing that the grown region is oriented along the
zone axis [1̅01]). Sojka and coauthors45 investigated the surface
energy of monoclinic ZrO2 nanocrystals (through periodic
density functional theory (DFT) calculations and atomistic
thermodynamic modeling). The results showed that the surface
energies of the relaxed facets increase in the following order,

considering the family planes: {111} < {110} < {100}. Thus, we
can observe that the pore elimination follows a tendency to
eliminate the faces of higher energy.
Considering that the variation of area (A) scales with the pore

volume (V) variation, and assuming the final stage of sintering is
a diffusion process controlled by grain boundary diffusion, we
can write that9

∝ ∝ −A
t

V
t

K
G RT

d
d

d
d 4 (1)

where K is a constant (dependent on surface energy, DGB, molar
volume, grain boundary thickness, and geometric constants), G
is the mean grain size, R is the gas constant, and T is the
temperature. At a constant temperature, we find that (dA/dt) is
constant (a rate of ∼0.2 nm2/min), consistent with the pore
area’s linear dependence as a function of time reported in Figure
3a. After the formation of the two pores (with different sizes,
labeled as Pore “a” and Pore “b”) around 200min of the analysis,
the densification kinetics change, leading to amodification of the
slope of the curve (∼0.04 nm2/min), which is expected since
variation in surface energy and other geometric parameters must
occur. It is highlighted in Figure 3b.

Figure 3. (a) Plot of the area of Pore 1 as a function of the time, showing
a linear dependence. The x-axis was plotted in min instead of h to
facilitate the visualization. The colored square in the graphic indicates
the corresponding HRTEM images outlined by the same color. Scale
bar: 2 nm. Around 200 min (highlighted by the yellow background),
Pore 1 is partially closed, forming two smaller ones (pores a and b), as
indicated in the HRTEM image outlined by cyan square. (b) Detailed
plot of the pore area as a function for t > 200min. After the formation of
the smaller pores, there is a modification of the slope of the curve.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c04708
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04708?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c04708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In a different data collection, we analyzed a pore between two
grains (Pore 2), taking HRTEM images at each 0.2 s (see Videos
S1−S4, resulting from this data collection until complete pore
elimination). We can observe in Videos S1−S4 a constant mass
transport toward the pore, and in a first look, the atoms migrate
from adjacent grains to the rough surface, being redistributed
around the pore. We also observed the attachment of atoms to
the ordered grain, filling the atomic columns. Figure 4 presents
snapshots of HRTEM images obtained from Videos S1−S4 to
highlight details observed in the in situ experiment.
As we can see in Figure 4a, the pore is in a high angle grain

boundary, as indicated by the fast Fourier transform analysis
(FFT) shown in the insets. In this type of pore, we also observed
faceted solid−gas interfaces (Figure 4c,d), but what most
catches our attention is the change in the pore shape. We
observed that the irregular shape of the pore becomes more
symmetrical with time (Figure 4a−f). This rounding of the pore
shape must be a consequence of the existence of a single grain
boundary (resulting in a single solid−solid interfacial energy and
DGB) and only two solid−gas interfaces. It seems to be
associated with the lower anisotropy of surface energies when
compared to the pore formed by several grain boundaries.
Our in situ experiment allows us to analyze the mobility of the

grain boundary and the interaction between the grain boundary
and the pore. Due to the low atomic mobility at room
temperature, the force exerted by the grain boundary on the pore
is not enough to drag it along, which means that the pore is
coupled to the boundary during the entire sintering process (see
Videos S1−S4 and Figure 4). Furthermore, we observed a
reduction in the grain boundary mobility due to the presence of
the pore, as suggested by the bent-over line of the grain
boundary (as highlighted by the red line in Figure 4a−f), which
indicates the pinning effect of the grain boundary caused by the
pore. With the reduction in pore size, the grain boundary
becomes less curved, as illustrated in Figure 4f.

The densification of ceramics has been widely discussed in the
literature.6,9 Looking in detail at a pore elimination in a
nanostructured material, we found evidence of a very complex
process strongly dependent on the surface energy gradient.
Despite limiting step that dominates the kinetics depending on
the system and experimental conditions, our experiment
provides meaningful insights about the final stage of the
sintering process for nanostructured ceramics with faceted
surfaces. The use of the in situ TEM technique is nothing new in
the study of the sintering processes for nanoceramics and
catalysts materials;14−19,46 however, to the best of our
knowledge, no work has shown the pore elimination process
with an atomic resolution like the one presented here. The study
of mass transport processes involving microstructural evolution,
with the nanometric or atomic resolution, was only possible so
far via computational simulation based on molecular dynam-
ics.47−49 Here, with the development of an innovative sample
preparation technique and with the use of ZrO2 nanocrystals
with a size smaller than 5 nm, we followed the temporal
evolution of the sintering phenomena with atomic resolution.
Our results show that, during the densification process, the
solid−gas interface undergoes a transition process from a rough
surface to a faceted surface. This type of transition was reported
for solid−solid interfaces (grain boundaries) in metallic and
ceramic systems during the sintering and grain growth process.50

However, despite theoretical predictions and experimental
evidence,11,12,50,51 such a transition has never been reported in
a densification process, especially in situ and with atomic
resolution. The transition from a rough surface to a faceted
surface described here is not a surface reconstruction process.
We observed that the rough surface disappears and the faceted
surface originates from an atom attachment process which leads
to a reduction in the pore area (i.e., a densifying process). This
surface transition is anisotropic concerning crystallographic
orientation and therefore surface energy. The fact that there are

Figure 4.Direct visualization of pore shrinkage and elimination. Snapshots from Videos S1−S4 at different times, as indicated in each image. The red
line indicates the grain boundary (GB) around the pore. Scale bar: 2 nm. In (a), the white and green squares indicate grains with different zone axis, as
shown by the fast Fourier Transform in the insets. Scale bar of FFT: 10 nm−1. In (b), the pore remained irregular, and the pore area decreased
compared with (a). In (c) to (f), the pore area decreases gradually, and the pore becomes rounded.
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preferential solid−gas interfaces for the attachment/detachment
of atoms strongly suggests that the GB and pore surfaces are not
perfect sources and sinks of atoms. Thus, our discovery supports
the existence of a critical driving force for the attachment/
detachment of atoms in nanometric ceramics, suggesting that
interfacial reactions related to atomic transportation can also
take part or control the sintering process.1,10

Another result reported here is the influence of the surface
energy anisotropy on the densification process. It was clear that
this anisotropy leads to non-isotropic mass transportation
during the elimination of the pore coordinated by several grains.
One consequence of our discovery is that this anisotropy takes
an important role in densification. The surface energy difference,
considering the difference between surfaces with different
crystallographic orientations and the energy difference between
the surface and the grain boundary, can be considered an
additional driving force for the pore elimination process, as
pointed out by Castro and Gouvea.7 Finally, we show that pores
in nanoceramics also act as pinning to reduce the mobility of the
grain boundary, as already predicted in micrometric ce-
ramics.1,52,53

Thus, considering future development, we would like to
suggest two energetics terms to be incorporated in the
densification sintering models of nanoceramics. The first term
must considerer the difference between the grain boundary
energy (γGB) and surface energy (γSV). The second term must
consider the energy associated with the detachment of atoms at
grain boundary and surface atom attachment. This second term
may be associated with a thermodynamic barrier related to
chemical bond energy.
In summary, the results reported here provide new insights,

contributing to a better understanding of the sintering process in
nanoceramics. Our findings certainly can contribute to the
development of improved kinetic models to describe the
densification process of nanomaterials. We believe that the
results shown here will also contribute to the development of
dense nanoceramics.
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