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Abstract Two new processes occurring during
nanorod annealing of ceria are disclosed, both belong-
ing to the wider “oriented attachment” (OA) scheme
of crystal growth, which commonly drives nanopar-
ticles growing into nanorods. The first new process
is an inversion of the standard OA, where the usual
solid particles are replaced by well-facetted shape-
equilibrated voids inside larger single crystals. The
internal facetted voids are then found to aggregate
during dry heat treatment into rod-shaped elongated
voids growing eventually towards nanotubes. For the
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case of CeQ,, a perfect equivalence is found between
positive OA, involving cuboctahedral {111}/{100}
nanoparticles turning into {110}/{100} nanorods,
and negative or void space OA, where cuboctahedral
voids turn into negative tubular rods of same index-
ing. The second OA process (“secondary OA”) con-
cerns aggregation of small nanorod segments into
larger, double, or quadruple sized nanorods, with per-
fection of alignment and bonding exceeding simple
van der Waals forces. Eventually, the new rods merge
into single crystal grain boundary—free larger rods,
but with an external shape, including double-ended
rods, indicating their origin from several rods. Both
processes are found on identical samples and occur in
parallel.

Keywords CeO, - Cerium oxide - Nanorods -
Oriented attachment - Mesopores - Electron
microscopy - Catalyst

Introduction

While ceria nanoparticles (CNPs) are amongst the
most widely studied and applied functional oxide
nanoparticles [1-3], there has been an increasing
tendency over the last few decades to increase their
functional activity. Often, CNPs are found in (equi-
librium) octahedral shape, and the main {111} facets
are less suitable for applications involving oxygen
storage and extraction, such as in catalysis as revealed
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in multiple studies on ceria surface chemistry [4—6].
The main improvement is through the promotion
of higher activity facets {110} and {100}, which is
achieved through either cube-shaped particles [7-10]
or nanorods (CNR) [1, 11-14]. CNRs follow a simi-
lar synthesis as CNPs using hydrothermal reactors,
but with a different setting for parameters (7, p, t) for
temperature, pressure, and time. Phase diagrams have
been proposed for promoting rods or cubes compared
to octahedral particles, and generally high-quality sin-
gle crystalline nanorods can be grown in large quanti-
ties [15-18].

Another branch of research has concentrated on
the defect chemistry of CNRs. While generally det-
rimental for mechanical applications, defects may
be helpful in promoting highly active surface sites
and allow more flexibility in tuning catalytic activi-
ties. Vacancy and cluster defects in ceria have been
modelled [19] and imaged by electron microscopy
[20]. High-resolution TEM micrographs of hydro-
thermally grown CNRs often show low crystalline
lattice quality indicating a high point defect concen-
tration distributed homogeneously over the rod [21,
22]. However, after post-synthesis secondary dry
heat treatment (e.g. 600-900 °C), extended pores or
voids, condensed from aggregated vacancies, form,
either in spherical shape [7] or polyhedral [22, 23],
or as through-holes [24]. These voids have been lik-
ened to “missing” or “negative” CNPs, comprising of
e.g. cube-octahedra of about 2—5 nm diameter inside
CNRs of 10-30 nm width. The main characteristic is
that almost all these voids locate within the CNRs and
stay clear of the surface by at least 2 nm. In related
materials, e.g. TiO, and UO,, such meso-voids have
also been described [25, 26].

The possibility of nano-objects growing out of pre-
existing particles, rather than growing atom-by-atom
from a single nucleus, has been originally proposed
for oxides and referred to as oriented attachment
(0OA) [27, 28]. OA is now well-established [29, 30],
including for ceria [12, 31]. A major achievement is
the explanation of the anisotropic growth of nanorods
from materials with cubic unit cells [32, 33].

In our latest study about voids in ceria nanorods
[23], 3D void morphology was established by elec-
tron tomography for most voids having an isotropic
shape (cuboctahedral). A small number of voids had
been found which appeared as having an elongated
shape, which therefore triggered the research focus of
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the present manuscript: This topic is closely related
to the occurrence of ceria nanotubes (CNTs) [34-37],
as the tubes may be seen as the ultimate result if all
voids in a CNR are merged, symmetrized, and centred
on the rod axis. The key subject of the present study
is the void formation mechanisms and the proposed
relationship to an “oriented attachment” growth of
void space.

Simultaneous to the finding of 1D voids, our same
heat-treated samples also show CNRs that appear
to have originated from multiple individual build-
ing blocks. These building blocks are however not
the original octahedral NPs as in primary oriented
attachment, but smaller pre-existing CNRs. The idea
of bundle formation of multiple nanorods has been
presented before, e.g. for the case of ceria by Stel-
machowski et al. [38], and for other materials such
as hydroxyapatite [39]. However, in such previous
research neighbouring rods are still rather loosely
connected, not perfectly parallel, and certainly not
exhibiting atomic bonds at the rod-to-rod interfaces.
Our aim here is to elucidate atomically sharp rod-
bonding interfaces, using HRTEM imaging, to pro-
gress over those earlier studies. At the same time, we
also aim to discuss the void formation and rod attach-
ment as simultaneous events, all observed at lattice
resolution, and all under the umbrella concept of ori-
ented attachment.

Experimental methods

The hydrothermal process route of our materials is
described in detail by Sakthivel et al. [15, 22]. For
short, a Ce(NO;);-6H,0 precursor is dissolved in
deionised water and mixed under stirring with diluted
NaOH as the precipitation agent. The resulting slurry
is heated in an autoclave to temperatures of 120 °C.
Reaction parameters of time, concentration, and
temperature have been shifted to maximise the per-
centage of rod-shaped nanoparticles over octahedral
nanoparticles. After cooling and drying, a secondary
heat treatment was performed by air heating in a fur-
nace to either 800 °C or 950 °C. This annealing was
then followed by TEM specimen preparation putting
small samples of powder suspensions in deionised
water onto holey carbon film. Where annotated in
the figures, a modified procedure was used to reverse
TEM film preparation and heating. Here, powder was
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suspended onto Si/Si;N, TEM carrier films, which
after drying were heated in the same air furnace to the
same temperatures.

The transmission electron microscope used for the
present study is a field-emission TEM JEOL JEM-
F200 with a Gatan OneView CCD camera, operated
at 200 kV.

Results
Nanorod morphology

In our previous work, pores or voids of “missing par-
ticle” shape showing perfect cuboctahedral morphol-
ogy have been introduced and characterised by aber-
ration-corrected TEM [20] and electron tomography
[23], along with complementary molecular modelling
to elucidate the energetics of rod surface and void sur-
face formation. Here, we explore hydrothermally pro-
duced nanorods of CeO, subjected to secondary heat
treatment in a dry furnace at 800 °C and 950 °C, with
the two temperatures being chosen to be either below
or just above the sintering onset threshold. The sinter-
ing threshold is defined here by the onset of external

Fig.1 Overview of a typical ceria nanorod sample before (a)
and after (b) heat treatment to 800 °C; (modified from [23]).
The wide rod of b shows multiple rows of voids across the

shape changes of CNPs and CNRs, e.g. rounding of
corners and rod-ends.

Figure 1 shows side by side the microstructure and
morphology of a typical sample before and after heat
treatment to 800 °C.

At first, we find that after heating internal voids
of well-facetted shape are robust and persist against
annihilation or diffusion towards the surface of the
rod. Also, all rods retain their shape and sharpness
of corners, indicating that there is not yet any Ost-
wald ripening between neighbouring rods. However,
we find that the distribution of the shape of voids
now also includes more elongated shapes beyond the
simple isotropic morphologies (e.g. cuboctahedra).
Indeed, aspect ratios larger than 2:1 are here far more
prominent compared to our earlier work [22, 23].
Before interpreting the elongated voids, the external
rod shape needs to be reminded. We work on a mix of
two types of rods, each showing a non-regular hexa-
gon cross-section.

— Type 1 is enclosed by {100}/{110} facets along
a< 110> axis.

— Type 2 is enclosed by {111}/{110} facets along
a<211>rod axis.

50 nm

entire rod volume and is a type 1 rod with<110>rod axis,
enclosed by {100}/{110} facets

@ Springer
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«Fig. 2 Ceria nanorods heated at 800 °C (a, b, d) or at 950 °C
(c, e) showing void space oriented attachment of cuboctahe-
dral voids into voids of more tubular style. a Magnified sec-
tion from Fig. 1b: standard void (yellow arrow), elongated void
(blue arrow: typical example), and one case of a pair of voids
in the process of merging (red arrow); (modified from [23]). b
Longer void with non-straight surfaces (green arrow) indicat-
ing an origin from pre-existing negative particle shaped voids.
¢ Elongated void at higher temperature with the void matching
the external rod in both orientation and straightness of faces. d
Chain of voids central to nanorod. In this case, all individual
voids remain isotropic and near equidistant. ¢ HRTEM of image
¢ to show lattice fringe parallelity between pore surface and rod
surface, with 10 fringes of 1.58 nm total indicated for scale

In order to achieve a transformation from octahe-
dron building blocks to a 1D-nanorod external shape,
the facet distribution needs to adapt, as the truncated
octahedra show mainly {111} with small {100} caps.
After oriented attachment using truncated octahe-
dral CNPs, a growth into rods can be achieved in two
ways [12]. Type 1 ceria nanorods (CNRs) develop
new {110} surfaces, and new massively enlarged
{100} faces, while the occurrence of {111} vanishes.
Type 2 CNRs on the other hand maintain {111} type
surfaces but swap the {100} of CNPs against {110}
type rod faces. A third possible mechanism in which
CNPs align into chains of {100} connected octahedra
with <001 >rod direction does not lead to flat CNRs
and is not observed in this research. For details of the
two types of rods that occurred, including their crys-
tallography from lattice fringes and diffraction peaks,
see [12, 22, 24].

After heat treatment, wider rods, such as in
Fig. 1b, often have multiple parallel rows of voids,
with the voids reaching over a quarter of the projected
area within the solid rod. The distribution of voids is
not random; rather, they often form chains of voids.
Voids in chains do mostly not touch and they always
stay clear of the rod surface, as we have already elu-
cidated in our earlier tomography study [23]. This
alignment is an important precursor to the possible
next stages of formation of elongated rods, proposed
below.

Void space oriented attachment

Various void systems inside multiple nanorods, even
on the same sample, point to some diversity of micro-
structure. These differences are due to snapshots
of rod morphology evolution recorded at different

stages. Our evidence from multiple HRTEM micro-
graphs is collected in Fig. 2, where isotropic voids
(Fig. 2a, yellow arrow), as discussed in our previous
work [23], and elongated voids coexist. This evidence
points to the 1D growth of voids progressing in three
stages:

(i) Fig. 2a shows predominantly a first stage, the
initiation of void elongation upon heating to
800 °C. Aspect ratios are between 1.5:1 and
2:1, and the example with a blue arrow in
Fig. 2a corresponds to 1.9:1.

(i) Fig. 2b (also discovered on a particle heated
to 800 °C) is an example where a second stage
has developed via void-merging. The green-
arrowed long void has its aspect ratio pro-
gressed to 6:1. However, the surfaces of the 6:1
void are not yet straight, and the initial size of
individual octahedral void building blocks can
be seen through the uneven diameter, especially
when compared to single voids in the imme-
diate vicinity. Also, the example of the red-
arrowed double-void in Fig. 2a can be classi-
fied as early-stage 2 in this sense. The zig-zag
surface of the green-arrowed void provides evi-
dence that long voids do not grow by swallow-
ing point defect vacancies but via merging of
pre-existing voids.

Figure 2c shows a 3:1 aspect ratio void; however,
this image is taken from a 950 °C heating sample. We
propose this sample has undergone the third stage of
transformation. Here, the void surfaces (as well as
the rod surfaces) are perfectly smooth, and we con-
clude that via atomic diffusion, the zig-zagging rough
surface of a stage-2 void has finally adopted an ener-
getically more favourable shape with straight surfaces
using the same surface energetics for the internal
(void) and external (rod) surfaces. Figure 2d shows
lattice fringes of void and rod surface oriented par-
allel to each other. The equivalence of rod surface
and void surface even extends to a compatible radius
of curvature for the rounded ends of the rod and
the void. The orientation with {111} type surface,
although seen here as half-period HRTEM fringes
of (222) designation, corresponds to a “type 2” rod
with <211 > axis.

To remind of the diversity of rod morphologies
observed on any single TEM sample, Fig. 2d shows a
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«Fig. 3 Oriented merging of multiple nanorods towards
larger single crystalline rods. a Double-ended rod (orange
bracket); (modified from [24]). b Rod-on-rod axial merger. ¢
4-rod merger with sub-rod annotations 1-5 used in the text. d
HRTEM showing single crystalline lattice orientation relation-
ship across the merged rods, with 10 fringes of 2.62 nm total
indicated for scale

finding (at 800 °C) in which individual voids remain
isotropic and spaced roughly equally from each other.
This might indicate a barrier against void diffusion
and merging and a delay in the negative rod-shaped
void formation until such a time—temperature regime
where it becomes unavoidable.

Rod-to-rod oriented attachment (secondary OA)

Here, we report multiple findings of larger ceria
nanorods appearing to have formed from smaller pre-
existing rods. The samples used in this part are the
same as for the void space oriented attachment (sec-
tion B); therefore, the rod attachment is simultaneous
to 1D-void formation.

A double-ended rod is shown in Fig. 3a, heated to
800 °C. There are two mechanisms that could under-
lie the formation of such double-headed rods. In
mechanism 1, the rod grows as a single rod with full
diameter, but to avoid a high energy flat end it recon-
structs into a facetted double head, with lower energy
facets overcompensating for the growth in total sur-
face area. In mechanism 2, the rod can form initially
via the merging of 2 separate rods of similar diam-
eter, each single-ended with energetically favoured
end facets. Subsequently, oriented attachment along
the longest surface (side of the rod) leads to a final
merging of the initially loosely attracted rods into
the chemically bonded rod with bonds indistinguish-
able from internal bonds. This approach is equivalent
to what would be oriented attachment growth from
octahedral particles into single rods during primary
hydrothermal growth [12].

Further imaging is presented aiming to clarify
the two speculated mechanisms. Figure 3b cap-
tures an epitaxial perfect merger of two-rod build-
ing blocks with the smaller particle on the right still
preserving its original end facets. The neck zone
of this type 1 rod is therefore restricted to [1-10]
contact, perpendicular to the rod axis. Figure 3b,
therefore, supports the second mechanism, while
being incompatible with mechanism 1. This is a

unique rod-specific attachment mechanism, as nan-
oparticles would not exhibit this {110} type contact
zone. Finally, Fig. 3c shows a merger of 4 rods (it
is believed that a 5th rod sits on top of the rod at
the bottom left). The gap between sub-rods 1 and
4 indicates van der Waals attraction only; however,
the right half of the contact zone of rods 1 and 4
has already developed an atomically sharp chemical
bond. The longitudinal contact between rods 3 and
4 in Fig. 3c is an axial attachment (as is the case of
Fig. 3b), however not yet recrystallized and retain-
ing its round shape.

Figure 3d is a rotated zoom image of the right
quarter of Fig. 3c: Its HRTEM resolved lattice fringes
are shown to confirm the lattice merging of the origi-
nally two rods into one single crystal. Here, the rod
orientation with surfaces and HRTEM fringes corre-
sponding to the {200} system points to a “type 1” rod
with < 110> axis.

Some TEM samples have been found to contain
a rather diverse distribution of nanorods, even if all
individual rods should have formally experienced
identical heat treatment. Figure 4 shows examples
that seem to have less well progressed towards rod-
to-rod oriented attachment despite reaching high tem-
peratures (800 °C in 4a and 950 °C in 4b).

Near the top (large yellow box) of Fig. 4a are 3
rods closing in on a merger by lateral attachment but
still with gaps and slight orientation mismatch. The
smaller bottom yellow window shows the contrasting
case of axial attachment, reaching an already atomi-
cally sharp bond, equivalent to Fig. 3b. Figure 4b is
another case of incomplete or “failed” attachment:
even at 950 °C, the rods do not touch, possibly due
to blocking debris, but sintering starts to fill the gap
with diffused material (yellow window top left).

At this point, it is important to separate artefact
carbon contamination from true sample material.
During the extended TEM session electron, beam-
induced deposition from residual hydrocarbon mol-
ecules results in all ceria nanorods being encased in
an amorphous carbon layer. The thickness varies with
exposure time and focusing of beam intensity. This
is particularly visible in Figs. 1b, 2b, 2d, 3c, and 4a.
As the layer grows after finishing sample heat treat-
ment, it does not influence our observations and con-
clusions. Where the carbon appears to fill the space
between neighbouring rods, e.g. Figure 4a, we should
assume empty space at the start of the TEM session.

@ Springer
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Fig. 4 Imperfect or incomplete rod merger. a A rod assembly after 800 °C heating, with the large and small boxes indicating regions
discussed in the text. b From a 950 °C-heated sample, with the top end being discussed

The occurrence of perfect and imperfect cases
of rod attachment on the same specimen indicates
some kinetic delays, a dependency on random ini-
tial relative positions, and likely some dependence
on mutual orientations. There could also be a small
influence on the position of a rod within the larger
powder during furnace heating.

The final observation is about rods that are close
to forming a nanotube with the continuous cylindri-
cal axial void. Figure 5 is a sample showing at least
four elongated void spaces, distributed over 3 rods
(orange arrows). Two examples are negative rod-
shaped pores considered internally merged pores
(voids 2 and 3 of Fig. 5 to compare with Fig. 2b).
Also, we see a pair of voids (void 4), at the earli-
est stage of merging, with the top half retaining a
cuboctahedral shape initially. Other void spaces
(red arrows) are seemingly a residual from a gap
during attachment with no re-orientation achieved,

@ Springer

or alternatively, possibly broken attachment during
preparation.

Discussion

In our previous work [23], we described “isotropic”
voids in ceria nanorods of predominantly cuboc-
tahedral shape, underpinned by molecular model-
ling calculations confirming these voids as favour-
able through energy minimisation. The multiple
stages of hydrothermal growth and post-growth
heat treatment applied to the nanorod samples,
however, allow for kinetic considerations to play
equally important roles. Also, the positions of the
void with respect to rod surfaces and the rod geom-
etry itself contribute to a greater diversity of void
shapes reported in our new work here. Primar-
ily, we now report elongated voids, of a “negative
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Fig. 5 Nanorods showing
the transition to tubular
structure (orange arrows).
Further examples of
incomplete attachment (red
arrows)

rod” shape rather than a “negative-cuboctahedral”
shape. The long axis of the elongated voids is
always aligned with the rod axis, and they tend to
prefer locations central to the rod. For geometri-
cal reasons, there would not be a one-step linear
and straight growth mechanism of rods directly
from octahedra, as the rods consist of {111} com-
bined with {110} planes, while the voids are {111}
with {100}. For solid nanoparticles, this has been
resolved by the oriented attachment mechanisms
involving zig-zag attachments of cuboctahedral par-
ticles into <211 > (or < 110>) axis rods (see Fig. 5
in [12]).

Chains of cuboctahedral nanoparticles turning
into nanorods have also been examined by molecular
modelling [13], with neighbouring particles initially
touching on {100} or {111} and forming zig-zag
chains. Further studies of pair-wise agglomeration
and chain formation are reported by Kim et al. [40].
Such a zig-zag chain-like state, translated from parti-
cle to void space, would correspond halfway between

Fig. 2d and b. While this has not been captured here
directly, it may well be inferred.

As sketched in Fig. 6, the 1D voids would form in
the first step (6a to 6b) via aggregation of neighbour-
ing voids to minimise further total surface energy,
turning into a zig-zag elongated void as the inter-
mediate stage. This is followed (6b to 6¢) by further
transformation during a long enough holding time
of the heat treatment flattening surfaces into smooth
negative rods. Figure 6 uses simplified hexagons
(grey colour) to illustrate building blocks of ceria
nanorods, enclosed by {111} and {100} surfaces,
while simplified void spaces are shaded. The final
void in Fig. 6¢c would become enclosed by either
{100/110} or {111/110} depending on the rod axis
being<110>o0r<211>. Blue interfaces drawn in
Fig. 6 between neighbouring CNPs are an interim
feature, as they no longer exist after successful com-
pletion of primary OA.

It appears straightforward to extrapolate that in a
possible following stage via further (longer holding

@ Springer
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Fig. 6 Schematic formation
of elongated voids along
nanorod axes. a to b Via

void merger equivalent to l
the nanoparticulate oriented N
attachment. b to ¢ Via

surface reconstruction and \
straightening of voids. The ~ N\ Typel:
indexing examples are for a {100} {111} <110>

type 1 and type 2 nanorod.
Schematic drawing only,
not to scale

4

A\

time) heat treatment and growth or merger of these
rod-shaped voids, we finally end up forming ceria
nanotubes, like those reported in [34-36]. Such
fully formed nanotubes have not been observed in
our study here, and they would be restricted to cases
where enough voids exist to transform the rod into
a symmetric tube. In the case of wider rods (Fig. 1;
Fig. 2a) with multiple rows of voids, this would cer-
tainly be the case.

For the second main finding of rod-to-rod attach-
ment, it is proposed that the main effect is already
inherent during the hydrothermal growth stage. This
might itself break down into initial loose alignment
or aggregation of multiple rods into bundles followed
by a closer contact and formation of interfaces and
grain boundaries, although with defects. During the
secondary dry heating under air, the rod attachment
does not develop further in itself, at least not up to
including 800 °C. However, as we know that this heat
treatment mobilises defects and reconstructs surfaces
and void morphologies [23], it is likely that the elimi-
nation of defects assists the conversion of past rod
surfaces or grain boundaries into the perfect internal
lattice, indistinguishable from rod centre areas (i.e.
grain boundary-free). From above 950 °C, the onset
of external materials flows, and then allows additional
mechanisms, such as the filling of gaps between
rods, or the rounding of corners, which leads to fur-
ther smoothening and preferential formation of larger
aggregates, eventually turning into sintered particles.
The latter would also include Ostwald ripening if par-
ticles of more different sizes were available. However,

@ Springer

unlike in the comparison by Lin et al. [41], oriented
attachment and possible Ostwald ripening/sintering
are seen here as strictly sequential, not as parallel
alternatives. Another difference, referring to results
part B, is that our mesopores do not form during but
exclusively after hydrothermal growth as part of dry
annealing. Therefore, gaps between touching nano-
particles during primary—imperfect—OA are also
not seen as a major reason for pore formation.

We finally point to our new technique used for
Fig. 4, which postponed annealing for up to 800 °C
or 950 °C in a dry air furnace until after the nanopo-
wders were dispersed on a TEM-transparent Si/Si;N,
membrane. This confirms the extraordinary thermal
and chemical robustness of these thin membranes and
opens new possibilities in studying thermal heat treat-
ment of nanopowders with TEM imaging before and
after heating, thus avoiding the heating under vacuum
that would normally apply for in situ TEM heating
holders, as shown in [22], and is atypical to simulate
standard environmental laboratory heating processes.

Conclusions

Oriented attachment (OA) is presented as a mecha-
nism of crystal morphology growth which, as a con-
cept, appears more widely applicable than just in its
original guise as a nanoparticle into nanorod trans-
formation. We report evidence of voids in crystals
aggregating and merging under secondary dry heat
treatment of originally hydrothermally grown ceria
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nanorods. As the shape of the voids corresponds ini-
tially to “negative” well-facetted particles, the sur-
face energetics are equivalent whether aggregating
solid particles in vacuum or multiple voids inside a
single crystalline solid. Our second result points to
the occurrence of a secondary oriented attachment
consisting of small nanorods merging into fewer big-
ger nanorods, where the small nanorods would have
experienced a primary OA during hydrothermal
growth already. Minimising surface energies is the
driving force here as well.
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