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reveal that the prism cross sections are bounded by four {111}
facets and two {100} facets; each of the c axis terminations
consists of pyramids containing four {111} facets (other two
unknown); the growth directions are h110i , as observed
previously.16,106,108,110,111

The presence of B 100 nm nanospheres was observed
occasionally under the synthesis conditions of T = 75–125 1C
and [NaOH] = 14.0–35.0 M. In agreement with others,96,125

these were found to be single-crystal. Fig. 8(c) reveals the
mechanism by which this singular morphology (spheroids)
develops, which is by the self-assembly, intergrowth, and
coalescence of self-assembled precursor crystallites. The resultant
single-crystal nanospheres were established at sizes in the range
B 20–50 nm diameter, with the larger size’s being predominant.
The same mechanism appears to apply to {111}-truncated nano-
cubes (cuboids) as shown in Fig. 8(d), which coalesce and form
truncated nanocubes (ESI,† Fig. S3(a) and (b)). Further, simple
cuboids also form by this mechanism (ESI,† Fig. S3(c) and (d)).
The cuboids were of variable size (commonly B 20–30 nm but as

large as 165 nm when coalesced) but they were less common than
the nanospheres.

Assuming that the fast Fourier transformation (FFT) patterns
(Fig. 8(c) and (d)) indicate exposed facets of the crystallites, then
the spheroids are likely to be octahedron-like, comprised of multi-
ple crystallites with mutual {111} interfaces, and the cuboids are
likely to be cube-like, comprised of multiple crystallites with
mutual {100} interfaces. The outlines of the latter morphology
are indistinct but the detection of multiple examples of these
confirms that they are consistent forms (ESI,† Fig. S3(c) and (d),
ESI†).

The principal differences between these formation conditions
are that the spheroids|nanospheres formed at lower temperatures
(75–125 1C) and higher [NaOH] (14.0–35.0 M) than the cub-
oids|truncated nanocubes, which formed at higher temperature
100–125 1C and lower [NaOH] (14.0–21.0 M). However, established
truncated nanocubes of sizes much smaller (B 4–5 nm) than
observed for the cuboids were observed commonly. Since such
a size differential was not observed for the nanospheres,
then there may be a size effect for the formation of cuboids
according to T and t effects, although the data do not rule out
this possibility for the spheroids as well. These morphological
effects are interpreted in terms of thermal vibrations, where
low intensities would facilitate self-assembly, intergrowth, and
coalescence, thus allowing the formation of the larger spheroids
and established nanospheres while the greater disturbance
from high intensities would limit formation to the smaller
forms of cuboids and established truncated nanocubes (but
possibly nanospheres as well).

The species subject to thermal vibrations, which intergrow,
self-assemble, and coalesce to establish the final established
forms, are crystallites that are generated by the disassembly of
the nanorods, as shown in Fig. 8(e) and (f). This process is
shown more clearly in Fig. 8(g) and (h). These four images
demonstrate that the hexagonal nanorods are destabilised and
deteriorate under the conditions of both low temperature
(5 1C)|long time (40 days) and high temperature (200 1C)|short
time (1.5 h).

Fig. 7 Autoclave vapour pressure (P) at different [NaOH] and T deter-
mined from Othmer diagram for NaOH aqueous solutions.102

Table 6 (continued)

[Ce] (M) [NaOH] (M) Ageing time Temp. (1C) Morphology Note Ref.

3.20 14.0 — 25 Particles B, K Pan et al.108

72 h 100 Tubes L
24 h 110 Wires M

120 Truncated octahedra —
140 Truncated octahedra + cubes
160 Cubes

2 h 180 Truncated octahedra + hexagonal rods + cubes N
24 h Cubes —

(A) By precipitation over 2 h without reported ageing. (B) By precipitation over 2 h followed by ageing for 24 h at 25 1C. (C) Nanopolyhedra described
as nanooctahedra. (D) Wu et al.119 Ce(NO3)3�6H2O + NaOH gave nanorods and nanocubes but Ce(NO3)3�6H2O + Na3PO4�12H2O gave
nanooctahedra; Liu et al.120 Ce(NO3)3�6H2O + NaOH gave nanorods and nanocubes but Ce(NO3)3�6H2O + CH3COONH4 gave nanoctahedra. (E)
Ce(NO3)3�6H2O + NaOH gave nanocubes but CeCl3�7H2O gave nanorods. (F) Term nanoparticles used but TEM images show nanooctahedra. (G)
Hexagonal - square nanorod conversion mechanism proposed. (H) Uncertainty about cross sectional shape of rods since (111) facets indicated
hexagonal rods but HAADF imaging suggested rectangular cross section. (I) Two variants: Both chains and hexagonal rods oriented in growth
direction [110] or [211]. (J) By precipitation over 10–30 min followed by 24 h ageing at 25 1C. (K) Suggested mechanism (Scheme 1 in ref. 108)
indicates that the nanoparticles were the decomposition product of nanotubes or nanowires. (L) Morphology of nanotubes not specified. (M)
Nanowires stated to form by deposition on nanotube ends. (N) Hexagonal nanorods assumed on basis of use of high [Ce].
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nanochain-to-nanorod conversion mechanisms are illustrated
in Fig. 11. A summary of the reports of the resultant crystal-
lographies of the two types of nanorods is given in Table 7.

The conversion of the Ce(OH)4 precipitates into nanochains
and then square or hexagonal nanorods through the development
of different crystallographic planes can be interpreted in con-
sideration of the data given in Table 2, which show that the
order of stability of the relevant planes is {100} o {110} o {111},
as also will be discussed subsequently.

Square nanorods

For the nanochains of simple octahedra of Ce(OH)4, the uniquely
present {111} planes undergo face-to-face adsorption through
anionic ligand bonding, which subsequently condenses. As these
are the only planes available, then their mutual adsorption is the
only option. The driving force for this adsorption is surface
energy reduction by partial annihilation of two planes, resulting

in the formation of a zigzag nanostructure, which has been
observed before for simple octahedra.128–130 Decreasing surface
area (and attendant surface energy) is a similar driving force for
the octahedra to form {110} and {100} truncations on the outer
surfaces. Subsequently, coalescence of the octahedra and Ostwald
ripening result in the formation of a square nanorod with the
commonly observed tetragonal prism consisting of single {110}
and {100} pinacoids and the consistently observed h110i growth
directions.12,15–17,104,105,116,118–120,131

Hexagonal nanorods

In the case of the nanochains of truncated octahedra of
Ce(OH)4, the less stable planes are {100},33,34,36 which are polar,
unlike nonpolar {111}.132,133 The low stability and presence
of the dipole for the former of these two oxygen-terminated
(and hence negatively charged) planes134–137 explain the pre-
ferential adsorption of the anionic ligand on the {100} planes;

Fig. 9 TEM images: (a) sphere (circled) (b) intergrowths, (c) multicubes, (d) cubes with adsorbed smaller CeO2 nanocubes (authors’ unpublished work).

Fig. 10 Schematic of growth mechanisms of CeO2� x nanomorphologies (red/yellow = investigated; purple = from the literature; [Ce]: low o 0.50 M r
high | [NaOH]: low o 5.00 M r high | T: Low o 150 1C r high | t: short r 2 h o long.
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this epitaxial attachment has been observed before.138 So face-
to-face adsorption occurs by the preceding processes but with
annihilation of {100} planes, again resulting in a zigzag nano-
structure, which is required for h110i growth directions. The
surface area decreases through growth of the outer {111} and
remaining {100} planes, followed by coalescence and Ostwald
ripening to establish a single crystal with a hexagonal prism
consisting of a {111} rhombic prism and a {100} pinacoid, again
with h110i growth directions. This mechanism is supported by
the observation by Du et al.106 (Table 6) of the alteration of
nanochains of truncated octahedra to hexagonal nanorods with
increased [NaOH].

The starting point for the assessment of the growth mechanisms
for square nanorods and hexagonal nanorods is the h110i growth
directions for both types. This is a key observation because both
growth mechanisms must meet this criterion. For simple octahedra,
only {111} planes are available and so only the zigzag nanostructure
would result in h110i growth. In the case of the truncated nanorods,
if the commonly observed {100} truncations were aligned linearly,
this corner-to-corner growth would not result in h110i growth.
However, while {110} octahedral truncations are less commonly
observed, they quality as being suitable for h110i edge-to-edge
growth. However, this is considered unlikely for the two reasons
that (1) Table 2 shows that {110} planes are more stable than
{100} planes, so annihilation of the latter is more probable and
(2) {110} truncations are not observed commonly but hexagonal
nanorods are.

Oxygen vacancies

It is well known that V��
O play a key role in the properties of

CeO2� x.6,14,142–144 Table 4 confirms that there are many possible
mechanisms by which V��

O can form, although the previous text
explains that undoped CeO2� x exhibits intrinsic V��

O that are
charge compensated by Ce4+ - Ce3+ reduction. However, V��

O also
appear to play a role in CeO2� x surfaces. This is indicated in
the inset red cubes in Fig. 9(b), which show {111} planes with
corner-to-corner joining. This is counter-intuitive as Table 2 shows
that these planes are the most stable and therefore unlikely to
annihilate in the presence of the less-stable {100} planes. The
reason for the observation of this preferred joining is the
additional surface energy provided by the roughness of the
{111} truncations. This roughness develops owing to the lower
stabilities of the {110} and {100} planes, which convert to
subfacets of the more stable {111} planes under the destabilising
influence of V��

O .121,145

Principal variables

The schematic of Fig. 10 formalises the effects of the four
main processing variables [Ce] (thus fixing [NO3

� ]), [NaOH],

Fig. 11 Proposed mechanisms for conversion of nanochains into square
and hexagonal nanorods (hydroxyl bonding is shown as a simplification of
the probable anionic ligand bonding).

Table 7 Crystallographies of CeO2 nanorods using Ce(NO3)3�6H2O and
NaOH by precipitation and hydrothermal synthesis

Square CeO2 nanorods

Growth
directions

Tetragonal prism

Note Ref.Pinacoid A Pinacoid B

[001] (100) (010) A —
h110i {110} {100} — Mehmood et al.12

Wu et al.15

Sakthivel et al.16

Torrente-Murciano et al.17

Mai et al.104

Zhou et al.105

Lykaki et al.116

Li et al.118

{111} {100} B Wu et al.119

Wang et al.131

— — — Liu et al.120

Hexagonal CeO2 nanorods

Growth
directions

Hexagonal prism

Note Ref.Rhombic prism Pinacoid

[001] {110} {100} C —
h110i {111} {100} — Sakthivel et al.16

Du et al.106

Sakthivel et al.111

Guo and Zhou117

Present Work
{111} {111} B Agarwal et al.110

— — — Pan et al.108

h211i {111} — D Du et al.106

Sakthivel et al.111

(A) True tetragonal prism, where both pinacoids are crystallographically
equivalent to form a true prism in cubic symmetry (a1, a2, a3). (B)
Specified planes not crystallographically possible pairs. (C) True hex-
agonal prism, where rhombic prism and pinacoid are crystallographi-
cally equivalent to form a true prism in hexagonal symmetry (a1, a2, a3,
c). (D) Growth directions not crystallographically consistent with hex-
agonal prism planes (although h211i can be normal to {111}).
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J. Phys. Chem. C, 2013, 117, 24561–24569.

122 C. Lei, A. Rockett and I. M. Robertson, J. Appl. Phys., 2006,
100, 073518.

123 K. H. Hansen, T. Worren, S. Stempel, E. Lægsgaard,
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