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ABSTRACT
Many oxidation catalysts rely on ceria nanomaterials as efficient supports for platinum group metal nanoparticles, where mor-

phology affects the catalytic performance. Rational exploitation of the chemical parameter space enables the tuning and control of

these morphological features. This study presents a systematic investigation of conventional and microwave-assisted hydrother-

mal syntheses of ceria nanorods and nanocubes. The specific role of Ce(III) counter-ions in nanorod formation was systematically

investigated, identifying chloride ions as essential for anisotropic growth. Microwave heating proved superior to conventional

methods, yielding high-aspect-ratio rods in 10min while preventing the surface area loss associated with thermal coarsening. For

the nanocubes, an acid-buffered route was developed to narrow the polydispersity. The reactor filling ratio in the microwave

syntheses emerged as a key parameter to modulate solvent evaporation, allowing tuning of the nanocube size (from 14 to

26 nm) and truncation degree. Structural and morphological characterisation by X-ray diffraction (XRD), transmission electron

microscopy (TEM) and Brunauer–Emmett–Teller specific surface area analysis (BET) confirmed the formation of highly crystal-

line and porous nanomaterials, providing a rational framework for the synthesis of ceria nanostructures with controlled mor-

phology via microwave-assisted heating. The effect of autogenous pressure was rationalised by numerical calculations using a

Python script developed by the authors.

1 | Introduction

Heterogeneous catalysts based on metal oxides as supports and
platinum group metals (PGMs) as active sites are essential for effi-
cient environmental, electrocatalytic and energy-related applica-
tions [1]. Beyond the size and shape of the noble metal species,
the specific surface area (SSA) and exposed facets of the oxide sup-
port, the strength of metal–support interactions [2, 3], as well as
the thermal and chemical stability, all play critical roles in

determining the catalytic performance and stability under opera-
tive conditions. Among the most widely studied oxide supports,
particularly interesting for its inherent properties is cerium dioxide
(CeO2), which attracts significant interest due to Ce’s natural
abundance [4, 5], the possibility of tuning its reducibility through
morphological control [6, 7] and its enhanced oxygen storage prop-
erties, making it a convenient support for noble metal nanopar-
ticles [5, 8, 9]. The ability of CeO2 to reversibly exchange
oxygen with the environment, commonly referred to as oxygen
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storage capacity (OSC), strongly depends on the energy required to
generate an oxygen vacancy [6, 8, 10, 11]. For CeO2, this energy
has been shown to be up to 30% lower on the surface than in the
bulk [5, 12, 13], highlighting the importance of maximising SSA
through nanostructuring. Moreover, ceria can facilitate catalytic
reactions, like CO oxidation, either through a Langmuir–
Hinshelwood-like mechanism, where both reactants are adsorbed
and react on the surface of the active site (oxygen spillover), or,
more prominently, through aMars–van Krevelen-typemechanism
[14, 15], in which the lattice oxygen from ceria or the interface
takes part in the catalytic cycle without altering ceria’s fluorite
crystal structure [16]. The oxygen storage and catalytic properties
of ceria are also facet-dependent and therefore closely related to
nanoparticle morphology [5, 8, 17]. From a thermodynamic stand-
point, the stability of CeO2 surfaces decreases in the order
(111)> (110)> (100) [5]. Nanocubes primarily expose six (100) fac-
ets, with (110) and (111) surfaces appearing at the corners and
edges [18–20]. In contrast, nanorods typically expose (110) and
(100) facets, though (111) facets have also been observed
[21–25]. Thus, controlling the exposed facets through shape-
directed synthesis, together with achieving a homogeneous nano-
particle size distribution, provides a means to tune oxygen vacancy
formation and catalytic activity while ensuring consistent proper-
ties across the support. Commercially available ceria powders, on
the other hand, generally lack preferential facet orientation. In this
context, the present study focuses on the shape-controlled synthe-
sis of ceria nanoparticles with cubic and rod-like morphologies.
Hydrothermal synthesis [26] was selected as the main approach
due to its simplicity [27, 28], its effectiveness in producing materi-
als with uniform properties and narrow size distributions [6] and
its well-established ability to direct morphological evolution. In a
typical process, the reaction mixture is heated in a sealed vessel
above the boiling point of water (>100 °C), developing an autoge-
nous pressure (>1 atm) [29, 30]. To further enhance the process
efficiency, microwave-assisted heating was also explored. This
technique has been successfully applied to a wide range of inor-
ganic and organic syntheses [31, 32] and offers several advantages:
it markedly shortens reaction times [33–36], improves energy effi-
ciency by directly heating the solvent [33, 37] and minimises ther-
mal gradients within the reaction medium. Microwave heating
operates through ionic conduction and dipolar polarisation
[31, 38], where heat is generated by the oscillatory motion of ions
and dipoles in the electromagnetic field. Reaction time is essential
for controlling particle size, and the choice of mineraliser strongly
influences the growth mechanism [39–42]. For instance, chloride
ions are known to favour the formation of nanorods, whereas
nitrate ions promote nanocube growth [6, 43]. Additionally,
nitrate ions have been reported to facilitate the oxidation of
Ce(OH)3 to CeO2 under alkaline conditions [6, 43]. Although
hydrothermal routes for producing ceria nanorods and nanocubes
are well established, current literature presents several limitations
that restrict reproducibility and morphological control. Most syn-
theses rely on strongly alkaline environments and typically pro-
duce nanocubes with broad size distributions and characteristic
lengths often exceeding 100 nm [43, 44]. Acid-mediated routes
remain comparatively less explored, even though the presence
of acetate ions has been reported to stabilise specific growth direc-
tions and potentially narrow the particle size distribution [45].
Furthermore, the influence of key experimental parameters, such
as filling ratio, precursor counter-ions and solvent dielectric prop-
erties, is often discussed qualitatively but rarely investigated

systematically, leaving open questions regarding their individual
contributions to nucleation and growth. To address these gaps,
the present study systematically examines how selected hydrother-
mal synthesis parameters affect the morphology of ceria nanopar-
ticles. For nanorods, the role of different Ce(III) salts was
evaluated together with the impact of the filling ratio on
nucleation-growth dynamics and the potential of microwave heat-
ing to shorten reaction times without compromising product qual-
ity. For nanocubes, an acid-buffered synthesis inspired by Lyu
et al. [46] was adapted and optimised, demonstrating that ace-
tate-mediated growth under acidic conditions can yield highly uni-
form nanocubes with mean sizes around 20 nm, substantially
smaller and less polydisperse than those typically obtained by con-
ventional alkaline syntheses. In addition, the effects of reaction
time, filling ratio and the addition of ethanol, used to modulate
the dielectric constant of the medium, were systematically
investigated for both heating modes, providing a comprehensive
understanding of how each parameter shapes the final particle
morphology.

2 | Experimental Methods

2.1 | Materials

Cerium (III) acetate hydrate (Sigma–Aldrich, 99.9% trace metals
basis), cerium (III) chloride heptahydrate (Sigma–Aldrich, 99.9%
tracemetals basis; Fisher Scientific, 99%), cerium (III) nitrate hexa-
hydrate (Sigma–Aldrich, 99.9% trace metals basis; Fisher
Scientific, 99%), sodium hydroxide (Sigma–Aldrich, ACS reagent,
97%, Acros Organics), acetic acid (HAc, Sigma–Aldrich/Acros
Organics, glacial), ethanol (Fluka, 96%; Sigma–Aldrich, 99.65%),
sodium acetate (NaOAc, Carlo Erba, Merck, 99%)

2.2 | Sample Labelling

Sample labels follow this nomenclature: NR_MW_43%_1h refers
to nanorods (NR) obtained via microwave-assisted (MW) synthe-
sis, with a 43% v/v filling ratio and a 1 h reaction time.
NC_C_46%_E4_24h_L refers to conventionally (C) synthesised
nanocubes (NC), with a 46% filling ratio, an ethanol–water vol-
ume ratio of 1:4 (E4), a reaction time of 24 h, and a low precursor
concentration (indicated by L). If a high precursor concentration
was used, the L suffix is omitted.

2.3 | Conventional Hydrothermal Synthesis
of Nanorods

For the conventional hydrothermal synthesis (a summary of
chloride-based syntheses is reported in Table S1), the CeO2 nano-
rods were prepared in two different reactors, maintaining a con-
stant 43% vol/vol filling ratio throughout. In the 23 mL reactor
(Parr steel reactor, 4745 general purpose acid digestion bomb -
Parr Instrument Company), 1 mL (1 mmol) of a 1M aqueous
solution of CeCl3·7H2O, Ce(NO3)3·6H2O or Ce(OAc)3·xH2O
was added dropwise to 9 mL (90mmol) of 10M NaOH. After stir-
ring for 20 min, the mixture was sealed and placed in an oven
preheated to 100 °C for 6 or 24 h. The ceria nanoparticles were
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collected by centrifugation at 11 267 rcf (Relative Centrifugal
Force) for 5 min, utilising a Z32-HK centrifuge (Hermle). The
precipitate was washed twice with 15 mL of deionised water.
Centrifugation was performed at each step to recover the precip-
itate. Subsequently, the precipitate was washed using 5mL of
ethanol and then dried overnight at 80 °C in air. In the
210mL reactor, the volume of the solution was increased by a
factor of 9.1, reaching a final volume of 91 mL, for reaction times
of 0.5, 1, or 6 h. All other parameters were kept the same.

2.4 | Conventional Hydrothermal Synthesis
of Nanocubes

A modified procedure originally reported by Lyu et al. [46] was
used for the synthesis of nanocubes in acidic media. Starting
with the conventionally heated synthesis (summary reported in
Table S2), 1.5mmol of Ce(NO3)3·6H2O was dissolved in 20mL
of a mixture of ethanol (2.5mL) and deionised water (17.5 mL)
at a 1:7 vol/vol ratio in a 50mL Teflon liner. After stirring for
15min, 36.6 mmol of NaOAc and 53mmol of HAc were added,
reaching a final filling ratio of 46% vol/vol. The slurry, sealed in a
stainless-steel Parr reactor, was then kept in a preheated oven for
24 h at 200 °C. Once cooled to room temperature (RT), the sus-
pension was centrifuged at 13 250 rcf for 7min. The precipitate
was then washed three times with 10mL of EtOH and left to
dry overnight. The synthesis was scaled up in the 210mL
Teflon liner by increasing the amount of the reactants by a factor
of 4.2. The effects of the reaction environment were investigated
by changing the solvent and cerium precursor concentrations and
increasing the ethanol–water volume ratio from 1:7 to 1:4 as well
as the amount of cerium nitrate by a factor of 2.85 (using a total of
18mmol). Reaction times of 4, 12, 18 and 24 h were tested under
these reaction conditions.

2.5 | Microwave-Assisted Hydrothermal Synthesis
of Nanorods

In the microwave-assisted synthesis of nanorods (summary
reported in Table S3), a 100 mL Teflon liner (XP-1500 plus vessel,
CEM) was utilised, with filling ratios of 11%, 22% and 43% by
volume. For the lowest ratio (11%), 1.13 mL of the cerium chlo-
ride solution was added to 10.23 mL of 10MNaOH, doubling and
quadrupling these volumes to achieve the other two filling ratios
(22% and 43%, respectively). The same mixing steps described
above were followed, and the reactor was then heated in a micro-
wave oven (CEM Corporation MARS 5 Digestion Microwave
System) to 100 °C at a power of 400W and a heating ramp of
3 min. The temperature was maintained at 100 °C for either
10 min or 1 h. The centrifugation and drying steps were carried
out as described in Section 2.3.

2.6 | Microwave-Assisted Hydrothermal Synthesis
of Nanocubes Under Acidic Conditions

A 100mL Teflon liner was used for the microwave-assisted
hydrothermal synthesis of nanocubes (summary in Table S4).
In this setup, the amounts of reactant and solvent used in the
reaction (which used 18mmol of cerium nitrate and an

ethanol–water ratio of 1:4) were halved, keeping a 46% vol/vol
filling ratio. After 15 min of stirring, the reactor was sealed,
placed in a microwave oven, and heated to 200 °C at 400W with
a ramp of 10min. It was then maintained at 200 °C for 4 h. After
cooling to RT, the particles were collected by centrifugation at
7197 rcf, washed three times with 15 mL aliquots of acetone
and dried in an oven at 80 °C overnight. With the microwave-
assisted approach, the effect of the filling ratio was investigated
by performing syntheses at 11%, 23% and 46% vol/vol, using only
water as the solvent and changing the amount of the other reac-
tants accordingly.

2.7 | Characterisation Methods

2.7.1 | X-ray Diffraction (XRD)

The crystalline structure and phase purity of the nanoparticle
powders were determined by XRD analysis. XRD patterns were
recorded using a PANalytical X’Pert Pro X-ray diffractometer
employing a 2θ Bragg–Brentano geometry with Cu-Kα radiation
(λ= 1.5406 Å) and a Ni filter. Bragg angles ranging from 20° to
80° (2θ) were recorded over a period of 12min at RT with a step
size of 0.3°. The reflections were analysed by X’Pert Highscore
Plus (PANalytical) and compared with reference data reported
in the International Centre for Diffraction Data (ICDD) database,
JCPDS 34-0394.

2.7.2 | Transmission Electron Microscopy (TEM)
and Size Distribution

The size, size distribution and morphology of the ceria nanopar-
ticles were analysed on an FEI Tecnai G2 TEM, operating at
100 kV, equipped with an Olympus Veleta camera and a
TVIPS F114 camera. The particle sizes were manually measured
using ImageJ, and the data are presented as median±median
absolute deviation. The corresponding length distribution histo-
grams and particle counts for each sample are provided in the
Supporting Information (Figures S1–S5), along with a summary
of the total particles counted (Table S5). Additional TEM images
are also available in the SI (Figures S6–S31).

2.7.3 | Measurement of the SSA

The SSA was determined by N2 physisorption. The measurements
were taken on a NOVA2200e (Quantachrome Instruments) with
N2 at 77 K in a relative pressure range between 0.005 and 1 p/p0.
Prior to measurement, the samples were degassed at 200 °C for
20 h at 1 Torr (0.0013 bar). The data were evaluated with the
NOVA Win Software (Version 11.03). The SSA was determined
using the Brunauer–Emmett–Teller (BET) [47] model (DIN ISO
9277:2010), accounting for the Rouquerol criteria.

2.8 | Repetition of the Experiments

To ensure that the reported morphological data and size distribu-
tions are representative of the synthetic protocol rather than an
isolated event, products from at least three independent batches
for each formulation were pooled prior to characterisation.
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3 | Results

3.1 | CeO2 Nanorods

As reported by Trovarelli and Llorca [6], the role of the Ce(III)
precursor counter-ions is crucial in defining the final morphol-
ogy of the nanoparticles, because their selective adsorption on
specific crystal planes modifies the surface free energy, thereby
altering the relative growth kinetics of those facets. For example,
chloride ions are known to stabilise the (111) facets, which pro-
motes anisotropic growth into one-dimensional (1D) structures
such as nanowires and nanorods, while nitrate ions stabilise
the (100) facets, favouring the development of nanocubes. This
ion–specific interaction acts as an intrinsic structure-directing
effect, even in the absence of external surfactants or templates.
Accordingly, a systematic study of the hydrothermal synthesis of
ceria nanorods was conducted by varying the Ce precursor and
the reaction time. The experiments were performed by adopting
the strongly basic method (9 M NaOH) originally reported by
Mai et al. [48]. The chosen precursors were: Ce(OAc)3·xH2O,
CeCl3·7H2O and Ce(NO3)3·6H2O (reactor volume 23 mL).
Furthermore, the influence of reaction time was investigated
by conducting experiments at 6 and 24 h. For all syntheses,
the yield exceeded 70% of the theoretical value, with the nitrate
precursor giving the highest molar yields, and the acetate pre-
cursor the lowest. Phase purity of the products obtained with
the three different precursors was confirmed by XRD analysis
(Figure 1) for all reaction times (6 and 24 h).

The XRD patterns of all samples (Figure 1) revealed the charac-
teristic reflections of the CeO2 phase with a fluorite-type struc-
ture (JCPDS 34-0394), corresponding to diffraction peaks at 2θ
angles of 28.5°, 33.0°, 47.4°, 56.3°, 59.1°, 69.6°, 76.7° and 79.1°.
The broad reflections observed in the XRD patterns indicate
small crystallite sizes. Analysis using the Scherrer equation con-
firms a consistent increase in crystallite size with longer reaction
times [49] (see Table 1). Notably, nanorods synthesised from
chloride and nitrate precursors exhibited larger crystallite sizes
than those obtained with acetate. This is attributed to the strong
capping effect of acetate species, which, as reported by Fu et al.
[45], significantly retards crystal growth kinetics.

TEM analysis revealed that all synthesised products share a com-
mon intertwined morphology with a marked tendency towards
agglomeration, the extent of which increased with reaction
time. However, distinct morphological evolution was observed,
depending on the precursor. When cerium acetate was used,
the resulting nanoparticles were the least morphologically uni-
form. Determination of the aspect ratio (width/length) for the
6 h sample was prevented by the extensive overlap of nanorod
edges (Figure 2a), while nanocubes were clearly visible alongside
rods in the 24 h sample (Figure 2b). Conversely, the chloride pre-
cursor facilitated the complete formation of nanorods within 6 h.
Although some small, undefined particles persisted, these nano-
rods maintained a stable aspect ratio of approximately 0.14 across
the 6 h (Figure 2c) and 24 h marks (Figure 2d), indicating well-
preserved anisotropic growth. The nitrate precursor (Figure 2e,f )
exhibited a high degree of agglomeration. These results confirm
the significant impact of counter-ions on morphology [6], under-
lining the importance of precursor choice. In agreement with
previous reports by Fu et al. [45] and Wu et al. [43], the acetate

precursor appeared to be the least suitable for nanorod synthesis,
likely due to the capping behaviour of acetate ions, which hin-
ders anisotropic growth and favours the formation of more iso-
tropic or faceted morphologies [45].

Based on the screening results, CeCl3·7H2O was selected as the
optimal precursor for the subsequent experiments. This decision
is further supported by literature observations [6], which suggest
that nitrate ions facilitate the premature oxidation of dissolved
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FIGURE 1 | XRD patterns of ceria nanorods obtained from different

Ce precursors at different reaction times with the conventional synthesis.
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Ce(OH)3 intermediates; this rapid oxidation mechanism often
leads to poorly defined nanoparticles and disrupts the kinetics
required for effective nanorod growth. To evaluate the reproduc-
ibility of the protocol at a larger scale, the reaction volume was
increased from 23mL (Figure 3a) to 210mL (sample NR_C_43%
_6 h, Figure 3b). As evidenced by the morphological comparison

and the dimensional data in Table 2, this ninefold increase in
scale did not negatively impact product quality. The aspect ratio
and morphology remained consistent, demonstrating that the
synthesis results are not significantly affected by this change
in reactor volume and geometry.

To evaluate whether a shorter reaction time could improve size
control [50], the reaction duration was reduced by factors of
6 (NR_C_43%_1 h) and 12 (NR_C_43%_30min) in the 210 mL
liner. Well-defined nanorods were successfully obtained in both
cases (Figure 3c,d). However, the 30min sample exhibited a
noticeably higher degree of agglomeration compared to the 1 h
product. This behaviour is likely due to the incomplete evolution
of the intermediate phase at such short times: residual amor-
phous species may persist at the grain boundaries, acting as bind-
ers that promote aggregation during recovery. Extending the time
to 1 h seemingly allows for their consumption and surface mat-
uration. Microwave heating is well known for its fast and homo-
geneous heating; moreover, it was reported by the authors in a
complementary article [51] to be more efficient than conven-
tional heating from an environmental point of view. This
approach was therefore employed to investigate the impact of
short reaction times further and to potentially accelerate nucle-
ation and growth processes. As shown in Figure 4c,d, nanorods
were successfully synthesised in 1 h (NR_MW_43%_1 h) or even
in as little as 10 min (NR_MW_43%_10min), respectively, using
a 100mL liner. Moderate agglomeration was still present, similar
to the fast conventional runs. The formation of nanorods in this
additive-free system is attributed to the pronounced structural
anisotropy of the Ce(OH)3 nuclei formed in the strongly alkaline
environment (9 M NaOH) [48], which promotes a high dissolu-
tion-reprecipitation rate [52]. This intrinsic shape-directing effect
is particularly advantageous, as it obviates the need for external
directing agents (e.g., oleic acid, PVP), which are often required
in other protocols [53]. Finally, varying the filling ratio in the
MW setup (11%, 22% and 43%) yielded nanorods with compara-
ble dimensions and reduced agglomeration (Figure 4a–c, respec-
tively; Table 3), confirming the flexibility of the process. At
100 °C, the total pressure inside the vessels reaches approxi-
mately 2.3 bar. This pressure is insufficient to generate markedly
different reaction conditions, as solvent evaporation remains lim-
ited regardless of the filling ratio (Table S6). Consequently, the
resulting products exhibit consistent SSA and comparable
lengths (Table 3).

Notably, the SSA and particle length obtained by microwave-
assisted synthesis were comparable to those of the conventional
route, as evidenced by comparing NR_C_43%_6 h with
NR_MW_43%_1 h, and NR_C_43%_1 h with NR_MW_43%
_10min (Tables 2 and 3). However, microwave-assisted synthesis
required only one-sixth of the reaction time. The evolution of
SSA values further highlights these trends. In the conventional
process (210mL liner), the SSA decreased with reaction time
from 115 (30 min) to 84 m2 g−1 (6 h). Interestingly, the same
6 h treatment performed in the smaller 23mL liner retained a
significantly higher SSA (108m2 g−1). This discrepancy suggests
that the reactor scale, and the associated thermal gradients, affect
the extent of coarsening during prolonged hydrothermal treat-
ment. In contrast, microwave syntheses consistently yielded high
SSAs (between 88 and 110m2 g−1), with the 10 min sample
approaching the values of the fastest conventional runs.

TABLE 1 | Crystallite size of ceria nanorods, calculated by applying

the Scherrer equation to the (111), (220) and (331) reflections (averaged

value), and aspect ratio for samples obtained from different Ce precursors

and after different reaction times.

Ce precursor
Reaction
time, h

Average
crystallite
size, nm

Average
aspect ratio,
width/length

Ce(NO3)3·6H2O 6 5.8 ± 0.9 0.13 ± 0.02

24 6.8 ± 1.0 0.11 ± 0.01

CeCl3·7H2O 6 6.0 ± 1.0 0.14 ± 0.01

24 7.0 ± 1.1 0.14 ± 0.02

Ce(OAc)3·xH2O 6 4.5 ± 0.8 —

24 5.2 ± 0.9 0.11 ± 0.02

FIGURE 2 | TEM images of nanorods obtained from different precur-

sors: Ce(OAc)3·xH2O (a,b), CeCl3·7H2O (c,d) and Ce(NO3)3·6H2O (e,f )

after 6 h (a,c,e) and 24 h (b,d,f ).
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Consequently, microwave processing offers a substantial reduc-
tion in reaction time without significant loss in SSA.

3.2 | Nanocubes

Standard literature protocols for obtaining ceria nanocubes typi-
cally employ highly concentrated NaOH at elevated temperatures
(ca. 180 °C) and long reaction times (over 6 h) without capping
agents [6, 19, 52, 54]. However, this approach typically yields
large particles (with an edge length of up to 200 nm) with a broad
size distribution [52, 54]. To overcome this limitation and achieve
smaller and more uniform nanocubes, we adopted a modified
procedure using an acetic acid/sodium acetate buffer solution

(pH� 4.6), based on the protocol by Lyu et al. [46], which is
known to inhibit nanorod formation [45]. A systematic investi-
gation was conducted to assess the impact of solvent composition
and reactor scale. Initial syntheses using water as the sole solvent
(NC_C_46%_24 h_L) resulted in a negligible yield (5%). This low
recovery is likely due to the formation of highly stable colloidal
nanoparticle suspensions, which resisted efficient sedimentation
during centrifugation.

To address the low yields and stability issues observed in pure
water, the solvent composition was modified by introducing eth-
anol. The addition of ethanol lowers the overall dielectric con-
stant of the mixture (ca. 55 at 20 °C for the ethanol–water 1:4
volume ratio [55], compared to 80 for pure water [56]), thereby

FIGURE 3 | Nanorods synthesised in the 23mL liner with a reaction time of 6 h (a) or in the 210mL liner with a reaction time of 6 h (b), 1 h (c) and

30min (d).

TABLE 2 | Dimensional analysis of the nanorods synthesised in the 23 and 210mL liner with a reaction time of 6 h.

Sample name NR_C_43%_30min NR_C_43%_1 h NR_C_43%_6 h

Liner volume 210mL 23mL

Length, nm — 50 ± 11 51 ± 17 51 ± 18

Aspect ratio, width/
length

— 0.16 ± 0.04 0.15 ± 0.05 0.15 ± 0.05

SSA, m2/g 115 113 84 108
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reducing the precursor solubility and promoting supersaturation
(S) even at lower solute concentrations. Consequently, the nucle-
ation rate (J) is enhanced according to the classical nucleation
theory: Jn ∝ expð− 1=ðln SÞ2Þ. This exponential increase in
nucleation rate leads to a higher number of nanoparticles and
improved material recovery; the yield rose to 23% and 30% using
ethanol/water vol. ratios of 1:7 and 1:4, respectively. Despite this
improvement, TEM analysis (Figure 5a–c) revealed that well-
defined nanocubes were still scarce. Moreover, scaling up the
reaction to a 210mL liner (keeping the 1:4 ratio) proved detri-
mental, reducing the yield to 21% and further decreasing the
number of cube-shaped particles (Figure 5c). This suggests
that nanocube formation in this buffer system is highly sensitive

to reactor geometry and the associated thermal gradients.
Recognising that precursor concentration is another critical
parameter governing growth [6], the concentration was
increased from 0.065 to 0.186M for the synthesis of sample
NC_C_46%_E4_24 h (Figure 6d). This adjustment resulted in a
significant improvement in product quality: well-defined nano-
cubes were obtained with an average edge length of 16± 3 nm
(Table 4), a narrow size distribution and a markedly increased
reaction yield of 55 mol% (Table S8).

To clarify the kinetic evolution of the system, the reaction time
was varied to 4, 12 and 18 h (samples NC_C_46%_E4_4 h, _12 h,
and _18 h, respectively). Cube-like nanoparticles were already

FIGURE 4 | Nanorods synthesised with the microwave-assisted hydrothermal synthesis. Filling ratios of 11% (a), 22% (b) and 43% (c) were investi-

gated. Reaction time: 1 h (a–c), and 10min (d, filling ratio of 43%).

TABLE 3 | Dimensions of the nanorods synthesised in the microwave oven were calculated by applying the Scherrer equation to the (111), (200),

(220) and (311) reflections.

Sample name NR_MW_11%_1 h NR_MW_22%_1 h NR_MW_43%_1 h NR_MW_43%_10min

Length, nm 63 ± 21 55 ± 18 46 ± 16 40 ± 15

Aspect ratio, width/
length

0.15 ± 0.06 0.16 ± 0.04 0.15 ± 0.03 0.17 ± 0.04

SSA, m2/g 89 88 88 110

Average crystallite size, nm 7.7 ± 0.4 6.7 ± 0.5 6.4 ± 0.3 —

European Journal of Inorganic Chemistry, 2026 7 of 13
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observed after just 4 h, despite some morphological imperfections
(Figure 6a). Extending the thermal treatment to 12 and 18 h sig-
nificantly improved the shape definition, yielding well-faceted
nanocubes (Figure 6b,c, respectively). The reaction yield followed
a distinct non-monotonic trend: starting from 12% after 4 h, it
increased to 68% after 12 h, reaching 79% after 18 h, before

dropping to the previously discussed 55% after 24 h. The low yield
after 4 h may be due to incomplete reaction kinetics, where a sig-
nificant proportion of the precursor remains unreacted, or the
nuclei may not have attained the critical radius required for effi-
cient sedimentation during centrifugation. Conversely, the
decrease in yield observed at 24 h suggests that the optimal

FIGURE 5 | Ceria nanocubes synthesised under acidic conditions, using a 50mL Teflon liner with ethanol–water volume ratios of 1:7 (a) and 1:4 (b).

In (c), the reaction was conducted with the same 1:4 ratio but in a 210mL Teflon liner.

FIGURE 6 | TEM images of the nanocubes obtained by conventional synthesis in the 210mL Teflon liner with a 46% filling ratio and a reaction time

of 4 h (a), 12 h (b), 18 h (c) and 24 h (d).
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equilibrium between nucleation and growth is achieved between
12 and 18 h. Beyond this window, prolonged hydrothermal treat-
ment may induce cycles of redissolution and recrystallisation
[27, 57, 58]. Such processes can lead to a progressive reduction
in average particle size, with a consequent increase in the SSA
(Table 4). This makes the finer fraction of the product more sus-
ceptible to loss during the washing procedures, consistent with
the experimental observation (Table 4).

Microwave heating was employed not only to reduce reaction times
but also to minimise thermal gradients within the reaction vessel
[31]. This feature is particularly advantageous for nanocube synthe-
sis, as the higher reaction temperatures involved generate more
severe thermal inhomogeneities compared to the 100 °C employed
for the nanorod synthesis protocol. Unlike conventional hydrother-
mal synthesis where the autoclave walls are in thermal equilibrium
with the fluid, microwave irradiation heats the solvent volumetri-
cally while the Teflon liner remains relatively cooler. It has been
proposed that this may create a ’cold wall’ effect in the headspace
that acts as an internal condenser, promoting continuous solvent
evaporation and convection currents, although direct experimental
verification of this effect was not performed in the present study. A
reaction time of 4 h was selected as the baseline. Thanks to the
lower polydispersity characterising the microwave-synthesised
products (Table 5), the influence of the filling ratio could be delin-
eated with greater clarity. Figure 7a,b compares two microwave-
assisted syntheses performed with filling ratios of 23% and 46%,
respectively. While the higher filling ratio (NC_MW_46%_E4)
yielded nanocubes comparable in size and quality to the analogous
conventional synthesis (NC_C_46%_E4_4 h), halving the filling
ratio to 23% (NC_MW_23%_E4) significantly improved crystallinity.
The product exhibited a more defined cubic morphology, with an
average size that increased from 14± 4 nm to 26± 3 nm (Table 5).

As shown in detail in Table S7, the solvent composition changes
dynamically with the filling ratio due to the differential

evaporation rates of water and ethanol. At a reaction temperature
of 200 °C, the final pressure in the sealed reactor reached approxi-
mately 19 bar (for details about the Python script used for the cal-
culations, and the assumptions behind them, see the SI). A lower
filling ratio corresponds to a larger headspace volume, which in
turn promotes higher total solvent evaporation. This leads to a
net increase in precursor concentration (Table S7), and a concom-
itant shift in the solvent composition, directly affecting the super-
saturation ratio. This trend is consistent with the comparison
between NC_MW_23%_E4 and NC_MW_46%_E4: the greater
evaporation-driven volume reduction at lower filling ratios is
expected to result in a higher effective concentration of precursor,
promoting a higher growth rate throughout the reaction.
Conversely, at higher filling ratios (46%), the lower effective con-
centration is expected to limit the growth rate, producing smaller
and less well-defined nanocubes. To decouple these variables and
isolate the effect of precursor concentration, a control series was
conducted using pure water at filling ratios of 11%, 23% and 46%.
TEM analysis (Figure 7c–e, respectively) confirms a general loss of
well-defined cube-like nanoparticles in the absence of ethanol,
particularly in NC_MW_46% (Figure 7e). Nevertheless, the inverse
relationship between the filling ratio and the average nanoparticle
size persists as the filling ratio increases (Table 5), consistent with
the view that the evaporation-driven concentration gradient
(Table S8) remains a primary determinant of growth kinetics.
At lower filling ratios, where the concentration increase is maxi-
mal, a small fraction of cube-like particles can still be observed,
suggesting that a threshold supersaturation level is required to
favour anisotropic growth. The presence of ethanol in the original
mixture may facilitate reaching this threshold by lowering the
dielectric constant of the medium, thereby enhancing the super-
saturation ratio compared to pure water. These results suggest a
synergistic mechanism: while acetate ions appear necessary to pro-
mote the anisotropic cubic habit [45], a sufficiently high precursor
concentration is also critical to provide the thermodynamic driving
force necessary for full morphological definition.

TABLE 4 | Dimensional analysis of nanocubes synthesised using the conventional approach. Crystallite sizes were calculated using the Scherrer

equation for the (111), (200), (220) and (311) reflections.

Sample name NC_C_46%_24 h_L NC_C_46%_E7_24 h_L
NC_C_46%_E4_24 h_L

(liner 50mL)
NC_C_46%_E4_4 h_L

(liner 210mL)

Edge length, nm 16 ± 3 17 ± 5 16 ± 3 15 ± 2

Sample name NC_C_46%_E4_4 h NC_C_46%_E4_12 h NC_C_46%_E4_18 h
NC_C_46%
_E4_24 h

Edge length, nm 14 ± 2 29 ± 4 24 ± 3 16 ± 2

SSA, m2/g 48 25 24 42

Average crystallite
size, nm

14.4 ± 0.1 26.0 ± 0.4 24.5 ± 0.7 17.3 ± 0.1

TABLE 5 | Dimensional analysis of the nanocubes synthesised in the microwave oven. Crystallite sizes calculated using the Scherrer equation for the

(111), (200), (220) and (311) reflections.

Sample name NC_MW_11% NC_MW_23% NC_MW_46% NC_MW_23%_E4 NC_MW_46%_E4

Size, nm 20 ± 3 25 ± 5 6 ± 1 26 ± 2 14 ± 3

SSA, m2/g 46 73 81 45 47

Average crystallite size, nm — — — 21.9 ± 0.5 14.4 ± 0.4
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SSAs of 45–47 m2 g−1 were achieved after just 4 h of reaction
using both microwave and conventional heating (Tables 4
and 5). However, the microwave method yielded a better
cube-like faceted morphology compared to the conventional ana-
logue (comparing Figures 6a and 7a,b), effectively matching the
quality obtained only after 24 h in the conventional process (sam-
ple NC_C_46%_E4_24 h). In other words, microwave-assisted
synthesis, characterised by rapid and efficient volumetric heating
with minimal thermal gradients, enabled the faster formation of
well-defined nanoparticles with SSAs comparable to those pro-
duced via prolonged conventional heating. With just 4 h of
microwave irradiation, the particle dimensions matched those
obtained after 12–18 h of conventional treatment, yet the SSA
remained considerably higher (Tables 4 and 5). In contrast,
the significantly increased SSA observed for the ethanol-free
samples (NC_MW_11%, NC_MW_23% and NC_MW_46%) can
be attributed to the predominance of small, non-cubic nanopar-
ticles approximately 8 nm in size (Figure 7c–e). TEM analysis
revealed that while the sample synthesised at the highest filling
ratio (46%) lacked defined features, a small fraction of cube-like
nanoparticles could be discerned at lower filling ratios (11% and
23%), consistent with the evaporation-induced concentration
increase. However, as previously discussed, the general absence
of ethanol prevents the solubility drop required to drive the wide-
spread formation of larger, faceted nanocubes, resulting overall
in smaller crystallites with higher surface-to-volume ratios.
Finally, the crystallite sizes estimated using the Scherrer equa-
tion (Tables 4 and 5) are in good agreement with the nanocube
edge lengths measured via TEM, which is consistent with the

hypothesis that the synthesised particles may consist of single crys-
tals, although confirmation by high-resolution TEM (HRTEM) or
selected area electron diffraction (SAED) would be required for
definitive evidence.

4 | Conclusions

This study provides a comprehensive assessment of how reaction
parameters, specifically precursor counter-ions, the filling ratio
and solvent composition, govern the hydrothermal synthesis of
ceria nanostructures. Regarding the nanorods, the choice of
counter-ion proved to be the primary structure-directing factor.
Chloride ions were essential for stabilising the anisotropic
growth of rods by selectively adsorbing on the lateral facets,
thereby suppressing radial growth and promoting longitudinal
elongation. In contrast, nitrate ions promoted more isotropic
growth towards the cubic morphology, while acetate ions
resulted in the coexistence of both nanorods and nanocubes after
24 h. This suggests a competitive growth mechanism in which
acetate ions effectively stabilise the (100) facets, diverting a frac-
tion of the nuclei towards a cubic habit and thus partially inhib-
iting the longitudinal growth typical of the strongly alkaline
environment. Notably, the microwave-assisted approach enabled
a drastic reduction in reaction time, yielding crystalline nanorods
in as little as 10 min. Crucially, unlike conventional heating,
where prolonged times led to surface area loss due to coarsening,
microwave synthesis preserved a high SSA while ensuring high

FIGURE 7 | Nanocubes obtained by microwave-assisted synthesis. Filling ratios of 23% (a) and 46% (b) and a 4 h reaction time. Products achieved

without ethanol in solution and with filling ratios of 11% (c), 23% (d) and 46% (e).
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crystallinity. A synthetic route for nanocubes was also estab-
lished using an acetate buffer solution. Here, the reactor filling
ratio emerged as a decisive parameter for controlling nanocube
size and morphology. Decreasing the filling ratio from 46% to
23% resulted in a marked increase in nanocube size, from
14± 4 nm to 26± 3 nm, and improved morphological definition.
This behaviour is rationalised by considering the interplay
between the reactor headspace and the solvent phase equilib-
rium. At lower filling ratios, the preferential evaporation of eth-
anol is proposed to lead to a higher precursor concentration and a
lower dielectric environment, thereby enhancing the supersatu-
ration ratio and driving a kinetic growth regime. Furthermore,
the associated increase in precursor concentration proved critical
for sharpening the particle facets. Experiments conducted in the
absence of ethanol confirmed that while acetate ions appear nec-
essary to dictate the cubic habit, a synergistic control of solvent
composition and concentration is required to achieve well-
defined morphologies. Taken together, these results establish a
rational framework for the synthesis of ceria with defined mor-
phology. By carefully modulating the reactor headspace and sol-
vent composition, we demonstrated that microwave heating can
be transformed from a simple, rapid heating tool into a versatile
instrument for tuning physicochemical properties, laying the
foundation for the production of advanced nanomaterials for cat-
alytic and environmental applications [59, 60].
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