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Effect of calcination temperature on the performance of hydrothermally grown cerium
dioxide (CeO2) nanorods for the removal of Congo red dyes
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ABSTRACT
This study investigates the transformation of CeO2 nanostructures through various
calcination temperatures and their subsequent impact on morphological, structural,
and photocatalytic properties. X-ray diffraction (XRD) analysis reveals the presence of
cerium oxycarbonate in the uncalcined samples, transitioning to a face-centered cubic
CeO2 phase post-calcination at 500 ◦C. The scanning electron microscopy (SEM)
imaging delineates a morphological evolution from distinct, rod-like structures in the
uncalcined state to sintered, agglomerated forms as calcination temperatures ascend
from 500 ◦C to 800 ◦C. The crystallite size, calculated using Scherrer’s Equation,
displayed a proportional increase with temperature. The photocatalytic degradation
of Congo red dye under UV light was analyzed using UV-Vis spectroscopy, with the
calcined samples exhibiting varying degrees of adsorption and photocatalytic activity.
The study found that higher calcination temperatures correlate with increased photocatalytic performance, potentially due to enhanced crystallinity.
This assertion is supported by pseudo-first-order kinetic modeling, indicating improved photocatalytic efficiency with higher calcination temperatures,
underlined by increasing rate constants. These findings underscore the intricate relationship between calcination-induced morphological and
structural changes and the photocatalytic prowess of CeO2 nanostructures.
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1. INTRODUCTION

Photocatalytic degradation has emerged as a compelling
method to tackle the issue of dye pollution in wastewa-

ter treatment, due to its potential for complete mineralization
of organic pollutants into non-toxic byproducts [1, 2, 3]. Sev-
eral semiconductors, such as ZnO, TiO2, SnO2, MnO2, Fe2O3,
NiO, WO3, Nb2O5, and CeO2, have been developed as effec-
tive photocatalytic materials [4, 5, 6, 7, 8]. Cerium dioxide
(CeO2), in particular, has garnered increasing attention in the
field of environmental engineering for its remarkable redox
properties, high oxygen storage capacity, and stability [9, 10].
These attributes render it an indispensable material for appli-
cations in catalysis, fuel cells, and as an additive in diesel fuels
to reduce emissions [11]. Recent advancements in nanotech-
nology have further enhanced the utility of CeO2, especially
in nanostructured forms, which exhibit unique properties at-
tributable to their high surface-to-volume ratio and quantum
size effects [12]. These nanostructures are typically synthe-
sized using various methods, with the hydrothermal process
being one of the most favored due to its relatively mild con-
ditions, scalability, and the quality of the resultant products
[13, 14]. The resultant morphologies, including rod-like struc-

tures, are often determined by the synthetic conditions and
can be fine-tuned to optimize the material’s performance for
specific applications.

Our previous study highlighted the potential applica-
tion of CeO2 nanorods, fabricated using the hydrothermal
process, as photocatalysts in dye degradation [15]. How-
ever, their performance needs enhancement to produce high-
performance photocatalytic materials. Literature suggests
that increasing the calcination temperature leads to materials
with better photocatalytic performance [16]. The calcination
process plays a pivotal role in tailoring the properties of metal
oxide nanostructures. It is known to induce morphological
changes, enhance crystallinity, and remove organic residues
or other volatile contaminants [17, 18]. These alterations are
crucial as they directly influence the material’s catalytic ac-
tivity, adsorptive capacities, and overall chemical reactivity.
Calcination temperature is a critical parameter; it can dictate
the phase stability and surface characteristics of the resulting
CeO2. While lower temperatures may be sufficient to induce
phase changes from precursors such as cerium oxycarbon-
ate to pure CeO2, higher temperatures may lead to sintering,
growth of crystallite size, and potentially the formation of
secondary phases. This study aims to understand the relation-
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Figure 1. The XRD pattern of (a) calcined (CeO2-500) vs uncalcined CeO2 and (b) CeO2 calcined at different temperature. (c) The
CeO2 crystallite size calculated from XRD patterns. (d) BET analysis of the CeO2-500 samples.

ship between calcination conditions and the characteristics
of the resulting CeO2 nanostructures, which is essential for
optimizing their performance in environmental applications.

2. EXPERIMENTAL SECTION

2.1 Materials
Cerium nitrate hexahydrate (Ce(NO3)3 · 6 H2O), urea (CO(NH2)2),
and Congo red (CR, C.I. 22120) were purchased from Merck,
Darmstadt, Germany. The deionized (DI) water was used as
solvent both during the hydrothermal and dye degradation
measurements. All materials were used as received without
any further purifications.

2.2 Preparation of CeO2 nanostructures and materials char-
acterizations

The CeO2 nanorods were fabricated similar to our previously
reported study [15]. Typically, 3.0 g of Ce(NO3)3 and 4.2 g of
CO(NH2)2 were dissolved in 70 mL deionized water using
a magnetic stirrer until the salt completely dissolved. The
mixed solution was then placed inside a 100-mL Teflon-lined
autoclave and sealed tightly for the hydrothermal process.
The hydrothermal growth took place at a temperature of

100 ◦C for 12 hours inside an electric oven. The solid was
then washed with DI water and filtered several times using
a vacuum filter. The solid powder was dried in an electric
oven at 80 ◦C for 4 hours before calcination. To investigate
the effect of calcination temperature on the dye removal per-
formance, the calcination temperatures were varied (i.e., 500,
600, 700, and 800 ◦C) and the samples were named CeO2-
500, CeO2-600, CeO2-700, and CeO2-800, respectively. Each
sample was calcined using a predetermined holding tem-
perature and held for 2 hours, with a ramp of 5 ◦C/min. A
yellowish powder was obtained for each calcination tempera-
ture and used for materials characterization and dye removal
investigations. To investigate the effect of the calcination tem-
perature on the CeO2 morphology and crystalline structure,
scanning electron microscopy (SEM, JEOL JSM-6510) and X-
ray diffractometry (XRD, BRUKER D8 ADVANCE ECO) were
used respectively.

2.3 Photocatalytic dye degradation measurements
For the photodegradation investigation, we used a photore-
actor chamber equipped with four Phillips UVC lamps (10
W, l ≈ 253.7 nm). Congo red (CR) aqueous solution was
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