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A combined bottom-up and top-down route was developed for the template-free synthesis of mesoporous 
CeO2 powders using Ce(NO3)3·6H2O, NH4HCO3, H2O2, and H2O as starting reagents. The flake-like 
Ce2(CO3)3·8H2O precursor was etched by H2O2, and CeO2 nucleated in situ with built-in equiaxed 
particles. Pores formed on the flakes owing to the loss of by-products of H2O and CO2. The formation of 
the mesostructured CeO2 could also be explained by the large change in volume induced as a result of the 10 

difference in density between Ce2(CO3)3·8H2O and CeO2. Accordingly, the original flake-like 
morphology of Ce2(CO3)3·8H2O was not preserved upon pore formation and during continuous stirring in 
the synthesis. Subsequent hydrothermal treatment destroyed the loose aggregates of CeO2 derived from 
the reaction between H2O2 and Ce2(CO3)3·8H2O. Rearrangement of the CeO2 particles via dissolution–
recrystallization process occurred under certain temperatures and pressures. Consequently, CeO2 particles 15 

with coarser sizes, smoother surfaces, and mesoporous structures were obtained. The specific surface area 
of the particles was 166.5 m2/g after hydrothermal treatment at 200 °C for 24 h. The mesoporous CeO2 
particles possessed better adsorption capacities of acid orange 7 dye than basic orange 2 dye in the 
absence of pH pre-adjustments. The saturated adsorption amount of acid orange 7 dye was 510.2 mg/g at 
298 K based on Langmuir linear fitting of the experimental data. 20 

Introduction 

Ceria (CeO2) nanostructures have been widely used because of 
their unique crystal structure and redox property,1,2 such as in 
solid oxide fuel cells,3 oxygen storage capacitors,4,5 dye removal 
treaments,6,7 and as catalysts,8 ultraviolet blocking materials,9,10 25 

chemical mechanical polishing materials,11 and oxygen ion 
conductivity materials.12 The performances of CeO2 can be 
tailored by controlling its structure and synthesis processes. 
 Integration of bottom-up and top-down routes has recently 
become one of the dominant challenges in the fabrication of 30 

nano-/micro-structures/devices with advanced functional 
properties.13–19 The preparation of mesoporous CeO2 is typically 
based on a bottom-up approach; however, it also requires a 
combination of top-down processes. In top-down processes, the 
removal of the structure-directing agents or the calcination of the 35 

cerium precursors is usually involved. For example, Ni et al. 
synthesized mesoporous CeO2 particles via a sol–gel method 
using Pluronic P123 or F127 tri-block copolymer as a surfactant, 
and the surfactant was removed by calcination.20 In another study, 
Zhang et al. synthesized mesoporous CeO2 nanotube arrays using 40 

as-prepared ZnO nanorod arrays as templates. The templates were 
successively submerged in the NaOH solution, deionized water, 
and Ce(NO3)3 solution. Following annealing at 500 °C for 30 min, 
the mesoporous polycrystalline CeO2 nanoshells on ZnO were 
obtained. Finally, mesoporous CeO2 nanotube arrays were 45 

obtained by dissolving ZnO using HNO3.
21 Nabih et al. 

demonstrated an inverse mini-emulsion technique to synthesize 
mesoporous CeO2 nanoparticles. Cetyltrimethylammonium 
bromide or poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) tri-block copolymers as a template, was 50 

incorporated into mini-emulsion droplets. The solvent was 
removed by freeze-drying and mesoporous CeO2 was obtained by 
following calcination at 400 °C.22 Though template-assisted 
approaches are efficient in fabricating mesoporous CeO2 
nanostructures, tedious procedures are required for the separation 55 

of the CeO2 mesoporous structures. To date, only a few studies 
on direct and template-free synthesis of mesoporous CeO2 have 
been reported.23,24 
 Acid orange 7 (AO7) is one of the most common azo dyes 
employed in various industries ranging from textile to paper.25 60 

Likewise to most azo dyes, it is difficult to biologically degrade 
AO7 because of the strong azo bond, –N=N–. AO7 dye may 
accumulate in the environment under the reaction of 
microorganisms and may generate carcinogenic and mutagenic 
effects to human and aquatic organisms.26,27 To date, numerous 65 

approaches have been employed to remove AO7 dye from 
aqueous solution, such as electrochemical techniques,28 bio-
degradation processes,29 photocatalytic oxidations,30 and 
adsorptive removal processes using diverse adsorbents31. Among 
the available chemical and physical processes, adsorption using 70 

adsorbents is the most versatile and widely used technique.32,33 
 In this work, we developed an combined of bottom-up and top-
down route for the template-free synthesis of mesoporous CeO2 
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powders. The possible mechanisms for the transformation from 
Ce2(CO3)3·8H2O into CeO2 and morphology evolution from 
flake-like to mesoporous structures were discussed. Additionally, 
the absorption characteristics of the mesoporous CeO2 particles 
for AO7 were investigated. As a comparison, the adsorption 5 

capacity of anther azo dye, basic orange 2 (BO2), was also 
determined. 

Experimental 

Materials 

Ce(NO3)3·6H2O (99.95 %), NH4HCO3 (ACS), and AO7 dye were 10 

supplied by Aladdin Co. Ltd. BO2 dye was obtained from China 
National Chemical Corporation. H2O2 (30 %) was purchased 
from Beijing Chemical Works. All major chemicals were used as 
received without further purification. Distilled water was used in 
all experiments.  15 

Synthesis of mesoporous CeO2 particles 

A flow chart of the synthesis procedure employed is shown in Fig. 
1. Typically, 1.737 g Ce(NO3)3·6H2O was dissolved in 28 mL 
distilled water under vigorous stirring until a clear Ce3+ solution 
was  formed. Then, stoichiometrically excess 1.265 g NH4HCO3 20 

was added to the Ce3+ solution under continuous stirring; a white 
precipitate (labeled as Precursor) was generated immediately. 
Subsequently, the white suspension promptly turned orange after 
dropwise addition of 7 mL H2O2, The suspension was stirred for 
30 min (Precursor 21) and aged for 3 h (Precursor 22). Excess 25 

stoichiometric amounts of NH4HCO3 and H2O2 were used. 
Precursor 22 in the total mother liquor was carefully decanted 
into a 50 mL Teflon-lined stainless steel autoclave, which was 
heated at 200 °C for 24 h to give Sample 2.  Additionally, Sample 
1 was synthesized hydrothermally under the same conditions, 30 

however, in the absence of H2O2. All the obtained products were 
washed and dried under vacuum at 60 °C for 24 h. 
 

 
Fig. 1. Samples synthesized using two routes i.e., in the absence 35 

(Route 1) and presence (Route 2) of H2O2. 
 

Characterization 

The crystallographic phases of the samples were characterized by 
X-ray diffraction (XRD) using graphite monochromatized Cu Kα 40 

radiation (Rigaku, D/MAX 2200 PC). The morphologies of the 
samples were evaluated by field-emission scanning electron 
microscopy (SEM; JEOL-7500F) and transmission electron 
microscopy (TEM; JEOL JEM-2100F). Nitrogen adsorption–
desorption isotherms were measured on a QuadraSorb SΙ. The 45 

infrared measurements were employed by a Fourier transform 
infrared spectrometer (FT-IR; Nicolet 6700). 

Adsorption studies 

The adsorption characteristics of the mesoporous CeO2 powders 
were evaluated by adsorptive removal of AO7 and BO2 dyes 50 

from simulated wastewater in the dark. The adsorption studies 
were conducted without pH pre-adjustments in the dark, as a 
function of initial dye concentration (20−100 mg/L), contact time 
(0–60 min) and adsorbent dosage (2.0 g/L) at constant 
temperature (298 K) and agitation speed (200 rpm). Typically, 55 

0.2 g synthesized sample was dispersed into 100 mL of AO7 
solution at varying concentrations (20, 40, 60, 80, and 100 mg/L). 
The mixture was stirred at a constant temperature. Then, 
suspension aliquots of ~4 mL were withdrawn at regular intervals 
and centrifuged (8000 rpm). The absorbance of the supernatant 60 

was measured at the maximum absorption wavelength (484 nm 
for AO7, and 452 nm for BO2) using an ultraviolet–visible 
spectrophotometer (Techcomp UV-2600). The adsorption 
efficiency (η, %) of AO7 was calculated using Eq. 1, and the 
adsorption amount (q, mg/g) was calculated using Eq. 2:34  65 
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where C0 (mg/L) is the initial concentration of dye, Ce (mg/L) is 
the concentration of the dye (adsorbate) at equilibrium, m (g) is 
the mass of the absorbent (CeO2), and V (L) is the volume of the 70 

aqueous solution. 
 The Langmuir model (Eq. 3) was used to examine the 
adsorption characteristics:35 
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K q C
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K C
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+                             (3) 
where qm (mg/g) is the saturated adsorption amount of dye 75 

adsorbed per unit weight of adsorbent and KL (L/mg) is the 
Langmuir constant related to the affinity of binding sites. 
Equation 3 can be rearranged to a linear form (Eq. 4).36 Hence, 
the values of qm and KL can be respectively evaluated according 
to the slope and intercept of the straight line of the plot of (Ce/q) 80 

vs. Ce.  
e e

L m m

1C C

q K q q
= +

                    (4) 

Results and discussion 

Synthesis and characterization 

The crystallographic phases of the samples were determined by 85 

XRD. Figure 2 shows the XRD patterns of the precursors and 
obtained samples. More specifically, Fig. 2a shows the XRD 
pattern of the original precipitate (Precursor) after adding 
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NH4HCO3 to Ce3+ solution, The two diffraction peaks centered at 
10.8 ° and 21.4 ° were assigned to Ce2(CO3)3·8H2O (JCPDS No. 
38-0377; density = 2.790 g/cm3). The XRD pattern was similar to 
that obtained in a previous study for Ce2(CO3)3·8H2O.37 This 
sample was further characterized by FT-IR analysis. As observed 5 

in Fig. S1 (ESI,†), the FTIR spectrum was also consistent with 
that obtained for cerous carbonate hydrate;38 the presence of the 
CO3

2- group was confirmed by the peaks observed at ~1488 and 
1424 cm−1. Figure 2b, c shows the XRD patterns of the products 
obtained following addition of H2O2 and subsequent stirring for 10 

30 min and aging for 3 h (Precursor 21 and Precursor 22, 
respectively). As observed, the peaks related to Ce2(CO3)3·8H2O 
were no longer present that suggested the reduced crystallinity of 
the samples. Further analysis of the phase structures was 
conducted by selected area electron diffraction (SAED) analysis 15 

as discussed later. Figure 2d shows the XRD pattern of the 
product obtained after hydrothermal treatment at 200 °C for 24 h 
(Sample 2). The pattern displayed several well-resolved peaks 
that could be indexed to the (111), (200), (220), and (331) planes 
of face-centered cubic CeO2 (JCPDS No. 34-0394; density = 20 

7.215 g/cm3). The mean crystallite size of Sample 2 was ~4.6 nm, 
as calculated by Scherrer formula. In contrast, the XRD pattern of 
Sample 1 (prepared in the absence H2O2) in Fig. 2e displayed a 
mixture of CeO2 and Ce(CO3)OH characteristic peaks (JCPDS 
No. 52-0352). 25 

 

 
 Fig. 2. XRD patterns of the products obtained following (a) 
addition of NH4HCO3 to the Ce3+ solution (Precursor), (b) 
addition of H2O2 and subsequent stirring for 30 min (Precursor 30 

21), (c) aging for 3 h (Precursor 22), (d) hydrothermal treatment 
at 200 °C for 24 h (Sample 2), and (e) hydrothermally treatment 
(without addition of H2O2) (Sample 1). 
 
 The morphologies of the samples are shown in Fig. 3. As 35 

observed in Fig. 3a, Ce2(CO3)3·8H2O precursor featured a flake-
like morphology. Following addition of H2O2, the flakes were 
mostly substituted by numerous equiaxed particles. Closer 
analysis revealed that the flakes comprised built-in equiaxed 
particles (Fig. 3b). This finding suggested the possible in situ 40 

evolution of small CeO2 particles in the carbonate precursor 
framework and formation of debris by continuous stirring during 
addition of H2O2. After aging for 3 h, flakes were no longer 

present and the equiaxed particles formed loose agglomerates 
(Fig. 3c). A completely different morphology was observed 45 

following hydrothermal treatment at 200 °C for 24 h. The 
particles grew bigger and featured smoother surfaces (Fig. 3d). In 
contrast, the flake-like morphology was mostly maintained in 
Sample 1 that was prepared in the absence of H2O2 (ESI,† Figure 
S2).  50 

 

 
Fig. 3. SEM images of the products obtained following (a) 
addition of NH4HCO3 to the Ce3+ solution (Precursor), (b) 55 

addition of H2O2 and subsequent stirring for 30 min (Precursor 
21), (c) aging for 3 h (Precursor 22), and (d) hydrothermal 
treatment at 200 °C for 24 h (Sample 2). 
 
 To understand the amorphous phases detected in Fig. 2b, c and 60 

the microstructures of the samples, TEM and SAED analyses 
were performed. As observed in Fig. 4a, the Ce2(CO3)3·8H2O 
flakes were dense and undulated. The SAED pattern of Precursor 
in Fig. 4b displayed both halo and multi-ring features, indicative 
of relatively low crystallinity, could be indexed to the (111), 65 

(220), and (311) planes of CeO2. After aging for 3 h, a more 
typical CeO2 multi-ring SAED pattern was obtained in Fig. 4c. 
Taking into account the XRD and SAED analyses, we deduced 
that both Precursor 21 and Precursor 22 could be identified as 
CeO2 with poor crystallinity and no Ce2(CO3)3·8H2O-related 70 

features. In contrast, after hydrothermal treatment, the CeO2 
particles displayed polycrystalline features (inset in Fig. 4d). 
Figure 4d revealed the mesoporous structure of the CeO2 particles 
and presence of pores around the grains. The calculated grain size 
was ~5.0 nm (Fig. 4d), as consistent with the XRD analysis.  75 

 

Page 3 of 7 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

4  |  RSC Advances, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 
Fig. 4. TEM images of the products obtained following (a) 
addition of NH4HCO3 to the Ce3+ solution (Precursor), (b) 
addition of H2O2 and subsequent stirring for 30 min (Precursor 
21), (c) aging for 3 h (Precursor 22), and (d) hydrothermal 5 

treatment at 200 °C for 24 h (Sample 2). (The inset in Fig. 4a 
shows a high-magnification HRTEM image and the insets in Fig. 
4b–d show the corresponding SAED patterns.) 
 
 To further clarify the mesoporous structure of the final product 10 

CeO2, nitrogen sorption experiments were conducted to 
determine its specific surface area, average pore size, and pore 
volume. Figure 5 shows the nitrogen adsorption–desorption 
isotherm of Sample 2. A hysteresis loop in the relative pressure 
range of 0.4–1.0 was observed, which suggested that CeO2 was a 15 

mesoporous material.39 Furthermore, the profile of the isotherm 
corresponded to that of mesoporous CeO2 reported in the 
literature.40 The specific surface area of Sample 2 was determined 
as 166.5 m2/g using the Brunauer–Emmett–Teller method. The 
average pore size and pore volume were 3.4 nm and 0.26 cm3/g, 20 

respectively, determined by Barrett–Joyner–Halenda analysis. 
 

 
Fig. 5. Nitrogen adsorption–desorption isotherm of the 
hydrothermally produced mesoporous CeO2 (Sample 2). 25 

 
 In summary, multidisciplinary knowledge is required to 
understand the products generated and processes involved in the 
formation of mesoporous CeO2 from cerium nitrate hexahydrate. 
From a chemical perspective, the possible reactions are 30 

summarized as Reactions 1−6. The equilibria of NH4HCO3 in 
aqueous are shown in Reactions 1–4.41 Ce2(CO3)3·8H2O is 
obtained upon addition of NH4HCO3 to Ce3+ solution (Reaction 
5). After dropwise addition of H2O2, Ce2(CO3)3·8H2O is oxidized 
and CeO2 is formed. At the same time, H2O and CO2 are 35 

produced (Reaction 6). These processes were supported by the 
SEM analysis in Fig. 3b, XRD and SAED analyses in Figs. 2 and 

4, respectively.  
 

3 2 2 4 3 4 3

4 4 3 2
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40 

 
 Based on both theoretical and experimental results, a possible 
formation mechanism of the mesoporous CeO2 particles is 
illustrated in Fig. 6. At the early stage of the synthesis, the flake-
like Ce2(CO3)3·8H2O precursor was generated when NH4HCO3 45 

was added to the Ce3+ solution. Etching of Ce2(CO3)3·8H2O flake 
with H2O2 generated CeO2 in situ with built-in equiaxed particles 
(as indicated by the white box in Fig. 3b); however, the 
crystallinity of the obtained CeO2 was poor. In other words, small 
CeO2 particles nucleated into the carbonate precursor framework, 50 

subsequently forming aggregated structures. Formation of pores 
occurred because of the loss of the by-products H2O and CO2 
(Reaction 6). The formation of the porous structure could also be 
explained by the large volume change induced owing to the 
difference in density between Ce2(CO3)3·8H2O (2.790 g/cm3) and 55 

CeO2 (7.215 g/cm3) as H2O2 diffused into the carbonate. Thus, 
the original flake-like morphology of Ce2(CO3)3·8H2O could not 
be maintained during pore formation and stirring during synthesis. 
Furthermore, the CeO2 particles had the tendency to aggregate 
with time to decrease their energy. Hydrothermal treatment 60 

destroyed the loose aggregates of CeO2 derived from the reaction 
between H2O2 and Ce2(CO3)3·8H2O. Rearrangement of the CeO2 
particles with good crystallinity via a dissolution–recrystallization 
process occurred under certain temperatures and pressures. 
Consequently, CeO2 particles with coarser sizes, smoother 65 

surfaces, and mesoporous structures were obtained. Both the 
mean grain size and pore size increased with increasing 
hydrothermal times (ESI,† Figure S3). It could be deduced that 
Ce2(CO3)3·8H2O acted as a template toward the formation of the 
mesoporous structures. In situ CeO2 nuclei and pores formed 70 

simultaneously on the Ce2(CO3)3·8H2O flakes upon addition of 
H2O2. Thus, a large volume change between Ce2(CO3)3·8H2O and 
CeO2 instigated formation of the porous structure. The CeO2 
nuclei were surrounded by the pores in the bud though both of the 
pores and nuclei aggregated and grew subsequently. Moreover, 75 

excess NH4HCO3 acted as a raising agent to increase/regulate 
CeO2 volume by repeatedly producing gases in the mother 
solution during hydrothermal treatment. Consequently, CeO2 
particles were unable to undergo self-rearrangement into well-
crystalline hollow or dense particles, but rather into meso-80 

particles owing to steric effects despite using longer hydrothermal 
treatments of 36 h at 200 °C. 
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Fig. 6. Illustration of the possible evolution mechanism of 
mesoporous CeO2. 
 

Adsorption studies 5 

 AO7 and BO2 dyes were selected as model targets to evaluate the 
adsorption ability of the mesoporous CeO2 powders in the dark 
(0−60 min). Figure 7 depicts the effects of different initial 
concentrations of AO7 and BO2 dyes (20−100 mg/L) on the 
adsorption efficiency of the mesoporous CeO2 powders. As 10 

observed, the mesoporous CeO2 powders displayed a stronger 
adsorption affinity for AO7 over BO2. The adsorption of AO7 
may be ascribed to the chelation interaction between the electron-
rich groups (sulfonate group, SO3

–) of AO7 and empty 4f orbital 
of cerium ion on the surface of CeO2.

42,43 The AO7 adsorption 15 

efficiencies achieved within 60 min of reaction were 100, 99.97, 
99.97, 98.57, and 90.70 % at initial AO7 concentrations of 20, 40, 
60, 80, and 100 mg/L, respectively. Furthermore, it could be 
observed that the adsorption of AO7 dye was rapid at the early 
stages of the process at all initial AO7 concentrations studied. In 20 

fact, the adsorption process was mostly complete within 10 min 
of reaction. No significant changes were observed from 20 to 60 
min, which indicated that an adsorption–desorption equilibrium 
between the AO7 molecules and adsorbent was reached within 
the first 10 min. The rapid and remarkable adsorption efficiency 25 

of the mesoporous CeO2 powders for AO7 is explained as follows. 
The mesoporous CeO2 powders possess a high surface area 
(166.5 m2/g), which could provide numerous sites for adsorption 
of the AO7 molecules, thereby increasing the adsorption capacity. 
The specific surface areas of most CeO2 powders reported in 30 

literature studies are below 100 m2/g, except for a few studies that 
report higher surface areas of ~200 m2/g.21,44 The pore structure 
of the mesoporous CeO2 powders is conducive to transporting the 
AO7 molecules to the adsorbent framework and increasing the 
effective contact area between the adsorbent and AO7 molecules.  35 

 

 
Fig. 7. Time-dependence of adsorption profiles of AO7 and BO2 
dyes obtained at varying initial dye concentrations in the dark and 
presence of mesoporous CeO2 adsorbent (T = 25 °C; adsorbent 40 

dose = 2.0 g/L; in the dark; no pH pre-adjustments). 
 
 The effects of the AO7 initial concentration on the AO7 
adsorption amount and efficiency in the first 10 min of reaction 
are shown in Fig. 8. As observed, the adsorption amount 45 

increased almost linearly with increasing AO7 initial 
concentrations. In contrast, the removal efficiency decreased with 
increasing AO7 initial concentrations. More specifically, when 
the initial concentration of AO7 was less than 80 mg/L, removal 
efficiencies greater than 90.0 % were obtained, achieving a 50 

maximum value of 98.65 % at [AO7] = 20 mg/L in the first 10 
min of reaction.  
 

 
Fig. 8. Effects of AO7 initial concentration on the AO7 55 

adsorption efficiency and adsorption amount in the first 10 min of 
reaction measured in the dark and presence of mesoporous CeO2 
adsorbent. (T = 25 °C; adsorbent dose = 2.0 g/L; in the dark; no 
pH pre-adjustments) 
 60 

 The saturated adsorption amount of AO7 was obtained 
according to the Langmuir linear fitting. The Langmuir linear fit 
of the experimental data of the adsorption of AO7 dye onto 
mesoporous CeO2 is showed in Fig. 9. The corresponding 
Langmuir parameters obtained at 298 K were as follows: qm = 65 
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510.2 mg/g and KL = 0.2290. A high associated correlation 
coefficient R2 of 0.9925 was obtained, confirming that the 
Langmuir isotherm model is a good fit for modelling the 
adsorption of AO7 onto CeO2 (Table 1). 
 5 

Table 1. Relevant parameters of Langmuir fitting. 

Temperature (K) 

Langmuir isotherm model 

qm 
(mg/g) 

KL 
(L/mg) 

R
2
 

298 510.2 0.2290 0.9925 

 

 
Fig. 9. Langmuir linear fit of AO7 adsorbed onto mesoporous 
CeO2 powders. 10 

 

Conclusions 

In this article, mesostructured CeO2 particles were prepared in the 
absence of external templates using a combined bottom-up and 
top-down route. H2O2 was introduced as an oxidant to speed up 15 

the formation of CeO2 from Ce2(CO3)3·8H2O. A subsequent 
hydrothermal treatment at 200 °C was employed. Differences in 
the morphology of the products obtained before and after the 
hydrothermal treatment were observed. The particles grew larger 
and featured smoother surfaces and mesoporous structures 20 

following hydrothermal treatment. The synthesized 
mesostructured CeO2 particles possessed excellent adsorption 
capacity for AO7 dye compared with BO2 dye. The AO7 
adsorption capacity of the mesoporous CeO2 was determined by 
fitting the experimental data with the Langmuir model. The 25 

saturated adsorption amount was 510.2 mg/g at 298 K. The 
results revealed that the mesostructured CeO2 powders can be 
used as a suitable sorbent for the removal of AO7 dye.  
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