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ABSTRACT 

 By using a wet chemical precipitation method, pH mediated nanoceria prepared 

and its physical properties evaluated. The pH values of the growth medium fixed 

between 8.0 & 11.0. The synthesized nanoceria characterized by XRD, UV-visible, FTIR 

and FESEM analysis. Nano dimensional and cubic fluorite structured particles 

obtained for all pH values confirmed through XRD, analysis. The Effective band gap 

was calculated and the Burstein-Moss shift has occurred in the Tauc plot. The FTIR 

spectra disclosed the characteristic vibrational band belongs to the Ce-O bond below 700 

cm-1. Uniform spherical morphology with fragile agglomeration and size of the 

nanoparticles are analyzed in FESEM micrographs. The pH values of the growth media 

significantly influence the physical properties of the ceria samples. From the arrived 

results, it is identified that pH-10 provided a suitable environment for the nanoceria 

systems which gave better physical properties.  
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1.  INTRODUCTION 

The above statement is validated due to their 4f and valence states are readily oxidized to form their 

oxides naturally as sesquioxides RE2O3 [1]. Among the wide variety of compounds formed under this 

umbrella of rare-earth metals, cerium oxide (CeO2) holds an important position because of its active 

participation in wide variety of applications such as gas sensing agent [2], an electrode for solid oxide fuel 

cells (SOFC’s) [3], supercapacitor [4] and UV shielding material [5]. Moreover, ceria-based oxides show 

good biocompatibility and non-toxic nature, hence, it has been also utilized for many biomedical 

applications [6]. CeO2 based compounds are more effectively utilized as a catalyst in many industries due 

to its low operating temperature and good redox activity [7]. Peng Gao et al.,(2012) reported that the 

electrical dependent redox activities of ceria nanoparticles and recorded the electric field-induced phase 
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transformations of cerium oxide and its corresponding redox activities [8]. Hence, many researchers have 

put forward their meticulous efforts in achieving nanosized cerium oxide structures by exploiting various 

methods namely the ball milling method [9], reverse micelles method [10], micro-emulsion route [11]. 

One of the ways of obtaining the nanoceria is by exploiting surfactants as size controlling agents. 

Recently, Ming Lin et al., (2012) reported that the polyvinylpyrrolidone (PVP) assisted the synthesis of 

metal-doped cerium oxide nanoparticles and yielded the fine particles with the sizes ranged between 2 and 

3 nm [12]. From the earlier reports, it is understood that solvent composition, pH, dopant and its 

concentrations and temperature of the solution medium play the vital role in determining the size and 

morphology of the particles [13-15] Among the various growth factors, pH is considered to be an 

important and strongly influencing factor that alters the structural, optical and electrical properties of a 

nanomaterial. Himanshu Tyagi et al (2016) have reported the sodium hydroxide mediated pH-controlled 

synthesis method for the preparation of gold nanoparticles, in which, it is identified that varying pH from 

low value to high value varies the quantum of yield, temperature requirement for formation and 

morphology of the prepared gold nanoparticles [16].  

It is clearly shown that, there are limited numbers of reports are available on achieving cerium oxide 

nanoparticles with desired dimension by systematic exploitation growth parameters. Understanding the 

role of pH in the enhancement of physical properties such as structure, microstructure, optical absorption 

and morphology was reported. Variation in the sizes of nanoparticles and their resemblance in optical 

characteristics are correlated via UV-visible absorption spectroscopy. Significant variations in the 

morphology are witnessed from FESEM microscopic images. Among all, the article enhances the 

knowledge and understanding of ceria nanoparticle prepared under different pH values.   

2.  MATERIALS AND METHODS 

 The following chemicals were used to prepare ceria nanoparticles via simple wet chemical 

precipitation method. The precursors are cerium nitrate hexahydrate (CeNO3.6H2O) 99.3N, absolute 

ethanol (CH3CH2OH) and ammonium hydroxide (NH4OH). All the chemicals are in analytical grade and 

were used without any purification. Liquid ammonia (NH3(l)) of 2 N was used as pH varying and chelating 

agent. The pH of the solution was adjusted between 8.0 and 11.0.  

3. SYNTHESIS OF CERIA NANOPARTICLES 

 For the synthesis of cerium oxide nanoparticles, 10g cerium nitrate hexahydrate was dissolved in 

50 ml of absolute ethanol under vigorous stirring for an hour using magnetic stirrer. To this, 2N solution of 

ammonium hydroxide was added and witnessed the formation of slurry brown in color. pH of the growth 

medium was checked and liquid ammonia of 1.2 ml was added dropwise into the mixture and fixed the pH 

at 8.0. Stirring was continued for three hours which was fixed as aging period. The brown colored dense 
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slurry was centrifuged and washed thoroughly for several times using water and ethanol in order to remove 

unreacted precursors. The resultant precipitate was calcined for 4 hours in a muffle furnace at 600ºC. The 

same preparation protocol was followed to prepare the samples of pH 8.0, 9.0, 10.0 and 11.0 by varying 

quantity of liquid ammonia alone.  

4. RESULTS AND DISCUSSIONS 

4.1.X-RAY DIFFRACTION STUDIES 

 

Fig. 1. X-ray diffractogram of nanoceria prepared at pH- 8, 9, 10 & 11. 

Fig. 1 provides the XRD patterns of the cerium oxide nanoparticles prepared under different pH 

values ranged from 8.0 to 11.0 All the observed peaks are indexed to the FCC cubic fluorite structure of 

the CeO2 with space group Fm3m. The lattice constant value is calculated for predominant peak positioned 

at 28º 54´, 28º 56´, 28 º 58´and 28 º 55´ for the samples prepared at pH values 8.0, 9.0, 10.0 and 11.0 are 

5.411, 5.406, 5.404 and 5.409 Å respectively. The multiple faceted growths of the wet chemically prepared 

CeO2 particles are identified from the presence of less intense peaks alongside with the predominant peak. 

Their diffraction angles are witnessed at around 33º 08´, 47º 50´, and 56º 37´.  Their positions are also 

shifted to the higher diffraction angles in similar to the prominent peak due to the variation of pH in the 

growth medium. All the peak positions are agreed well with the JCPDS card no: 34-0394 and the peaks are 

labeled for miller planes (111), (200), (220), (311) and (222). As a consequence of the variation in the 

chemical environment of the growth medium, the full width at the half maximum (β) of the dominating 

peak is found to be altered. The calculated values of β are 0.5531º, 0.5491º, 0.5589º and 0.5415º for pH 

8.0, 9.0, 10.0 and 11.0 respectively. Along with these alterations, variations in the peak intensity are also 
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observed, which attributed to the increasing electron density in the individual particle i.e increasing the 

base nature of the medium promotes the aggregation of ceria crystallites. Since liquid ammonia is used as 

the pH regulator which controls the hydrolysis and condensation rate of the solution. It also maintains the 

homogeneity of reactants in the growth medium throughout the reaction. The higher concentration of 

ammonia supplies the OH- ions that increase the nucleation rate [17]. The process of precipitation in 

alkaline medium enhances the nucleation of cerium hydroxides which results in a good quantity of yield. 

Among the samples synthesized between pH 8.0 and pH 11.0, pH 10.0 provides a suitable environment for 

the more nucleation which paves the way for the growth of nanoceria with a well crystalline phase. 

 The lattice constant values and crystallite sizes of the samples prepared at different pH values have 

arrived from the relations provided the ref. [18]. The lattice constant values are found to be 

5.391,5.388,5.409 and 5.407 which altered for their crystallite size and found the size induced lattice 

relaxation [19]. All the calculated lattice constant values are consistant with previously reported results. It 

appears that the intensity of (111) plane at 28º 5' for pH 10 grown sample is found to be good. The peak 

broadening is attributed to the small grains with fewer oxygen vacancies. The peak width of the prepared 

particles increases per pH value. And that the calculated particle sizes are found to be decreased. 

         The grain size was determined for the prepared nanoceria particles using the Debye-Scherer 

approximation formula. Their calculated values are 14.83, 14.94, 14.11 and 15.15 nm for pH 8.0, 9.0, 10.0 

and 11.0 respectively. The average grain size calculation is only made for the prominent peak positioned at 

28º 5' of (111) miller plane. The Debye-Scherer formula is given by the following expression [18] 

                                   D=0.9λ / βcosθ (nm) 

where k is the Scherer constant for spherical nanoparticles, λ  is the wavelength of the x-ray used (1.515 

Å), β is the full width at half maximum in radians and θ is the diffraction angle in degrees. The minimum 

crystallite size (14.11 nm) of ceria nanoparticles was attained at pH-10 which is presumed to be the 

favorable pH condition for the formation of fine nanoceria. The relation between pH values Vs crystallite 

size can be observed from Fig. 2.  
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Fig. (2)Crystallite SizeVs pH. 

. 4.2 UV-VISIBLE ABSORPTION SPECTROSCOPY 

 

Fig. (3) UV-Vis-NIR absorption spectra nanoceria prepared at pH- 8, 9, 10 & 11. 

  Fig.3 represents the UV-Vis absorption spectra of the ceria nanoparticles prepared under different 

pH values (8.0, 9.0, 10.0 and 11.0). The observed optical behavior of the samples originates from charge 

transfer occurring between the 2p valence band of O
2-

 and the 4f conduction band of Ce
4+

 [26]. It is further 

understood that the pH of the growth medium does not affect the absorption characteristics of the prepared 

samples. A deep blue-shifted absorption edge at around 360 nm is observed for all pH values (pH 8.0, 9.0, 
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10.0 and 11.0). Compared to bulk ceria particles, the absorption characteristics of the prepared systems 

indicate the polydispersed size distribution of the particles 

The optical absorption characteristics well support the results of structural analysis. Thus, the 

change in the size of the particles coincides with the calculated bandgap values. It can also be estimated by 

effective mass approximation (EMA) method [20] given by equation (2) 
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                   ---------------- (2) 

The particle size measurement from the EMA method is nearly the same as the crystallite size measured 

from structural analysis (Table1). The tabulation depicts the highest bandgap value of 3.51 eV is obtained 

for pH 10 grown ceria which has the smallest particle size (11.41 nm) due to nanoparticle interactions 

[21].  

 

 

 

 

 

 

Table. (1)Energy gap and particle size estimation from optical absorption analysis. 

4.3 FOURIER TRANSFORM INFRARED SPECTROSCOPY 

 The interaction between the ligands available on the surface of grown nanoparticles can be studied 

by Fourier transform infrared spectroscopy (FT-IR). Fig 6. shows the transmittance spectra of CeO2 

nanoparticles, between the range 400-4000 cm
-1

  formed at pH 8.0, 9.0, 10.0 and 11.0.  The bands between 

the range  1300 cm
-1 

to 1600 cm
-1

 traces for residual nitrate ions from the precursors. The peak intensity is 

found to be diminished for pH 10 grown sample and resembles its well-established growth [22]. The broad 

symmetrically stretched bands observed between 3716 cm
-1

 and 3388 cm
-1

  validated to hydroxyl mode of 

vibration. It is the reason that the excess of OH- ions formed by the addition of liquid ammonia to the 

solution medium. Besides, it enhances the hydrophilicity of the prepared particles that rooted the 

adherence of moisture on their surfaces. The observed less intense peaks between 1541 cm
-1

 and 1629 cm
-1

 

ascribes the from 1300 cm
-1

 to 1600 cm
-1

   symmetric stretching vibration. The peak at 1388 cm
-1

 rises 

from the symmetric vibration of C-O [23]. 

Sample Name 

 

Optical Band gap 

(eV) 

Particle size 

(Effective Mass 

Approximation (nm)) 

pH - 08 3.45 12.50 

pH - 09 3.47 12.10 

pH - 10 3.51 11.41 

pH - 11 3.38 14.28 
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Fig.4(a-d) FTIR spectra of nanoceria prepared at pH- 8, 9, 10 & 11. 

        Since the preparation is made under the non-aqueous solution method that is absolute ethanol was 

used as the solvent. The peaks are related to a functional group present at the surface of the CeO2 

nanoparticles. The slight variations in transmittance  behavior witnessed in the FT-IR spectra. It unveils 

the information, about the polydispersed sizes of the particles grown at pH 8.0, 9.0, 10.0 and 11.0. There 

are peaks below 700cm
-1

 that can be noticed accounted for the presence of the Ce-O metal-oxygen bond of 

stretching vibration frequency [24]. The Zero tolerance impurity peaks recorded at the pH-10 grown ceria 

explains that the prepared ceria particles have high purity. 

4.4 MORPHOLOGICAL STUDIES 

FESEM ANALYSIS 

From FESEM analysis, the surface morphology of wet chemically synthesized nanoparticles was 

studied. The micrographs of pH 8.0, 9.0, 10.0 and 11.0 grown samples are shown in  Fig. 5 (a-d). The 

FESEM images of CeO2 nanoparticles showed the polydispersed distribution of particles. But these images 

indicated the slight aggregation. The morphology of the particles is found to be low dimensioned spherical 

particles with the size ranged from 30 to 42 nm. The morphology of the nanoparticles, prepared via 

chemical routes depends on two factors such as solubility of anion, cation and acidic or base nature of the 

media. The pH of the solution can promote the aggregation of particles from smaller size into a larger 

particle. It can seem that the shape of the particles remains spherical The difference in solubility product  
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constant guided the synthesis of core/shell nanoparticles were reported [25]. In which, the dissociated 

OH- from the co-precursors forms the Ce(OH)3 particles. The calcination of Ce(OH)3 results in CeO2 

particles. 

 

Fig. (5.a – 5.d) FESEM micrographs of nanoceria prepared at pH- 8, 9, 10 & 11. 

 

They have also reported that small solubility product constant value of CeO2 is responsible for the 

formation of heterogeneous nucleation. In the present case, the solubility product constant (Ksp) of 

Ce(OH)3 is 1.6 × 10
−20

. The value of Ksp is found to be decreased for a higher pH of 11.0 compared to pH 

8.0 due to the less number of hydroxyl ions. But while adding ammonia, an excess amount of OH-ions was 

produced in the growth medium. This process promotes the production of a large number of smaller size 

ceria nanoparticles with reasonable agglomeration. Besides, the Ostwald ripening process may also 

increase agglomeration. Abdullah et al., (2012) have stated that a high concentration of ammonia (for 

higher pH values) enhances the maximum growth rate until reaching the supersaturation beyond which the 

rate of agglomeration prevails [26]. The present work suggests that the pH of the synthesis medium should 

be 10.0 since the XRD, FESEM and other characteristics analyses exhibit appreciable physical properties. 

The solubility product constant difference guided the synthesis of core/shell nanoparticles was reported 

[41]. In which, the dissociated OH- from the co-precursors forms the Ce(OH)3 particles. The calcination of 

Ce(OH)3 results in CeO2 particles. They have also reported that small solubility product constant value of 

CeO2 is responsible for the formation of heterogeneous nucleation. In the present case, the solubility 

product constant (Ksp) of Ce(OH)3 is 1.6 × 10
−20

. The value of Ksp is found to be decreased for a higher 

pH of 11.0 compared to pH 8.0 due to the less number of hydroxyl ions. But while adding ammonia, an 

excess amount of OH-ions was produced in the growth medium. This process promotes the production of a 
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large number of smaller size ceria nanoparticles with reasonable agglomeration. In addition, the Ostwald 

ripening process may also increase agglomeration. The present work suggests that the pH of the synthesis 

medium should be 10.0 since the XRD SEM and other characteristics analyses exhibit appreciable 

physical properties.  

.CONCLUSION 

  Spherical-like ceria nanoparticles have been successfully prepared via simple, easy-going wet 

chemical precipitation method using cerium nitrate hexahydrate as the precursor. For all values of pH, the 

formation of cubic fluorite structured nanoceria achieved. And the same was verified through XRD 

analysis. The size of the particles prepared at pH values 8.0 and11.0 are calculated and are found to be 

14.83, 14.94, 14.11 and 15.15 nm (XRD analysis). These values are comparable with the UV Vis analysis. 

A Strong blue-shifted absorption edge for the sample grown at pH 10.0  shows, the size-controlled state of 

ceria. Uniform morphology with minimum agglomeration in this work without surfactant or passivation 

and the same can see through FESEM micrographs. The suitable chemical environment for the preparation 

of ceria nanoparticles identified as pH 10.0 and the particles, exhibit novel physical properties than other 

pH values namely 8.0, 9.0 and 11.0. 
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