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ABSTRACT 
Silver ion-doped cerium oxide nanoparticles were prepared by polyol- 
based coprecipitation. Here, the impact of silver doping is evaluated 
on the crystallographic, optoelectronic, thermogravimetric, and redox 
behavior of cerium oxide nanoparticles. Spectroscopic techniques 
were used to characterize the phase purity, crystallinity, morphologi-
cal structure, and optical and redox properties of nanoproducts. X-ray 
diffraction confirmed the formation of well-crystallized cerium oxide 
tetragonal fluorite. The optical absorption spectra and band gap 
energy were significantly affected following doping that was 
influenced by the crystalline size. Temperature production reduction 
investigated the influence of silver concentration on the redox 
properties of cerium oxide nanoparticles. These catalysts were 
reversible in cyclic redox reaction to 500°C, nonpyrophoric, and 
therefore demonstrated potential for applications for hydrogen 
generation for fuel cells and electrochemical biosensors. 
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Introduction 

Recently, cerium oxide has received considerable attention due to several advantages in 
applications that include electrolytes in solid oxide fuel cells (Banerjee et al. 2007; Robert 
et al. 2007; Yu et al. 2010), humidity sensors, biosensors (Liao et al. 2008), ultraviolet absor-
bents (Si et al. 2005; Yu et al. 2005), chemical polishing, automotive catalytic converters 
(Ayastuy et al. 2012; Chang et al. 2012), biomedical science (Chen et al. 2006), and electro-
chemical biosensors (Ansari et al. 2008; Ansari, Solanki, and Malhotra 2008, 2009). Unique 
properties of cerium oxide nanoparticles include a blueshift in the ultraviolet absorption 
spectrum and shifting and broadening in Raman allowed modes with lattice expansion 
(Deshpande et al. 2005; Wang, Quan, and Lin 2007; Katelnikovas et al. 2008). Moreover, 
cerium oxide absorbs and releases oxygen that plays a critical role in the overall perfor-
mance of catalytic activity of cerium oxide. In general, cerium ion exists as Ce3þ and 
Ce4þ that depend on the partial pressure of oxygen in their surrounding environment 
(Deshpande et al. 2005; Wang, Quan, and Lin 2007). In addition, cerium oxide is 
considered to be a green and inexpensive rare earth oxide for catalysis (Liao et al. 2008). 
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These distinctive characters of cerium oxide nanoparticles are to be beneficial in the 
present applications and may open new avenues in material science. 

Recently, more efforts have tailored catalytic properties of cerium oxide by adding 
transition metal ions to increase thermal stability, optoelectronic, and electrical properties. 
Consequently, these novel materials have been used as passive counterelectrodes, solid 
oxide fuel cells, and electrochemical sensors (Ansari, Solanki, and Malhotra 2008, 2009; 
Katelnikovas et al. 2008). The ionic conductivity of cerium oxide nanoparticles is affected 
by the size of dopants (Deshpande et al. 2005) because conductivity is enhanced if the dis-
parity in ionic sizes of host and dopant cations is as low as possible (Si et al. 2005; Yu et al. 
2005; Robert et al. 2007; Liao et al. 2008; Yu et al. 2010). Moreover, it was shown that the 
activation energy of O2− migration for codoped samples with 5 or 10 different dopants was 
lowered, whereas the ionic conductivity was 30% higher compared to best single doped 
samples with the same vacancy concentration. 

Previously, some researchers investigated the doping of transition metal ions in cerium 
oxide lattice that greatly enhanced the electrocatalytic performance of cerium oxide 
nanomaterials (Mitrovic et al. 2007; Ansari, Solanki, and Malhotra 2008; Cai et al. 2014; 
Zhang et al. 2015). Furthermore, the electrochemical behavior of cerium oxide depends 
on its crystal structure and surface properties, the specific surface area, pore volume, 
and pore dimension and distribution. Many efforts considered the synthesis of transition 
metal ion-doped cerium oxide with controllable morphology and pore structure (Mitrovic 
et al. 2007; Cai et al. 2014). 

To date, many synthesis techniques have been used for the preparation of transition 
metal ion-doped cerium oxide nanoparticles that include sol–gel, hydrothermal/ 
solvothermal, microwave, combustion, microemulsion, coprecipitation, and complexing 
route protocols. The complexing route, hydrothermal precipitation, and coprecipitation 
methods from salt solutions are the frequently used methods due to their high 
benefit-to-cost ratios (Souza and Muccillo 2009; Wadhwa et al. 2013; NaeemUllah et al. 
2014). These methods involve simultaneous nucleation, growth, coarsening, and 
agglomeration. However, these methods differ according to the preparation parameters. 
The addition of a low dielectric constant medium to aqueous solution, for example, may 
alter the kinetics of nucleation and growth of particles (Souza and Muccillo 2009) that 
may result into changes in the crystallite size and particle size distribution. 

In the present study, polyol coprecipitation was used for the synthesis of cerium oxide 
nanoproducts. The chelating agent reduced the kinetics of nucleation growth, which is 
important to control the particle size, shape, and aggregation at low temperatures. Further-
more, noble metals decreased the surface area because of partial pore blocking that 
enhanced CeO2 crystallization. The main concern is to encapsulate the precious metals 
in the host matrix that may result in inefficient utilization of these metals. In this catalyst, 
the encapsulation structure may generate strong or even maximal metal–ceria interactions, 
weakening the surface Ce–O bonds and forming more reactive oxygen species. On the 
basis of enhanced component interaction, it seems promising to prepare excellent 
low-temperature oxidation catalysts by one-step coprecipitation. 

Here is discussed the possible correlation between silver dispersion and the impact on 
optical, thermal, electrical, and catalytic activity of cerium oxide nanoparticles. Special 
emphasis was placed upon the optoelectronic and crystal structural behavior of nanopar-
ticles and the oxidation–reduction character of various silver concentration-doped cerium 
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oxide nanoparticles. The structural, morphological, thermal, and optical properties of silver 
ions doped into cerium oxide nanoparticles were characterized in detail. 

Experimental 

Materials 

Ce(NO3)3 · 6H2O (99.99%, BDH, England), AgNO3 (E-Merck, Germany), ethylene glycol, 
absolute ethanol, and ammonium hydroxide were used as preparatory materials without 
any further purification. Double-distilled water was prepared using a Milli-Q system 
(Millipore, Bedford, MA, USA). 

Synthesis 

For the preparation of silver ion-doped cerium oxide nanoparticles, 0.2 M cerium nitrate 
hexahydrate and 0.2 M silver nitrate (the total cation concentration was 1.0 mol, with 
molar ratios of dopant cation ratios Agþ to Ce3þ of 0.01:0.99, 0.03:0.97, and 0.07:0.93) were 
dissolved separately in 50 ml of ethylene glycol and heated to 80°C. The separately 
dissolved silver nitrate in ethylene glycol was mixed slowly at 80°C with stirring to obtain 
a homogenous mixture and heated to reflux for approximately 5 h. The minimum 
concentration of NH4OH was added to cause precipitation. The product was isolated with 
a centrifuge, washed with distilled water to remove unreacted reactants, and dried at 100°C 
to obtain a fine powder. 

X-ray diffraction was performed with a Rigaku-Dmax 2500 diffractometer equipped 
with copper Kα excitation at 1.54056 Å. A field emission transmission electron microscope 
equipped with an energy-dispersive X-ray spectrometer (JEM-2100 F, JEOL, Japan) was 
operated at an accelerating voltage of 200 kV to characterize the morphology and dopant 
elemental analysis. Thermogravimetric analysis (Mettler Toledo AG, Analytical CH-8603, 
Schwerzenbach, Switzerland), infrared spectroscopy (PerkinElmer 580B) from 400 to 
4000 cm−1, and ultraviolet–visible spectroscopy (PerkinElmer Lambda-40) from 200 to 
600 nm were used for characterization. The hydrogen temperature program reduction 
was analyzed by a Thermo-Finnigan TPDRO 1100 with a thermal conductivity detector. 

Results and discussion 

X-ray diffraction was used to determine the phase purity, crystal structure, and crystallinity 
of the silver ion-doped cerium oxide. The diffractograms contain all characteristic peaks 
that resemble to those of the pure cubic fluorite phase (space group: Fm3m) for cerium 
oxide as identified using the standard data JCPDS 78–0694, which is in accord with pre-
viously published reports (Deshpande et al. 2005; Wang, Quan, and Lin 2007; Katelnikovas 
et al. 2008). No other reflection planes corresponding to the secondary part of Ce-based 
contaminations were observed. The X-ray diffraction results suggest that the nanoparticles 
have the pure fluorite-type structure. The width of reflection planes were broadened, 
perhaps due to the low crystalline nature of these materials. 

Doping of transition metals into cerium oxide was reported in our previous work to 
enhance the electrochemical properties of transparent semiconductor metal oxides (Ansari 
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et al. 2009a, 2009b). Here, we have also observed the impact of doping by the broadening of 
the planes by an increase in the full-width half-maxima that corresponds to the (111) plane 
and clearly suggests a decrease in the crystallinity upon silver doping in cerium oxide. The 
diffraction peaks were slightly shifted to higher angles by X-ray diffraction suggesting a 
reduction of the unit cell volume. The values of lattice constants for the silver ion-doped 
cerium oxide nanoparticles for x values of 1.0, 3.0, and 7.0 mol% were 0.5416, 0.5418, 
and 0.5423 nm, respectively. The average crystallite sizes of the polyol coprecipitate pro-
ducts were 15.1, 14.8, and 13.9 nm for 1.0, 3.0, and 7.0 mol% silver-doped cerium oxide 
nanoparticles, respectively, according to the standard Scherrer’s formula. 

After doping with silver ions, the grain size decreased from 15.1 to 13.9 nm as the degree 
of silver doping is increased. In addition, the d-spacing values and lattice parameters of the 
doped cerium oxide nanoparticles also decreased with an increase in silver doping perhaps 
due to the replacement of large Ce4þ ions (101 pm) by small Agþ ions (67 pm). However, 
the fluorite structure of cerium oxide crystallized with the Ce4þ cation surrounded by eight 
equivalent O2− ions forming the corners of cube (Deshpande et al. 2005), with each 
O2− coordinated to four Ce4þ due to the interstitial substitution of Ce4þ by Ag1þ on the 
created oxygen vacancy. This process causes a change in the Ce–O bond length and a 
decrease in the lattice constant and crystal size. Moreover, an increase in Ag1þ concen-
tration may decrease the coordination number of Ce4þ to O2− from eight to seven and 
introduce Ce3þ ions on the crystal lattice and create O2 vacancies and further decrease 
the crystallite size. These results are in good agreement with the literature reports 
(Deshpande et al. 2005; Cai et al. 2014; Zhang et al. 2015). Other researchers observed that 
the lattice parameters of cerium oxide nanoparticles were altered as a function of increasing 
dopant concentrations (Mitrovic et al. 2007; Cai et al. 2014; Zhang et al. 2015). 

Transmission electron microscopy and energy-dispersive X-ray spectroscopy 

The size and morphology of the silver ion-doped cerium oxide nanoparticles were charac-
terized by transmission electron microscopy. Figure 2 shows the high crystalline nature of 
silver-doped cerium oxide nanoparticles. The images display cubic nanocrystals with an 
average particle sizes between 10 and 18 nm, thereby confirming the X-ray diffraction 

Figure 1. X-ray diffraction of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and (c) 7% Ag:CeO2 nanoparticles.  
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results. Representative energy-dispersive X-ray spectroscopy confirms the chemical 
composition of silver-doped cerium oxide nanoparticles and shows the presence of silver, 
cerium, and oxygen (Figure 3). An enhancement in silver peak is observed showing the 
increasing concentration of silver ion in the cerium oxide matrix. The C and Cu peaks 
are from the carbon-coated copper transmission electron microscopy grid. No other 
impurities were present in the spectra indicating the purity of nanomaterials. 

Thermogravimetric analysis 

Thermogravimetric analysis of the prepared silver-doped cerium oxide nanoparticles from 
room temperature to 800°C under nitrogen at 10°C min−1 are shown in Figure 4. All 
prepared nanoparticles displayed thermal stability with similar two-phase decay. A small 
decrease at 200°C in the thermogravimetric curve was due to the physically adsorbed 
moisture on the surface of nanopowder. A small mass loss (∼3%) was observed from 
200 to 800°C due to the loss of surface OH groups or organic groups in various bonding 
states. In general, two types of surface hydroxyl groups were present: terminal cerium- 
hydroxyl and association cerium-(hydroxyl)-cerium. The results show that decomposition 
temperatures of the hydroxyl groups differed because of their surrounding chemical 
environment. Therefore, a decreased weight loss for hydroxyl groups was observed as a 
function of temperature. These results are in agreement with X-ray diffraction results. 
There was no weight loss observed above 800°C. 

Figure 2. Field emission transmission electron microscopy of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and 
(c) 7% Ag:CeO2 nanoparticles.  
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Infrared spectroscopy 

Infrared spectroscopy was used from 400 to 4000 cm−1 to characterize the surface of 
silver-doped cerium oxide nanoparticles. Figure 5 shows infrared bands with diminished 
intensity were present at 3419 cm−1 (nO‒H), 1540 cm−1 (dO‒H), and 1383 cm−1(qO‒H) 
due to nO‒H symmetrical stretching and bending of physically absorbed water on the 
surface of nanoparticles (Ansari et al. 2008; Ansari, Solanki, and Malhotra 2009; Ansari 
2010). The weak intensity peaks demonstrate the low concentration of water that was 
confirmed by the thermogravimetric analysis. A strong infrared band at 435 cm−1 was 
present due to a phonon band and M–O network (Ansari et al. 2008; Ansari, Solanki, 
and Malhotra 2009; Ansari et al. 2009a). 

Ultraviolet–visible spectroscopy and the energy band gap 

The optical responses of silver ion-doped cerium oxide nanoparticles were examined by 
optical absorption spectra. Figure 6 shows a strong peak due to a charge transfer transition 
between oxygen (2p) to cerium (4f ), which is the prominent selection rule f–f transition of 
Ce4þ state (Tsunekawa, Fukuda, and Kasuya 2000). The absorption edge shifted to higher 
wavelengths with the increasing silver concentrations. However, for 1 mol% silver-doped 

Figure 3. Energy-dispersive X-ray analysis of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and (c) 7% Ag:CeO2 
nanoparticles.  
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cerium oxide, the band was slightly shifted compared to the other two silver-doped cerium 
oxide nanoparticles. Moreover, no surface plasmon resonance absorbance transition of 
silver was present in the optical spectra due to small concentrations of silver ions uniformly
distributed inside the lattice of cerium oxide (Tsunekawa, Fukuda, and Kasuya 2000; 
Ansari 2010). We believe that the observed absorption edge is an expected alteration of 
the crystalline size because cerium oxide is a well-known direct band gap semiconductor. 
The band gap energy of the silver ion-doped cerium oxide nanocrystals was determined 
based on reflectance spectra from 

ahv ¼ Bðahv � EgÞ
1=2

ð1Þ

where B is a constant, α is the optical absorption coefficient, Eg is the direct band gap, and 
hν is the photon energy. The direct band gap was calculated by plotting (αhν)2 as a function 
of hν and extrapolating the linear portion of the curve to x-axis (Tauc and Menth 1972). 
Figure 7 shows that the values were 2.04, 1.92, and 1.86 eV for the 1.0, 3.0, and 7.0 mol% 
silver-doped cerium oxide nanoparticles, respectively. The decreasing trend in the direct 
band with the increasing silver-doping concentration was due to the presence of extra 

Figure 4. Thermogravimetric analysis of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and (c) 7% Ag:CeO2 
nanoparticles.  

Figure 5. Infrared spectra of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and (c) 7% Ag:CeO2 nanoparticles.  
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imperfection states within the band gap. The direct band gap represents the energy width 
of the localized states. Following silver-doping, the extremity of imperfection states is 
increased, inducing the reduction of direct band gap. 

These observed Eg values were in agreement with the literature reports (Zhang et al. 
2003; Brito et al. 2010; Dhannia et al. 2010; Ansari, Singh, and Malhotra 2011). The 
lower value of direct band gap in 7 mol% Ag-doped CeO2 nanoparticles with respect to 
bulk cerium oxide was caused by quantum size effects (Qu et al. 2013). The observed 
redshift in the band gap of cerium oxide nanoparticles was observed with the expected 
blueshift due to quantum confinement. The redshift in the band gap energy may be due 
to the presence of trivalent cerium ions. The Ce3þ ions were generated by the high 
surface-to-volume ratio of nanocrystals, which enhances the removal of oxygen and 
promotes the reduction of Ce4þ to Ce3þ. Hence, small concentrations of Ce3þ were present 

Figure 6. Ultraviolet–visible absorption spectra in ethanol of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and 
(c) 7% Ag:CeO2 nanoparticles.  

Figure 7. Plot of (ahv)2 as a function of photon energy of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and 
(c) 7%Ag:CeO2 nanoparticles.  
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with Ce4þ and Ce3þ/Ce4þ ratio increased with a decrease in the particle size of nanocrystals 
(Masui et al. 1997; Yin et al. 2002; Deshpande et al. 2005; Wang, Quan, and Lin 2007). The 
introduction of Ce3þ affected the O2 ion position and defects on the external surface of the 
particles that affected the band gap. For silver dopant concentrations below 7 mol%, it is 
promising to induce a change of optical absorption edge in cerium oxide nanoparticles to 
the visible, suggesting that this material may have applications in photocatalysis by sunlight. 

Redox properties 

Hydrogen temperature program reduction was performed to examine the impact of silver 
doping upon the redox behavior of cerium oxide nanoparticles. The temperature program 
reduction profiles of the silver-doped cerium oxide catalysts are shown in Figure 8 to 
characterize the influence of silver doping and loading on the redox properties of CeO2 
nanoparticles. Two bands are observed in 1 mol% silver-doped CeO2 nanoparticles at 
181 and 420°C. The broad band at low temperature is most probably due to the surface 
reduction at 181°C of Ce4þ, although contributions from surface carbonates cannot be 
excluded. The high temperature band is due to bulk reduction of CeO2 nanoparticles. 

The high intensity of the first low temperature band reflects the small size of particles. 
These results are in good agreement with the literature reports (Zhang et al. 2003; Brito 
et al. 2010; Dhannia et al. 2010; Cai et al. 2014; Zhang et al. 2015). As the concentration 
of silver increased, the temperature program reduction profile shifted to lower temperature 
at 148°C with similar intensity for the doublet band. A similar trend was observed for 
7 mol% silver-doped CeO2. There is an overall double-intensity band at low temperature 
with a shift of the second component of doublet to lower temperatures. Moreover, there 
is a growth and shift to lower temperatures of the bulk band. 

Oxygen vacancies may play a decisive role in the surface reactivity and catalytic 
performance of CeO2 nanoparticles. Here, we expect that the shift of a high-intensity 
reduction band at low temperatures may be due to the reduction of Agþ in the surface 
cerium–oxygen–silver groups, since these are known to be reduced before Ce4þ(Zhang 
et al. 2015). However, the substantial broadening and shifting to lower temperatures of 
the high-temperature bands in the mixed oxides are probably due to easier extraction of 

Figure 8. Temperature program reduction spectra of (a) 1% Ag:CeO2, (b) 3% Ag:CeO2, and (c) 7% 
Ag:CeO2 nanoparticles.  
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oxygen ions from distorted cerium–oxygen–silver groups in the bulk and hindered sinter-
ing of the doped nanocrystals (Cai et al. 2014). Literature reports (Zhang et al. 2003; Brito 
et al. 2010; Dhannia et al. 2010; Cai et al. 2014; Zhang et al. 2015) suggested that the 
presence of silver weakened the cerium–oxygen bond adjacent to silver and facilitated 
the reducibility of surface capping O2 of cerium oxide. Therefore, the peaks with maxima 
at 148 and 112°C, respectively, for 3 and 7 mol% silver-doped cerium oxide samples, may 
be due to the reduction of surface capping O2 of cerium oxide interacting with silver ions 
(Cai et al. 2014; Zhang et al. 2015). 

The observed double band in 3 and 7 mol% silver-doped cerium oxide may be due to the 
presence of silver as Ag0 and Agþ with the reduction peaks at 110 and 111°C. This obser-
vation may be due to the elimination of silver oxides or oxygen on the nanodispersed silver 
ions. The temperature reduction results show that the 7 mol% silver-doped cerium oxide 
provided exceptional catalytic performance compared to the other materials. The results 
show that the silver ions stimulated the surface lattice for easy removal of surface oxygen 
vacancies in cerium oxide lattice and decomposition of hydrogen which greatly facilitates 
the surface reduction of cerium oxide nanocrystals at low temperatures. 

Conclusion 

Silver ion-doped cerium oxide nanoparticles prepared by polyol coprecipitation were 
characterized by spectroscopic techniques. The results show that the silver ions were 
homogenously distributed in the cerium oxide lattice. The redox behavior of cerium oxide 
to convert Ce3þ into Ce4þ ions was compensated by O2 vacancies, causing a distorted 
crystal lattice affecting the physiochemical properties of cerium oxide nanoparticles. The 
influence of silver doping was clearly observed on band gap energies of cerium oxide par-
ticles that were modulated by varying the particle size based on quantum confinement 
effects. The synergistic interaction between silver and cerium oxide was responsible for 
the reduction of cerium oxide at low temperatures. The 7 mol% doping with silver ions 
showed higher reducibility at low temperature than the 1 and 3 mol% silver-doped 
cerium oxide nanoparticles. These observations of silver-doped cerium oxide may have 
applications in catalysis and other technologies. 
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