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Vanadium-cerium oxide gels and films obtained by the sol-gel method have been widely studied, due to their catalytic, 
electrochemical, electronic and ionic properties, a result of their ability to form combinations in more than one valence state. V-Ce 
oxide powders were synthesized by wet chemical methods, in the presence and absence of polyols. The preparation of an aqueous 
dispersion of mixed vanadium oxide/CeO2 started from a solution of the corresponding metal oxide and metal salt, V2O5 and 
Ce(NH4)(NO3)6, respectively. The powders were characterized by IR-spectroscopy, X-ray photoelectronic spectroscopy, X-ray 
diffraction, electronic microscopy (TEM, SAED, HRTEM). The influence of the ratio of the components (V/Ce) and of the polyol 
complexation agent on the structure and morphology of the obtained binary oxide powders was established. 

 
 

INTRODUCTION∗ 

Vanadium and vanadium-cerium oxide gels, 
films and powders obtained by the sol-gel method 
have been widely studied, due to their catalytic, 
electrochemical, electronic and ionic properties, a 
result of their ability to form combinations in more 
than one valence state. 1-23  

In aqueous solution both vanadium and cerium 
oxide can form ionic species: 

Ce+4 + H2O ↔  (CeOH)+3 + H+       (1)8 

2 (CeOH)+3 ↔ (Ce-O-Ce)+6 +H2O  (2)8 

V2O5 ↔ V+4 ↔ V4
+-OH                 (3)21  

Starting from CeO2 and V2O5, a new phase 
CeVO4 is formed via an intermediate state V2O5-
x/CeO2-y in which an unpaired electron is trapped 
at high temperature being responsible of the 
                                                 
∗ Corresponding author: mzaharescu@icf.ro 

reducibility of Ce+4 to Ce+3 and for the active sites 
on a ceria supported vanadia catalyst.18, 11, 3 

V2O5 films and gels were previously prepared 
according to literature data.14, 16, 21, 22  

CeO2 films and powders were obtained using 
the complexation method with citirc acid. A 
cerium inorganic salt was used as precursor.8, 14 
When ammonium metavanadate was added to 
cerium nitrate hexahydrate and citric acid, V-Ce 
mixed oxides were obtained.8 

Films, gels and powders of mixed vanadium 
oxide/CeO2 at different V/Ce molar ratios were 
obtained from a solution of the corresponding 
metal oxide or metal salt, V2O5 and 
Ce(NH4)2(NO3)6, respectively.5, 8, 9, 15   

CeVO4 and CeVO4 – CeO2 powders with 
different morphologies, synthesized by the 
hydrothermal process, showing gas sensing 
behavior to ethanol were tested.7 In paper2 the 
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influence of various ethanol/water solvent 
mixtures on the morphology and structure of 
vanadium oxide nanomaterials in a facile oxide-
hydrothermal synthesis was studied. 

Due to the the fact that synthesis of nanoscale 
materials is of a growing interest, various other 
type of methods have been developed, among them 
is the so-called polyol method.12 Nanoscale oxide 
powders of V2O5 and CeO2 were thus obtained at 

temperatures higher than 1500C.12 Diethylene 
glycol (DEG) was used as chelating agent that 
prevented particle growth and prohibited 
agglomeration. In paper13 a mechanism is proposed 
for complex formation in case of a transition metal 
chloride in DEG solution which hydrolysis 
eliminating the initial anions and leading to an 
oxide compound:  

 

 
Scheme 1 – Proposed Scheme for Complex Formation (a) and Its Hydrolysis (b) in DEG Solution. 

 
The present paper refers to the study of binary 

oxide powders in the V2O5−CeO2 system that were 
obtained in aqueous solutions. The influence of the 
ratio of the component (V/Ce) and of the polyol 
complexation agent on the structure and 
morphology of the obtained binary oxide powders 
was established.  

EXPERIMENTAL 

1. Powders preparation 

Mixed V/Ce oxide powders with two Ce/V atomic ratio 
(Ce/V=1/2 and Ce/V=1/1) were prepared from a solution of 
Ce(NH4)2(NO3)6 and V2O5, respectively in diluted nitric  
acid. 4, 7, 13 The adequate concentration of cerium compound 
was added into the V2O5 sol. A suspension was obtained, which 
was further heated with stirring at 80-900C on a water bath, for  
4 hours, resulting in a clear solution. By addition of NH4OH 
(pH=9), precipitates were obtained that were filtered, washed to 
remove residual ions, dried at 800C and were thermally treated 
30 min at 4000C, according to the DTA/TGA results. 

Samples of mixed V/Ce oxide with the molar ratio 
mentioned above were also prepared in the presence of DEG 
as complexing and dispersing agent, added in the 0.01 V-Ce 
precursors/0.42 DEG molar ratio.12 The powders were separated 
and thermally treated as previously.  

2. Powders’ characterization 

Transmission electron microscopy (TEM) studies were 
performed using a JEOL-TEM 200CX electron microscope.  

Powder X-ray diffraction patterns (XRD) were recorded 
on a Rigaku Ultima IV apparatus, with CuKα λ=1.5406 Ǻ 

radiation, in the 2θ=10-70º range, with a speed of 5º/min and a 
0.02 steps size, at 40 kV and 30 mA. The lattice constants 
calculation is based on the least squares procedure (LSP) using 
the linear multiple regressions for several XRD lines. 

Fourier transform infrared (FT-IR) spectroscopic 
measurements were realized in transmition mode with a 
Nicolet Spectrometer 6700 FT-IR in the 400 - 4000 cm-1 

range. The spectra were taken from thin transparent (~20 
mg/cm2) KBr pellets containing approximately 0.5% wt samples. 
Pellets were prepared by compacting and vacuum-pressing an 
intimate mixture obtained by grinding 1 mg of substance in 
200 mg KBr. 

Thermogravimetric and thermodifferential analysis 
(DTA/TGA) were performed using a Mettler Toledo 
TGA/SDTA851e equipment at a heating rate of 100C/min-1, in 
air, with typically 20 mg sample. 

The X-ray photoelectron spectroscopy (XPS) analysis was 
performed on an AVG ESCA 3 MkII-EUROSCAN INSTR. 
device with a Mg/Al dual anode as X-ray source. The samples 
were analysed in the following conditions: p≈10-9 torr, 
Ume=3kV, RX: U=12.5 kV, I=20 mA, P=250 W; Alkα 
(E=1486.6 eV); Flood gun: U=3V, I=0.2 mA.   

Inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) was used in order to determine the traces of metals 
present in the filtrate obtained after synthezised powders 
separation, with a Liberty 110 type Varian equipment. 
Following wave lenghs were used for V and Ce determination: 
292.464 nm for V and 413.380 for Ce.    

RESULTS AND DISCUSSION 

1. As-prepared powders characterization 

In the experimental conditions presented above 
yellow-green powders (samples without DEG) and 
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dark brown powders (samples with DEG) were 
obtained. The difference in the color of the two 
type of samples could be correalted to the partial 
reduction of V5+ to V4+ in the presence of the 
organic ligand (DEG), in the last case. The co-
gelation of both ions in the obtained powders was 
verified by determining using ICP method the V 
and Ce content in the filtrates resulted from the 
powders separation. The obtained results have 
shown that in the case of the 1V/1Ce sample, V 
content was 0.07 ppm and Ce content was 0.03 
ppm. A higher content of V was detemined in the 
case of 2V/1Ce sample, namely V content=4.68 
ppm and Ce content = 0.04 ppm. 

1.1. TEM results 

The TEM images of the as-prepared powders, 
in the presence and in the absence of DEG, dried at 
800C , are presented in Figure 1.  

The samples with the 1V/1Ce molar ratio are 
amorphous (Figure 1a). The sample’s  morphology 
consists of agregates of amorphous nanoparticles 
of about 5-10 nm. An internal porosity of the 

agregates could be observed that comes from the 
packing of the amorphous particles. 

The sample of the same molar ratio (1V/1Ce) 
but prepared in the presence of DEG shows a 
cyrstalline structure (Figure 1 b).  The sample 
presents a morphology consisting of agregates of 
spheroidal nanometric crystaline particles of  
5-20 nm. The agregates have diameters lying 
between 50-100 nm and it seems they were formed 
during the crystallization process. 

The 2V/1Ce sample is mostly amorphous, too 
(Figure 1 c), but the same sample prepared in the 
presence of DEG is crystalised (Figure 1 d). 

From the obtained results one may observ that 
besides reducing the partial growth and 
agglomeration of the powders, the presence of 
DEG leads also to particles crystallization. 

In order to explain this behaviour one may notice 
that both transition metal oxides can be catalysts in 
organic compounds (alcohols) oxidation, their 
corresponding metals having a very low energy of 
the redox systems: V+5/V+4= aprox. 0.8 V and 
Ce+4/Ce+3= 1.61V 1, 6. 

 

  
a) b) 

  
c) d) 

Fig. 1 – TEM and SAED images of: a) 1V/1Ce sample prepared without DEG addition, b) 1V/1Ce sample  prepared with DEG 
addition, c) 2V/1Ce sample  prepared without DEG addition and d) 2V/1Ce sample prepared with DEG addition. 
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Due to this fact one can assume that first DEG 
interacts with V+y, and a V+y-DEG or V+y-DEG-
Ce+x complex is formed (y<5, the blue-green 
colour and x=3-4); by hydrolysis in a basic 
environment the chelate decomposes with the 
formation of Ce+3V+5O4. 

1.2. XRD results 

 The TEM results are confirmed by XRD 
measurements, presented in Figure 2. 

 For for both V/Ce molar ratio, the powders 
prepared wihout DEG are amorphus. Only some 

very low intensity diffraction lines of CeVO4 and 
CeO2 could be noticed. In the presence of DEG for 
both V/Ce molar ratios used the as-prepared 
powders are rather well crystallized.  

1.3. FT-IR results 

The FTIR spectra of the as-prepared binary 
powders are given in the Figure 3. The vibrational 
modes were assigned on the basis of previously 
published data as folows.2-4, 9, 14, 20  

 
 

  
a) b) 

Fig. 2 – XRD patterns of as prepared samples a) 1V/1Ce and b) 2V/1Ce samples without and with DEG. 
 

 
                                               a)                                                                                                    b)    

Fig. 3 – FT-IR spectra of the as prepared sample a) 1V/1Ce and b) 2V/1Ce samples without and with DEG. 
 

The spectra of both as prepared samples, with 
and without DEG, presented in Figure 3 show the 
formation of the CeVO4 phase directly from the 

reactions in solutions, without any subsequent 
thermal treatment. The corresponding vibration 
bands of CeVO4 occur at 766-800cm-1 with a 
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shoulder at 737 cm-1,4, 9, 14 being asigned to VO4 
units from ortovanadte structure.  

Traces of V2O5 can be noticed at both ratios,  in 
the presence as well as in the absence of DEG 
(bands at around 1000 cm-1 ).9, 14, 4 

The band at about 1600 cm-1 shows the 
presence of  water. The bands  over 2500 cm-1 (not 
presented here) are characteristic for OH diol and 
CH aliphatic.20, 25 The band at about 1380 cm-1 
could be assigned to νNO3- vibration. 

The obvious influence of the presence of DEG 
on the crystallization of CeVO4 put in evidence by 
all the investigation methods presented above, 
could be correlated to its involvment in oxidation-

reduction reactions that could occur during the 
powders formation. These reactions could enhance 
the Ce4+ reduction to Ce3+ and in this way favours 
the formation of CeVO4. 

1.4. EDAX results 

The EDAX analysis of the smaples prepared 
without DEG are presented in Figure 4. One may 
notice that the V and Ce are present in both 
samples in large extent. The quantitative 
evaluation of the EDAX results have confirmed the 
initial composition of the samples but with a lower 
content of vanadium (Table 1). 

 

  
                                                        a)                                                                                                          b)                             

Fig. 4 – EDAX results for the as prepared samples: a) 1V/1Ce sample and b) 2V/1Ce sample. 
 

Table 1 

Theoretical and experimental EDAX results concerning the samples’ composition obtained by EDAX 

Vanadium Cerium Sample 
Experimental Theoretical Experimental Theoretical 

1V/1Ce 46.0 50.0 54.0 50.0 
2V/1Ce 62.0 66.6 38.0 33.3 

 
1.5. Thermal analysis 

The thermal analysis of the oxide powders 
obtained in the conditions presented above has 
shown a total weight loss of 21.5% for the 2V/1Ce 
sample without DEG (Figure 5a) upon heating 
between room temperature and 5000C. The weight 
change profile (Figure 5) is characterized by a 
steep loss between room temperature and 1000C 
corresponding to the elimination of weakly-bonded 
water molecules and is accompanied by an 
endothermal effect. The expulsion of NO3 and of 
complexing groups takes place up to 3000C15 and 
in Figure 5 is represented by two weight losses, 
one at 2280C and the other one at about 3000C. 

Two corresponding exothermal effects can be 
noticed on the DTA curve. Heating above this 
temperature shows less mass loss, due perhaps to 
some decomposition of nitrate and elimination of 
chemically bonded water. 

The DTG curve of the same sample prepared 
with DEG has a different shape. There is a less 
steep loss of the weakly-bonded water molecules 
up to 1000C accompanied by an endothermal 
effect. At 1770C there is a very sudden and abrupt 
mass elimination accompanied by an exothermal 
effect, that can be attributed to the elimination  
of complexing compounds (NO2, DEG, etc.) 
(Figure 5b). 
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                         (a)                                                                                                         (b)              

Fig. 5 – TG/DTG/DTA curves of as prepared samples in a nitrogen atmosphere  
(a) 2V/1Ce sample without DEG (b) 2V/1Ce sample with DEG.  

 
2. Characterization of thermaly  

treated  powders 

Based on the results of thermal analysis all as-
prepared powders were thermally treated at 4000C 
for 30 minutes. The results presented below refer 
to the resulted powders after themal treatment. 

1.1.TEM results 

The thermally treated V-Ce-oxide powders 
were dimensionaly and morphologicaly characterized 
by TEM and were compared with V2O5 previously 
investigated  (Figure 6).26 

In case of V2O5  (figure 6), needle-like well-
defined crystallites can be observed in the image, 
of which diameter is much smaller than the length. 
The 1V/1Ce-oxide powder, withouth DEG (figure 
7a) does not show the same previously presented 
needle-like structure. The crystallites have a round 
less defined shape, representing the newly formed 

CeVO4 compound with a lower crystallization 
degree than V2O5 previously presented. The SAED 
image (figure 8a) evidences the presence of 
tetragonal CeVO4. The crystallites of the 
1V/1Ce+DEG sample are long and and have a 
needle-like shape (figure 7 b). 

In the HRTEM image (Figure 8 b) of the 
sample 1V/1Ce with DEG, one can see needle-like 
crystals with a length of 150-300 nm. One can 
notice traces of CeO2, unreacted raw material or 
oxidized Ce+3,  which could also represent the 
small particles with different morphology in the 
TEM image (Figure 7 b). 

The TEM images of the 2V/1Ce and 
2V/1Ce+DEG powders show round crystallites of 
20-50 nm and 20-100 nm, respectively. The shape 
of particles in case of DEG addition is different 
from the 1V/1Ce powder (Figure 9 a and b).  

  

 Fig. 6 – TEM micrograph of V2O5 powder 26 . 
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                                                   a)     b)              

Fig. 7 – TEM image of the thermally treated a) 1V/1Ce sample without DEG and (b) 1V/1Ce sample with DEG. 
 

  
                    a)                                                                          (b) 

Fig. 8 – SAED image of 1V/1Ce sample without DEG (a) and HRTEM image of the 1V/1Ce sample with DEG (b). 
 

       
                   (a)                                                                        (b) 

Fig. 9 – TEM image of the thermally treated samples (a) 2V/1Ce sample without DEG and (b) 2V/1Ce sample with DEG. 
  
 In case of V2O5 and 1V/1Ce+DEG sample the 

mechanism of the complex formation of the 
transition metal compounds with the polar DEG 
and of its hydrolysis12 favours a fast epitaxial 
growth of the crystallites; a different mechanism in 
case of a 2V/1Ce composition determines a change 
of crystallite growth kinetics. 

2.2. XRD results 

The X-ray diffraction patterns of the thermally 
treated samples confirm the presence of  CeVO4  in 
all powders prepared by the above presented 
method, at both atomic ratios (Figure 10).  

In all cases the thermal treatment enhanced the 
degree of crystallization of the CeVO4 that could 
be already indentified in the as-prepared samples. 
The oxide powders obtained at a higher V ratio, 
2V/1Ce, in the presence and absence of DEG, 
contain beside the binary formed compound,  
V2O5, too. However, the amount of V2O5 noticed 
in the XRD patterns is lower than the amount of 
the V ions introduced in the reaction mixture. This 
fact could be correlated with the results of 
chemical analysis of the filtrate resulted after 
powders separation. It was noticed the in the case 
of the samples with 2V/1Ce molar ratio the amount 
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of V present in the solution is more than 60 times 
higher than in the case of the samples with 1V/1Ce 
molar ratio. That means that the not bonded V in 
the cerium vanadate compound is more soluble 
than the compound itself.  

In the Table 1 the lattice parameters of CeVO4 
in the V-Ce-oxide samples with and without DEG 
are presented. From the tabel above one can notice 
that in the presence of DEG, the calculated lattice 
parameters of the CeVO4 are smaller and a 
contraction of the unit cell occurred. 

 
Table 1 

Lattice parameters of CeVO4 in the V-Ce-oxide samples with and without DEG 

Sample Lattice parameters of tetragonal CeVO4 
2V/1Ce a = 7.396Å, c = 6.488 Å 
2V/1Ce + DEG a=7.365 Å, c = 6.471 Å 
1V/1Ce a =7.395 Å, c = 6.484 Å 
1V/1ce + DEG a = 7.395 Å, c = 6.486 Å 
ASTM 12-757 for CeVO4 a = 7.399 Å, c = 6.496 Å 

                     

 
   (a)        (b) 

 
                                          (c)                                                                                                              (d) 

 
Fig. 10 – XRD patterns of the thermally treated V-Ce samples: (a) 1V/1Ce samples without DEG,   

b)1V/1Ce sample with DEG, (c) 2V/1Ce sample without DEG, (d) 2V/1Ce sample with DEG.  
 

2.3. FT-IR results 

In case of the themally treated V-Ce mixed oxide 
samples, the IR spectra in figure 10 (a and b) show 

the formation of CeVO4 compound (the presence of 
the bands at 444 cm-1 and around 800 cm-1), at both 
ratios (2V/1Ce and 1V/1Ce), in the absence as well 
as in the presence of DEG.7,12, 3, 1, 18. 



 Binary vanadium-cerium oxide 921 

 

 
a)                   b) 

Fig. 11 – IR spectra of the thermally treated samples (a) without DEG (b) and with DEG. 
 

Traces of the V2O5 were found only in case of a 
2V/1Ce ratio due to the fact that the thermal 
treatment led to the completion of vanadate 
formation. The band characteristic for H2O, NO3

-, 
OH diole and aliphatic CH  (1600, 1300 – 1400 cm-1 
and over 2500 cm-1) disappeared.20, 25 The presence of 
DEG for improving the particle morphology or 
dimension does not influence the composition of the 
thermally treated samples, but brings some changes 
in the samples ordering and structure (a shoulder at 
around 700 cm-1 appears related to VO4 units from 
the orthovanadate structure).4 

2.4. XPS results 

The XPS analysis of the 2V/1Ce and 1V/1Ce 
thermally treated samples indicates the +5 
oxidation state of vanadium in the mixed oxides 

because the binding energies of V2p3/2 orbitals in 
both samples were 517.5 and respectively 517.6 eV 
and the differences in binding energies between 
O1s and V2p3/2 (∆o-v) were about 12.9-12.95 eV 
(according to paper4)(Figure 12a, b). The signals 
obtained as well as the difference in binding 
energies between O1s and V2p3/2 (∆(o-v) ) are 
given in Table 2. 

The data presented in Table 2 and Figure 12 b 
show that in the same samples cerium is present in 
two valence state. The peaks of ~884.5 and  
902.5 eV can be assigned to the photoemissions of 
the cerium (III) cations while the peak at ~898 eV 
corresponds to the photoemissions of the cerium 
(IV) cations. 

 
Table 2 

Analysis of the prepared V-Ce-oxide powder by XPS 
Sample O 1s (eV) V2p 3/2 (eV) ∆(O-V) Ce3d5/2 (eV) -   Ce3d3/2 
1V/1Ce 530.5 517.6 12.9 881.5     885.4     900   904 
2V/1Ce 530.45 517.5 12.95 881.9    885.4      898    906 

 

 

                                                      (a)                                                                                           (b) 

Fig. 12 – XPS photoelectron lines, a) after deconvolution, of Vanadium and Oxygen  
and b) the 3d5/2 photoelectron line of Cerium, after deconvolution, for the thermally treated 1V/1Ce sample. 
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The percent of vanadium as well as of cerium 
found on the surface of the 1V/1Ce sample is in 
agreement with the intended (bulk) stoichiometry, 
while in the sample 2V/1Ce  only a smaller amount 
of V is found in its 5+ oxidation state bonded 
either in oxide or vanadate. 

CONCLUSIONS 

Using the co-gelation method in aqueous 
solutions, powders of binary oxides were prepared 
in the V2O5-CeO2 system, at different molar ratio 
of the components and in the presence or absence 
of the chelating agent. 

The powders were obtained in nanometric scale 
and the presence of the chelating agent (DEG) 
enhanced the formation and crystallization of 
CeVO4.  

In case of 2V/1Ce samples, beside CeVO4,  
vanadium oxide in exces was identified.   

The new compound Ce+3V+5O4 appears as a 
result of oxidation-reduction reactions due to ionic 
species formed by the precursors in the acidic 
starting solutions according to (1), (2), (3) 
reactions. V+4 species (blue-green colour of the 
solution during the ammonium hydroxide 
precipitation) could act as reducing agents: 

V+4 → V+5 - 1e 

Ce+4 → Ce+3 + 1e 

There is a difference between V and Ce 
distribution on the surface and the one in the bulk  
of the samples (EDAX and XPS results). 
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