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Abstract

The thermal decomposition of vanadyl oxalate supported on CeO2 solid in a flow of dried air was ana-

lysed by thermogravimetry (TG) and differential scanning calorimetry (DSC) from room temperature

up to 350°C. TG and DSC results have demonstrated that after the impregnation of CeO2 solid by a

vanadyl oxalate solution, cerium and vanadium(V) oxalates were evidenced. This latter compound

seems attached to cerium(III) of the partial reduced CeO2 phase. This result was confirmed with the

electron paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy (XPS) techniques.
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Introduction

One of the most important applications of CeO2 is in the formulation of modern

three-way catalysts (TWC) used in automotive exhaust gas cleaning systems [1–4]. It

is well known that CeO2 is able to act as an efficient oxygen buffer by releasing/stor-

ing O2 due to its capability to undergo effective reduction and reoxidation under rich

and lean conditions respectively [4–6]. Thus, the decrease of sensitivity of Ce-con-

taining TWC to oscillations of a gas mixture composition and, consequently, en-

hancement of their red-ox properties occur due to compensation of a gas composition

fluctuations by high mobility of lattice oxygen in CeO2.

In parallel, vanadia supported on various oxide carriers is widely used as a cata-

lyst in different oxidation processes [7–8]. It is also proved to be quite effective for

the selective catalytic reduction (SCR) of nitric oxide NO [9]. It has been demon-

strated that the selectivity and activity of these catalysts depend on, among other fac-

tors, the vanadium loading, calcination temperature, type of support and its surface

acidity [10].
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In general, the catalytic activity of mixed oxide systems depends on many fac-

tors particularly the method of preparation and the nature of precursors. Recently

[11–17], considerable attention has been devoted to the oxalate ligand as a structural

unit in the preparation of mixed oxides. Since the oxalate group can function as a

bisbidentate ligand, coordination to two metal ions affords a wide variety of polynu-

clear complexes.

The principal objective of the present work is to identify the intermediate com-

plexes formed during the preparation of the vanadium-cerium oxide catalysts from

the ceria phase and vanadyl-oxalate taken as a precursor.

Experimental

Ceria (CeO2) was prepared by precipitation of cerium hydroxide from Ce(NO3)3·

6H2O with a NaOH solution as described elsewhere [18]. The solid was calcined at

500°C for four h under a flow of dried air. Subsequently, to perform a classical im-

pregnation method, a solution of vanadyl oxalate VOC2O4 was added on ceria to pre-

pare xV10Ce samples with different V/Ce atomic ratios (x=1.08, 1.67, 2.73 and

5.06). After filtration, these freshly prepared solids were dried at 100°C and after

were analyzed with the X-ray diffraction technique. Only the XRD lines correspond-

ing to the CeO2 phase were observed. No trace of any other crystallized phase was ob-

tained on all the samples.

Thermal analysis measurements were performed using a Netzsch STA 409 ap-

paratus equipped with a microbalance. Simultaneous thermogravimetric and differ-

ential scanning calorimetric (TG-DSC) curves were obtained while the dried xV10Ce

samples were heated from room temperature to 350°C with a rate of 5°C min–1 under

a flow of air (75 mL min–1).

Electron paramagnetic resonance (EPR) measurements were performed at

–196°C on an EMX Bruker spectrometer. A cavity operating with a frequency of

~9.5 GHz (X-band) was used. The magnetic field was modulated at 100 kHz. The g

values were determined from precise frequency and magnetic field values.

XPS spectra are acquired with a Leybold-Heraeus LHS 10 spectrometer with an

AlKα anticathode (hν=1486.6 eV). The samples are crushed into a fine powder and

pressed on an indium support. The spectra are recorded under high vacuum (10–8 torr).

The binding energies are determined by using the C1s peak at 284.7 eV for standardi-

sation.

Results and discussion

Thermal analysis study

Figure 1 illustrates TG and DSC curves of the freshly prepared xV10Ce samples.

DSC curves reveal an endothermic dehydration peak between 50 and 170°C. This de-

hydration process was followed by two or three exothermic peaks. The DSC and TG

data indicate that the exothermic event was closely related to the presence of vana-
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dium in the samples. In fact, for the 1.08V10Ce sample, only two exothermic peaks at

187 and 310°C were observed. The intensity of the first one increased with the vana-

dium concentration whereas that of the second peak decreased and shifted towards

high temperatures (326°C) and finally disappeared for the 5.06V10Ce sample. In par-

allel, an exothermic peak in the temperature range of 285–295°C appeared and its in-

tensity increased with vanadium content.

Exothermic peak at 310°C

In order to evidence the origin of this peak, CeO2 phase, already calcined at 500°C,

was impregnated by oxalic acid instead of vanadyl oxalate. After heating this freshly

prepared solid up to 350°C, two endothermic peaks at 188 and 223°C and another

exothermic at 310°C were observed (Fig. 2). The temperature of the exothermic peak

is the same as that obtained for the 1.08V10Ce sample (310°C). This can unambigu-

ously indicate that the above peak is due to the decomposition of cerium oxalate.

Similar results have been already obtained in literature [19–21]. This latter product

can be formed by a simple reaction between oxalic acid and CeO2 surface:

CeO2+2H2C2O4 → Ce(C2O4)2+2H2O
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Fig. 1 TG (a) and DSC (b) curves obtained on 1.08V10Ce, 1.67V10Ce, 2.73V10Ce,
5.06V10Ce and free vanadyl oxalate samples after heating the solids under a
flow of dried air from room temperature to 350°C



or by simple exchange between the vanadyl group and cerium when vanadyl oxalate

solution is added to ceria:

CeO2+2VOC2O4 → Ce(C2O4)2+2VO2++2O2–

In order to confirm this attribution, a free oxalic acid was heated separately, in

absence of the CeO2 phase. Two endothermic peaks at 189 and 218°C were obtained

(Fig. 2) and no exothermic peak was detected. The absence of the exothermic peak at

310°C confirms our supposition that the similar peak obtained at the same tempera-

ture in the case of the 1.08V10Ce sample was due to the decomposition of cerium ox-

alate according to the following reaction [19]:

Ce(C2O4)2+O2 → CeO2+4CO2

When the vanadyl oxalate concentration increased on the CeO2 surface, the exother-

mic peak shifted towards high temperatures but its intensity decreased. This shift can be

interpreted by the formation on the ceria surface of free vanadyl oxalate in the form of ag-

glomerates. Such form of oxalates are inert with respect to the ceria surface and block the

formation of cerium oxalate responsible of the exothermic peak presence.
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Fig. 2 DSC curves obtained on oxalic acid/CeO2; free oxalic acid; free vanadyl oxalate
and vanadyl oxalate/cerium hydroxides samples after heating the solids under a
flow of dried air from room temperature to 350°C



Exothermic peak at 286–290°C

The intensity diminution of the exothermic peak at 310°C with the vanadium concen-

tration and the appearance of a new exothermic peak in the range of 286–290°C were

related to the presence of an excess of vanadyl oxalate. Indeed, when this latter com-

plex was heated in the absence of ceria up to 350, a single exothermic peak at 264°C

was obtained. From the mass loss measurement after this treatment, the peak was at-

tributed to the decomposition of vanadyl oxalate:

2VOC2O4+3/2O2 → V2O5+4CO2

The exothermic peaks obtained in the temperature range of 286–290°C on the

xV10Ce samples can also be due to the decomposition of the vanadyl oxalate inter-

acting with ceria surface:

2VOC2O4/CeO2+3/2O2 → V2O5/CeO2+4CO2

Indeed, on one side, the intensity of this peak increased with the vanadium con-

centration and on the other side the decomposition temperature decreased while the

vanadium contents increased and tended towards that corresponding to the decompo-

sition of the free vanadyl oxalate (Fig. 2).

Exothermic peak at 187°C

The exothermic peak obtained at 187°C was assigned to the thermal decomposition

of vanadium(V) oxalate adsorbed on the ceria surface. Indeed, during the impregna-

tion of the ceria phase by the vanadyl oxalate solution, a brown color on the CeO2 sur-

face was remarked in the beginning of the preparation. This color changed from

brown to brown-dark when the concentration of vanadyl on CeO2 increased. In paral-

lel, the intensity of the exothermic peak increased. This peak was not obtained when

an oxalic acid solution was added separately on CeO2 and V2O5 phases. This confirms

that its appearance is not due neither to cerium oxalate nor to vanadium(V) oxalate

but it seems to be due to a complex of cerium-vanadium(V) oxalate. In addition, in

order to confirm the attachment of the vanadium(V) oxalate to the cerium in ceria, the

vanadyl oxalate solution was added on a mixture of cerium hydroxides Ce(OH)3 and

Ce(OH)4 phases (Fig. 2). An intense exothermic peak at 187°C was obtained by heat-

ing the freshly impregnated solid. This peak intensity was larger than those obtained

in the case of the CeO2 phase. The increase in the intensity can be related to the pres-

ence of Ce3+ with Ce4+ ions in the hydroxides. From this result, it seems that the com-

plex corresponding to the exothermic peak at 187°C is formed by vanadium(V) oxa-

late attached to cerium(III). In order to demonstrate how this complex can be

obtained from vanadyl-oxalate and CeO2, EPR and XPS study was performed on the

xV10Ce samples.
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EPR study

Figure 3 shows EPR spectra obtained on the untreated xV10Ce samples. For 1.08V10Ce

sample, two superimposed signals denoted by A and B with g<2 were observed on the

solids. Another signal formed of a well-resolved hyperfine structure of six lines charac-

teristic of Mn2+ ions present in the solid as impurities. A and B signals characterized by

g⊥(A+B)=1.967; g//(A)=1.940 and g//(B)=1.947 were attributed to the presence of two different

Ce3+ [f1 ions; ge>g⊥>g//] sites in the solid. Similar signals were observed in literature

[18, 22] and assigned to Ce3+ ions or more precisely to an interaction between conduction

electrons and 4f orbital of Ce4+ ions in the CeO2 matrix. These signals were also present

on the EPR spectrum of the ceria support before impregnation. No trace of an EPR signal

indicating the presence of a vanadyl group in the 1.08V10Ce sample since the vana-

dium(IV) in such a group is paramagnetic possessing a single electron in the 3d orbital.

This indicates that this paramagnetic species was oxidised into vanadium(V) which is

diamagnetic and undetectable in EPR. On the contrary, for xV10Ce samples where

x=1.67, 2.73 or 5.06, a symmetric signal centered at g=1.96 with a peak-to-peak width

changing with the vanadium content was detected. Similar signals were obtained in dif-

ferent matrices [23–25] and were attributed to vanadium(IV) of vanadyl groups.The pres-

ence of the vanadyl EPR signal on the samples is due to the excess vanadyl-oxalate re-

maining on CeO2 phase after a part has reacted with this latter phase to transform the

vanadium(IV) into vanadium(V). Indeed, the intensity of this signal increased with the

vanadyl-oxalate concentration whereas the peak-to-peak width decreased from 320 to

256 G when the sample was changed from 1.67V10Ce to 5.06V10Ce. The decrease in
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Fig. 3 EPR spectra obtained on free vanadyl oxalate, 1.08V10Ce, 1.67V10Ce,
2.73V10Ce and 5.06V10Ce samples



the width of the signal with increasing the concentration of vanadyl is caused by strong

spin-spin exchange in these vanadyl paramagnetic species [26]. For this reason, the EPR

signal obtained for the free vanadyl oxalate having a peak-to-peak width (48 G) smaller

than those measured for xV10Ce samples (Fig. 3). The relative intensities of signals were

calculated by double integration. Table 1 illustrates the percentage in mass of the vanadyl

oxalate present in each sample and the percentage of vanadium(IV) species detected by

EPR and consequently the percentage of vanadium(IV) oxidised into vanadium(V). This

latter percentage was calculated by a simple difference between the two first percentages.

These results indicate that by increasing the vanadyl oxalate concentration on the ceria

surface, the formation of vanadium(V) became more important. This evolution is com-

patible with that obtained for the exothermic peak at 187°C.

Table 1 Different percentages of V(IV) species deduced from EPR spectra of xV10Ce samples

Sample VOC2O4/% Relative intensity/a.u. V(IV) detected/% V(IV)→V(V)/%

VOC2O4 100.00 728.0 100.00 –

1.08V10Ce 8.84 – – 8.84

1.67V10Ce 13.07 9.2 1.21 11.86

2.73V10Ce 19.73 20.3 2.79 16.94

5.06V10Ce 31.30 37.5 5.15 26.15

XPS study

Figure 4 illustrates V2p3/2, Ce3d, O1s and C1s XPS spectra relative to 1.67V10Ce and

5.06V10Ce samples.

V2p3/2 component peaked at 517.1 eV (1.67V10Ce) is in agreement with the val-

ues obtained for vanadium(V) species in different matrices [27, 28]. When the vana-

dium concentration increased (5.06V10Ce), a new XPS peak at 516.2 eV appeared

(Fig. 4a). This peak was attributed to vanadium(IV) of vanadyl oxalate [29–31]. This

result confirms our attribution of the exothermic peak (286–290°C) in the thermal

analysis part to vanadyl oxalate.

Figure 4b illustrates Ce3d XPS spectra relative to 1.67V10Ce and 5.06V10Ce sam-

ples. Apparently, the six components observed on the spectra could be assigned unam-

biguously to Ce4+ species by comparison with data reported in literature [18, 32–34].

Compared to XPS spectrum of pure CeO2, our spectra are not well-resolved. From the

feature of these spectra, the superposition of Ce3+ XPS lines is predicted. In fact, this latter

is characterized by four peaks situated at 881.5, 885.7, 899.6 and 904.0 eV (Fig. 4b) [18].

It has been demonstrated [18] that Ce(III)/Ce(IV) ratio variation, observed on the surface

of the analysed sample strongly affects the absolute binding energy positions of the Ce3d

XPS spectra. Notice that a shift was observed on our samples when the vanadium content

changed. On the other side, some authors [33] have elaborated different relations to quan-

tify the Ce(III) and Ce(IV) concentration in a given sample. The results obtained from the

analysis of a pure CeO2 powder show that the satellite peak (~916.5 eV) contribution rep-

resents 12.75% of the total Ce3d intensity. This percentage decreased to 10.16 and 9.05%
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for 1.67V10Ce and 5.06V10Ce samples respectively. These diminutions can be inter-

preted by the partial reduction of Ce4+ ions of the CeO2 surface into Ce3+ species. The

vanadyl groups of the oxalate added on the ceria surface is responsible of that reduction

to form the oxalate of vanadium(V)–cerium(III) complex as it was mentioned above.
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Fig. 4 XPS spectra of 1.08V10Ce and 5.06V10Ce samples: (a) V2p and O1s XPS
spectra; (b) Ce3d XPS spectra and (c) C1s and Ce4s XPS spectra



The XPS peak obtained at ~288 eV (Fig. 4c) can be characteristic of C1s and Ce4s

[35–36] binding energies. Indeed, a similar peak was observed in the case of sodium oxa-

late [36] and was assigned to carboxyl group of this complex. In parallel, the same peak

with the same binding energy was obtained for CeO2 solid [37–39] and was interpreted as

the photoelectron energy of Ce4s. Whereas, it is well-known that the XPS of cerium(IV)

is also characterized by the presence of six peaks corresponding to Ce3d. The relative in-

tensity ratio ICe4s/ICe3d=9.12·10–3 of the XPS cerium spectrum remains unchanged. Since, it

was demonstrated for 1.67V10Ce sample that this ratio (11.7·10–3) is larger than that ob-

tained for pure ceria, this indicates that the peak observed in our case is the superposition

of two peaks: the first corresponding to Ce4s of CeO2 phase and the second to C1s of ox-

alate group. The intensity of the ~288 eV peak significantly increased for 5.06V10Ce

sample, this is mainly due to the carbon of oxalates and not to cerium. Indeed, the surface

analysis of this latter sample shows that the atomic ratio O/C=2.28 measured is approxi-

mately in the same order of that corresponding to the oxalate group (O/C=2). The slight

difference in the atomic ratios obtained can be explained by the participation of the O1s

photo peak relative to cerium and vanadium oxides present on the surface with that cor-

responding to oxalate group.

More information can also be obtained by comparison of O1s XPS spectra

(Fig. 4a). Indeed, it is well-known that XPS peaks characterized by binding energies

situated in the range of 529–533 eV are due to oxygen species (O1s) present in differ-

ent matrices [36–40]. The low-binding energy component in the range of

529.3±0.3 eV is ascribable to oxygen of oxides, whereas high-binding energy compo-

nents (531.7±0.3 eV) are due either to hydroxide species or to carboxyl groups. On

the 1.67V10Ce sample, the O1s binding energy measured (529.8 eV) is smaller than

that obtained on 5.06V10Ce (531.3 eV) (Fig. 4c). For 5.06V10Ce sample, the binding

energy is larger than that corresponding to oxygen of the pure ceria (529.7 eV). This

increase can be related to the oxygen of oxalate which became mainly dominant with

the increase of the vanadyl precursor content and consequently responsible of the

binding energy shift toward the high values.

Conclusions

When CeO2 phase is impregnated by a vanadyl oxalate solution, three types of oxa-

late were evidenced on the untreated solids: i) vanadium(V) oxalate attached to ce-

rium(III) of the ceria phase seems be formed and remains thermally stable till

170–190°C, ii) vanadyl oxalate remaining in excess on ceria up to 260–300°C and iii)

cerium oxalate which thermally decomposes at 310°C.
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