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Abstract 

Ce is one of the few lanthanide elements to exhibit well-defined (III) and (IV) oxidation states in  

solid state environments and there is therefore ambiguity as to whether CeVO4 should be 

formulated as Ce(III)V(V)O4 or Ce(IV)V(IV)O4. To address this question CeVO4 and 

Ce0.5Bi0.5VO4 have been studied by density functional theory calculations and X-ray 

photoemission spectroscopy. A peak above the main O 2p valence band in photoemission is 

attributed to localised Ce 4f states, in agreement with the calculations which show occupation of 

Ce 4f states. The Ce 3d core level spectrum is diagnostic of Ce(III) with no sign of a peak 

associated with 4f
0
 final states that are characteristic of Ce(IV) compounds. The experimental 

and theoretical results thus confirm that both compounds contain Ce(III) and V(V), rather than 

Ce(IV) and V(IV). In agreement with experiment, the calculations also show that the tetragonal 

zircon phase adopted by CeVO4 is more stable for Ce0.5Bi0.5VO4 than the monoclinic 

clinobisvanite phase adopted by BiVO4, so that formation of the stereochemically active Bi(III) 

lone pairs is suppressed by Ce doping. 
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1.  Introduction 

CeVO4 has aroused widespread interest in recent years by virtue of its application as an 

oxidation catalyst
1-2

, photocatalyst
3-4

, gas sensor material
5
 and pigment

6
. The formation (or not) 

of the CeVO4 phase also impinges on the operation of V2O5 catalysts supported on CeO2. In 

addition quaternary vanadate phases involving the doping of BiVO4 with rare earths including 

Ce have attracted attention in their own right as potential photocatalytic materials
4
 with a 

performance superior to that of BiVO4 itself. 

 BiVO4 has three different polymorphs: orthorhombic pucherite,
7
 tetragonal dreyerite,

8
 

and monoclinic clinobisvanite.
8
 The monoclinic phase is most stable thermodynamically at room 

temperature and also displays the most promising photocatalytic activity.
6, 8-10

 This phase 

belongs to space group I2/b and also contains BiO8 dodecahedra and VO4 tetrahedra, as shown in 

figure 1(a). CeVO4 has two different polymorphs: a tetragonal zircon-type phase and a 

monoclinic huttonite-type phase, the latter being metastable at room temperature.
11

 Zircon-type 

CeVO4 (space group I41/amd) is composed of CeO8 dodecahedra and VO4 tetrahedra, as shown 

in figure 1(b). The dodecahedra of the BiVO4 and CeVO4 structures are quite different. In 

contrast to CeVO4, the dodecahedra around the Bi atoms are observed to be significantly 

distorted with four different bond lengths: 2  2.346 Å , 2  2.375 Å, 2  2.528 Å and 2  2.605 

Å bonds.
12

 This creates a weakly layered structure stacked in the c direction with the bonds 

shorter than 2.4 Å on one side of the Bi ions and the bonds longer than 2.5 Å on the other.  This 

coordination geometry  is suggestive of stereochemically active Bi(III) lone pairs and leads to 

ferroelectric behavior.
8
 However the formation of the directional lone pairs requires 

hybridisation of Bi 6s states with O 2p states at the top of the valence band.
13

 Since the 6s of Bi 

states lie almost 10 eV below the top of the valence band
14-16

, the hybridisation is relatively weak 
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and the driving force for structural distortion is quite small. As will emerge below, Ce1-xBixVO4 

solid solutions with x ≤ 0.5 are most stable in the tetragonal zircon phase with almost regular 

coordination around the Bi ions. 

The solid state chemistry of lanthanide compounds is usually dominated by the trivalent 

(III) oxidation state.  However cerium forms a wide range of Ce(IV) compounds and both CeO2  

and Ce2O3 are well characterised. Given that vanadium forms oxides in both the pentavalent (V) 

and tetravalent (IV) oxidation states there is therefore an ambiguity as to whether CeVO4 should 

be formulated as Ce(III)V(V)O4 or Ce(IV)V(IV)O4. On the basis of density functional theory 

(DFT) calculations using a range of functionals at different levels of sophistication,  Sauer and 

co-workers
17

 concluded that CeVO4 is a 4f
1
 Ce(III) compound, although the energy difference 

between Ce(III)V(V)O4 and Ce(IV)V(IV)O4  was found to be very small and dependent on the 

on-site Coulomb parameter for Ce introduced into functionals involving a “+U” term. However, 

inclusion of a “+U” for Ce but not for V must invariably favor localisation of excess charge on 

Ce rather than V. Moreover, the assignment of valence states is a matter that ideally should be 

explored by both theory and experiment. Against this background we have initiated a study of 

rare earth vanadates and BiVO4 doped with rare earth ions using core and valence X-ray 

photoemission spectroscopy as an experimental probes of electronic structure and report here 

results for CeVO4 and Ce0.5Bi0.5VO4. These are compared with similar results for BiVO4. The 

spectroscopic data are compared with DFT calculations involving the generalised gradient 

approximation (GGA) with the addition of an onsite U electron repulsion parameter for both V 

and Ce, so as not to tip the balance in favour of localisation on Ce. Comparison of the placement 

of the Ce 4 f levels relative to the valence band edge in the calculations with experimental data 

provides a critical test of the appropriateness or otherwise of the “+U” value selected for Ce.  
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2. Experimental 

Ce0.5Bi0.5VO4, CeVO4 and BiVO4 were prepared  by ceramic solid synthesis. CeO2 (Sigma-

Aldrich 99.99%), Bi2O3 (Sigma-Aldrich 99.999%) and V2O5 (Sigma-Aldrich 99.99%) were 

ground in an agate mortar and pestle in appropriate stoichiometric quantities, pelletized between 

13 mm diameter tungsten carbide dies under a 5 ton loading for 5 minutes and then fired at 600 

°C for 16 hours. The products were reground and refired at 900 °C for an additional 16 hours. X-

ray diffraction patterns confirmed a phase-pure monoclinic solid had been prepared in the case of 

BiVO4, whereas both Ce0.5Bi0.5VO4 and CeVO4 adopted the tetragonal zircon structure. Lattice 

parameters derived from the powder patterns for CeVO4 and Ce0.5Bi0.5VO4 are given in table 1. 

The values for CeVO4 are in good agreement with those reported previously.
18

  CeVO4 and 

Ce0.5Bi0.5VO4 were further characterised by measurement of the magnetic susceptibilities over a 

temperature range between of 5 K to 300 K in a Quantum Design MPMS XL magnetometer. The 

susceptibility m was fitted to an expression of the sort: 

 

  
 
   

 
 

Where θ is the Weiss constant and C is the Curie constant, which determines the effective 

magnetic susceptibility eff. The plots of inverse susceptibility against temperature were linear 

down to about 150 K for CeVO4 and to 100 K for Ce0.5Bi0.5VO4, below which temperatures non-

linearities associated with crystal field splitting of the Ce 4f levels were observed.
19

 The Weiss 

constants were negative (table 1), indicative of incipient antiferromagnetic interactions, with a 

more negative value for the parent compound CeVO4. This difference would be anticipated since 

the magnetic centres are more dilute in Ce0.5Bi0.5VO4.  The effective magnetic moment of 2.89 

B found for CeVO4 was larger than the published value of 2.64 B
19

 but this can be attributed to 

the fact that our regression was restricted to a narrower temperature range than in reference 19 in 
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order to ensure better linearity. The effective magnetic moments are much bigger than would be 

expected for a V
4+

 3d
1
 system and but are quite close to the value predicted for the  

2
F5/2 ground 

state of Ce
3+

.  

  The majority of the X-ray photoemission spectra were measured in a Scienta ESCA 300 

spectrometer housed in Daresbury Laboratory UK. This incorporates a rotating anode Al K (h 

= 1486.6 eV) X-ray source, a 7 crystal X-ray monochromator and a 300mm mean radius 

spherical sector electron energy analyser with parallel electron detection using channel plates, a 

scintillation screen and a camera. The X-ray source was run with 200 mA emission current and 

14 kV anode bias, whilst the analyser operated at 150 eV pass energy. Gaussian convolution of 

the analyser resolution with a linewidth of 260 meV for the X-ray source gives an effective 

instrument resolution of 400 meV. Binding energies are referenced to the Fermi energy of a 

silver sample regularly used to calibrate the spectrometer.  Further spectra were measured in a 

Thermo Scientific K-Alpha spectrometer located at University College London, UK. This 

spectrometer also uses an Al K source but with a lower power input of 72 W. The X-rays are 

microfocused at source to give a spot size on the sample of 400 microns. The monochromator is 

comprised of a single toroidal quartz crystal set in a Rowland circle with radius 250 mm. The 

analyser is a double focusing 180 degree hemisphere with mean radius 125 mm and was run in 

constant analyser energy (CAE) mode with the pass energy set to 50 eV, giving an overall 

instrument resolution of about 0.5 eV . The detector is a 128 channel position sensitive detector.  

 

3. Computational 

All calculations within this study were performed using the periodic density functional theory 

(DFT) code VASP
20-21

, which employs a plane-wave basis set to describe the valence electronic 

states. The Perdew-Burke-Ernzerhof (PBE)
22

 gradient-corrected functional was used to treat the 
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exchange and correlation. Interactions between the cores (Bi:[Xe], Ce: [Xe], V:[Ar] and O:[He]) 

and the valence electrons were described using the projector-augmented wave 
23

 (PAW) method, 

with the Bi 5d state included in the valence shell. To counteract the problems associated with the 

DFT self-interaction error (SIE)
24

, which can artificially delocalise d- and f-electrons, a GGA+U 

methodology is employed.
25

 This approach effectively adds a penalty to delocalisation, 

correcting for on-site Coulombic interactions, and has been demonstrated to give improved 

descriptions of the atomic and electronic structures for a large range of systems.
26-35

 In this study, 

U values of 4.5 and 4.0 eV are applied to the Ce 4f and V 3d states, respectively. A value of 4.5 

eV has been widely used for modelling Ce ions, showing good agreement to experimental data 

for CeVO4, Ce2O3 and CeO2 systems.
17, 36-37

 A U of 4.0 eV has been shown to provide good 

atomic and electronic structure data for V2O5.
26

 To the best of our knowledge, this represents the 

first study to model CeVO4 with U terms for both Ce and V. The inclusion of a U term for V is 

important because in V2O5 itself excess electrons introduced by oxygen vacancies or Li doping 

remain itinerant at the GGA level of theory and only become localised (as is found 

experimentally) when a U term is added for V.  

Structural optimisation of both the pure and the mixed vanadate systems were performed 

at a series of volumes in order to calculate the equilibrium lattice parameters. In each case, the 

atomic positions, lattice vectors and cell angles were allowed to relax, while the total volume 

was held constant. The resulting energy-volume curves were fitted to the Murnaghan 
38

 equation 

of state to obtain the equilibrium bulk cell volume. This approach avoids the isotropic problems 

of Pulay stress and changes in basis set which can accompany volume changes in plane wave 

calculations. 
39

 Convergence with respect to the plane-wave energy cut-off and k-point sampling 

were checked, with a cut-off of 500 eV and a Monkhorst-Pack 6 × 6 × 6 mesh found to be 
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sufficient for all systems. Structural optimizations were deemed to be converged when the forces 

on each ion were less than 0.001 eV Å
−1

. All calculations were spin polarized to ensure the 

correct magnetic ground state was found.  

When comparing the computational results with experimental photoemission data it is 

necessary to account for the effects of instrumental and phonon broadening. Gaussian 

convolution was applied to the calculated densities of states using a profile with a full width at 

half maximum (FWHM) of 0.8 eV. For states in the lower part of the valence band the 

contribution of lifetime broadening also becomes significant. This can be accounted for by 

additional convolution with a Lorentzian lineshape, whose FWHM scales with the square of the 

binding energy; in this case the best agreement was obtained when FWHM = 0.008 E
2
 where E is 

expressed in electronvolts. The justification for the E
2
 dependence of the inverse lifetime of the 

final state of the photoemission process arises as follows: whilst the Einstein coefficient for 

spontaneous emission scales as E
3
, this is offset by a decrease in the matrix elements connecting 

the states at the Fermi level and the hole state with increasing binding energy. Whilst exact E
2
 

scaling is only obtained in the case of Fermi liquid theory, as an approximation it seems to work 

well even in non-metallic systems. 
40-43

 

 

4. Results and discussion 

4.1 Computational results for pure materials 

The calculated structural parameters for the pure orthovanadates are given in Table 2.  For 

BiVO4, the calculated cell parameters show some deviations from experimental values
12

 ranging 

between -0.10% and +1.84%. Although a slightly expanded cell often emerges using a GGA+U 

methodology, the differences in this case appear to reflect specific problems with treatment of 
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the BiO8 dodecahedra. In the experimental structure the bond lengths range between 2.346 Å and 

2.605 Å. In the calculations the dodecahedra, do not show this level of distortion, with minimum 

and maximum bond lengths of 2.447 Å and 2.511 Å respectively. Earlier calculations using 

GGA methodologies have also failed to reproduce the full extent of structural distortion.
16, 44

 

The calculated cell parameters for CeVO4 are also seen to show differences from the 

experimental values. However, the deviations are less pronounced than for BiVO4, with the 

vectors and bond lengths differing from experiment
18

 by between 0.79% and 1.87%. As will be 

seen below, CeVO4 contains Ce(III) ions and the unpaired 4f electrons give rise to different 

possible magnetic structures. All possible ferromagnetic (FM) and antiferromagnetic (AFM) 

configurations within the unit cell were modelled to ensure that the magnetic ground state was 

found. Although the AFM structure shown in figure 2 was found to have the lowest absolute 

energy and was therefore used to determine ground state properties, it is only 0.5 meV more 

stable than a FM configuration and both magnetic solutions have similar structural and electronic 

properties. This indicates that the material should remain paramagnetic down to very low 

temperature, consistent with magnetic susceptibility data.
11

 As noted in the experimental section 

the negative Weiss constant found for this material is indicative of antiferromagnetic 

interactions,
45

 although there is no transition into a magnetically ordered state down to 5K. 

The calculated total electronic density of states (EDOS) and partial (ion and l-quantum 

number decomposed) electronic density of states (PEDOS) for the two materials are shown in 

figure 3. For BiVO4 (figure 3(a)), the top of the valence band is seen to be dominated by O 2p 

character. The main contribution from the Bi 6s states is observed approximately 9.2 eV below 

the valence band maximum (VBM), with a small amount of in-phase mixing with O 2p states. 

The Bi 6s states are also seen to contribute to the VBM to give an O 2p – Bi 6s antibonding state. 
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Further mixing with Bi 6p states to give a well-defined directional lone pair as found in 

compounds such as tetragonal PbO and SnO is however very muted, as would be expected from 

the lack of pronounced asymmetry in the calculated Bi-O bond lengths.
13

 The situation is in fact 

reminiscent of cubic PbS
46

 and SnTe,
47

 as well as the hypothetical rock salt-structured PbO
48-49

 

where stereochemically active lone pairs do not develop. Two peaks are observed for the V 3d 

states, centred at -4.7 and -3.1 eV, both of which show mixing with O 2p states. The peak at -4.7 

eV also shows mixing with the Bi 5p states. The bottom of the conduction band is composed 

primarily of empty Bi 5p, V 3d and O 2p states. The composition of the PEDOS is consistent 

with previous computational
16

 and experimental results.
50

 From the EDOS, the band gap is 

estimated to be ~2.4eV, which is slightly larger than in a previous computational study and close 

to experimental values (2.4-2.5 eV). 
9, 51-52

 

The EDOS for CeVO4, figure 3(b), shows similarities to that of BiVO4 in that the valence 

band is dominated by O 2p states. The V 3d states are again seen to mix with the O 2p states at 

the bottom of the O 2p band but there is very little mixing between empty Ce 5d states and O 2p 

states. Moreover, the O 2p band does not extend up to the VBM as in the Bi-analogue. This is 

due to a new band derived from the Ce 4f states which makes up the VBM. The occupation of Ce 

4f states immediately suggests that CeVO4 should be formulated as Ce(III)V(V)O4, in agreement 

with earlier work.
17

 The top of the occupied O 2p band is separated from the bottom of the Ce 4f 

band by 1.1eV. The bottom of the conduction band is composed primarily of empty V 3d and O 

2p states. From the EDOS, the band gap is estimated to be ~2.0 eV, which compares well to the 

experimental value of 1.8 eV. 
6
 There is almost no mixing between Ce 4f states and O 2p states 

so that the former remain atomic-like.  
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4.2 Computational results for solid solutions 

Following simulation of the pure bulk structures, solid solutions were considered. This involved 

replacing half the Bi ions in monoclinic BiVO4 with Ce  or half the Ce ions in tetragonal CeVO4 

with Bi, giving two structural forms for the solid solution Ce0.5Bi0.5VO4. All configurations of 

cation substitution within the unit cell were explored, with the minimum energy structures for the 

two forms shown in figure 4. As can be seen, the structural motifs for the pure equivalents shown 

in figure 1 are retained in the two structures with no dramatic rearrangements or relaxations. 

Different magnetic structures were again trialled for the two Ce0.5Bi0.5VO4 structures. For the 

monoclinic structure, the lowest in energy was found to be a FM configuration, as shown in 

figure 3(a), although it was only marginally more stable than an AFM arrangement. For the 

tetragonal structure, an AFM solution was the most stable, as shown in figure 3(b). This is again 

consistent with the negative Weiss constant found by analysis of magnetic data. The energies of 

the FM monoclinic and the AFM tetragonal Ce0.5Bi0.5VO4 systems per MVO4 unit were found to 

be -43.28 eV and -43.44 eV respectively, which indicates that the solid solution is more stable in 

the zircon-type AFM CeVO4 structure. This is in agreement with earlier experiments where Ce1-

xBixVO4 solid solutions with x ≤ 0.5 were found to crystallise in the zircon structure.
6
 Preference 

for the tetragonal zircon structure in Ce0.5Bi0.5VO4 is further confirmed in the present 

experiments, which also reveal that AFM interactions are dominant, albeit with a negative Weiss 

constant numerically smaller than that of CeVO4. As with the parent compound there is no 

transition to a magnetically ordered state above 5 K. 

The structural parameters of the energy minimised unit cells are given in table 3. The 

introduction of Ce into monoclinic BiVO4 produces a small increase in the cell volume within 

the monoclinic phase, whereas introduction of Bi into the tetragonal phase leads to small 
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decrease in cell volume. These changes are not consistent with ionic radii of 1.17 Å and 1.14 Å 

for 8-coordinate Bi(III) and Ce(III) appearing in the much-cited tabulation due to Shannon.
53

 

However two considerations lead to the conclusion that Ce(III) has a bigger effective ionic radius 

than Bi(III), at least in these materials. Firstly the volume per formula unit from both theory and 

experiment is bigger for tetragonal CeVO4 than monoclinic BiVO4 and the average M(III)-O 

bond length in CeVO4 (2.4838 Å) is slightly bigger than in BiVO4 (2.4635 Å) – see table 1. 

Second the experimental and computational cell parameters for tetragonal Ce0.5Bi0.5VO4 found in 

the present work are slightly smaller than those found for the parent compound CeVO4 – see 

tables 1,2 and 3. In fact the computational and experimental results are in agreement showing an 

experimental decrease in cell volume of −1.50% on doping Bi(III) into CeVO4 compared to a 

decrease of −2.02% predicted in the calculations. 

The calculated EDOS and PEDOS for the two solid solution structures are given in figure 

6. The electronic structure is seen to be broadly similar for the two polymorphs, apart from the 

differing spin polarisations resulting from the magnetic structures. Furthermore, they are also 

very similar to those seen for the parent materials and can be viewed as being a combination of 

those of BiVO4 and CeVO4. To compare the EDOS to the pure materials, we can consider two 

energy separations: that between the occupied O 2p valence band and the Ce 4f band; and the 

optical gap of the material, between the occupied Ce 4f peak and the bottom of the conduction 

band. For monoclinic Ce0.5Bi0.5VO4 these energies are 0.7 eV and 2.0 eV, respectively, whereas 

for tetragonal Ce0.5Bi0.5VO4 they are found to be 1.2 eV and 1.9 eV, respectively. 

For BiVO4 this means that the addition of Ce causes an overall increase in the gap 

between the occupied Bi 6s - O 2p states at the top of the valence band and the bottom of the 

conduction band by 0.3 eV, but a reduction in the fundamental band gap by 0.4 eV due to the 
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additional Ce 4f states. For CeVO4, the addition of Bi is seen to cause a small reduction of 

around ~0.1eV in the separation between the Ce 4f states and the conduction band states. 

Experimentally the bandgap of tetragonal Bi0.5Ce0.5VO4 is found to be 1.5 eV, whereas the gap 

of CeVO4 is 1.8 eV.
6
 Thus the reduction in bandgap found in the calculations is confirmed by 

experiment, at least qualitatively. 

 

4.3 Valence and core photoemission 

Valence band X-ray photoemission spectra of BiVO4, Ce0.5Bi0.5VO4 and CeVO4 are shown in the 

bottom panels of figure 7.  The spectra are in each case dominated by the main O 2p valence 

band, which peaks at around 6 eV binding energy. For BiVO4 and Ce0.5Bi0.5VO4  an additional 

feature  associated with the states of dominant Bi 6s atomic character is found below the bottom 

of the valence band, maximising at about 12 eV binding energy. As expected this peak is two 

times stronger for BiVO4 than for Ce0.5Bi0.5VO4. For both Ce0.5Bi0.5VO4  and CeVO4  a further 

sharp peak is found above the top of the main valence band. This corresponds to the Ce 4f states 

and is stronger for CeVO4  than Ce0.5Bi0.5VO4. The main O 2p valence band of BiVO4 shows 

distinctive shoulders to both low and high binding energies. These are less apparent in spectra of 

Ce0.5Bi0.5VO4 and CeVO4 and it is also notable that the O 2p valence band becomes 

progressively narrower as Bi is replaced with Ce. 

 The changes observed experimentally are reproduced by the calculations, as seen by 

comparison between the experimental data and the calculated electronic densities of states also 

shown in figure 7. In particular the main valence band becomes narrower as Bi is replaced with 

Ce. This appears to reflect the fact that valence orbitals of Ce (Ce 4f and Ce 5d) hybridise much 

less strongly with O 2p states than the Bi 5p states, which make a pronounced contribution to the 
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main O 2p valence band. The calculations also generate states of dominant Ce 4f and Bi 6s 

character above and below the main O 2p valence band. However the absolute intensity of the Ce 

4f  structure and to a lesser extent the Bi 6s states does not match that found experimentally. This 

can be attributed to the fact that the one electron cross sections for ionisation of Bi 6s and Ce 4f 

states are calculated to be respectively 1100 Barns and 650 Barns as compared to a calculated 

one electron cross section of only 60 Barns for O 2p states.
54

 Weighting the partial densities of 

states with one electron cross section appears to overcompensate this discrepancy as evident 

from figure 7, where the Ce 4f structure is obviously much too strong compared to the O 2p 

states. Similar problems have been found in comparing cross section weighted partial densities of 

states with experimental Al Kα XPS data in a number of other oxide systems including PbO2,
55-57

 

In2O3
58

 and CdO.
59

 A possible explanation recently put forward to explain the disagreement for 

CdO
59

  recognises that when an ionisation cross section is low it is intrinsically susceptible to 

“intensity borrowing” mediated by a breakdown of the independent electron approximation. 

Specifically it was suggested that the very low O 2p cross section at X-ray photon energies is 

enhanced by interchannel coupling (a many body effect arising from electron correlation and 

involving configuration interaction in the final i.e. continuum state of the photoionization 

process) with the much stronger O 2s or O 1s ionizations. Drube et al.
60

 have recently shown that 

interchannel coupling of this sort may be significant well above threshold but will eventually 

decline at very high photon energy. In support of this idea we note that the agreement between 

theory and experiment does significantly improve with increasing photon energy in the hard XPS 

regime (h>3 keV) for CdO. 

 Ce 3d core XPS spectra for Ce0.5Bi0.5VO4 and CeVO4 are shown in figure 8, along with 

data for a reference sample of CeO2. For the two vanadates the Ce 3d5/2 and 3d3/2 peaks are each 
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split into a doublet, giving spectra which are much simpler in appearance than that found for 

CeO2. The complex spectral profile for Ce(IV)O2 has been discussed in detail many times before, 

61-66
 but in outline the spectrum reflects both pronounced O 2p – Ce 4f covalent mixing in the 

initial state and final state screening involving charge transfer from an occupied O 2p state into a 

4f state upon creation of a Ce 3d core hole. The spectra may then be simulated using cluster 

models with three distinct final state 4f configurations, namely 4f
0
, 4f

1
 and 4f

2
. Corresponding 

spectra of Ce(III) compounds are much simpler because there is no covalent mixing in the initial 

state which in cluster calculations is dominated by a single 4f
1
 configuration. The two peak 

structure of the 3d5/2 and 3d3/2  core lines then arises from the possibility of final state screening 

to give a 4f
2
 configuration. The spectra of Ce0.5Bi0.5VO4 and CeVO4 showed no indication of 

peaks associated with a 4f
0
 final state. Thus the Ce 3d spectra are Ce0.5Bi0.5VO4 and CeVO4 are 

diagnostic of Ce(III) with no evidence for the coexistence of the Ce(IV) state. 

 Similarly the V 2p spectra for BiVO4, Ce0.5Bi0.5VO4 and CeVO4 show in figure 9 suggest 

that there is no change in the vanadium valence state when Bi is replaced with Ce: the V 2p3/2 

remains relatively sharp and symmetric with no significant change in core binding energy. Thus 

we must conclude that V retains its maximal oxidation state throughout the series. In summary 

then core XPS provides unambiguous evidence that Ce0.5Bi0.5VO4 and CeVO4 are Ce(III) + V(V) 

compounds with no hint of V(IV) and Ce(IV). 

 

5. Conclusions. 

The combined theoretical and experimental study of Ce0.5Bi0.5VO4 and CeVO4 confirms that both 

these compounds contain Ce(III) and V(V). This result is consistent with the established standard 
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reduction potentials for V(V) and Ce(IV) in aqueous solution which are respectively +1.44 V and 

+1.00 V i.e. Ce(IV) will oxidise V(IV) to V(V). Moreover incorporation of Ce into BiVO4 to 

give Ce0.5Bi0.5VO4 is sufficient to suppress the structural distortion associated with 

stereochemically active lone pairs in the former material. A surprising result to emerge from both 

theory and experiment is that Ce(III) has a bigger effective ionic radius than Bi(III) in these 

materials, a result at variance with the standard tabulations due to Shannon
53

, although the results 

are consistent with the earlier tabulation of ionic radii due to Shannon and Prewitt
67

 which gives 

8-coordinate Bi(III) an ionic radius of 1.11 Å that is smaller than the value of 1.14 Å for 8-

coordinate Ce(III).   
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Table 1. Experimental unit cell and magnetic parameters for CeVO4 and Ce0.5Bi0.5VO4. 

 

 CeVO4 Ce0.5Bi0.5VO4 

Unit Cell 

Parameter 
Present work Published

18
 Present work 

a (Å) 7.4001(2) 7.4002(1) 7.3550(2) 

b(Å) 7.4001(2) 7.4002(1) 7.3550(2) 

c (Å) 6.4992(2) 6.4972(1) 6.4796(2) 

Volume (Å
3
) 355.91(5) 355.78(2) 350.52(5) 

Magnetic Present work Published
19

 Present work 

eff (B) 

 
2.89 2.64 3.23 

θ (K) 

 
-264 -109 -136 
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Table 2. Calculated structural data for MVO4 (where M = Bi or Ce) with experimental values for 

comparison. Values in parentheses indicate percentage difference to experiment. The internal 

parameters for O, uO and vO, are only applicable to CeVO4, where O atoms occupy the site at (0, 

uO, vO). 

 
BiVO4 CeVO4 

Calculated Experimental
12

 Calculated Experimental
18

 

EAFM –EFM (eV) - - -0.0005 - 

a (Å) 5.192 (-0.10) 5.197 7.524 (+1.68) 7.400 

b(Å) 5.190 (+1.84) 5.096 7.524 (+1.68) 7.400 

c (Å) 11.783 (+0.69) 11.702 6.560 (+0.97) 6.497 

Volume (Å
3
) 317.51 (+2.45) 309.91 371.33 (+4.37) 355.78 

uO - - 0.07206 0.07210 

vO - - 0.20493 0.20670 

M-O (Å) 

2.506 (+6.82) 

2.447 (+3.03) 

2.449 (-3.13) 

2.511 (-3.61) 

2.346 

2.375 

2.528 

2.605 

2.480 (+1.56) 

2.545 (+0.79) 

2.442 

2.525 

V-O (Å) 
1.758 (+0.80) 

1.760 (+0.74) 

1.744 

1.747 
1.743 (+1.87) 1.711 

M
…

M (Å) 3.924 (+4.28) 3.763 4.104 (+1.56) 4.041 
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Table 3. Calculated structural data for monoclinic and tetragonal Ce0.5Bi0.5VO4. . Bond lengths 

follow the same order as those in Table 1 for the respective cells. 

 
Monoclinic  

Ce0.5Bi0.5VO4 

Tetragonal 

Ce0.5Bi0.5VO4 

EAFM –EFM (eV) 0.0694 -0.3655  

a (Å) 5.218 7.477 

b(Å) 5.213 7.477 

c (Å) 11.866 6.508 

Volume (Å
3
) 322.74 363.80 

Ce-O (Å) 

2.532 

2.489 

2.489 

2.532 

2.453 

2.547 

Bi-O (Å) 

2.503 

2.469 

2.461 

2.524 

2.440 

2.520 

V-O (Å) 
1.752 

1.755 
1.74431 
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Figure 1. Unit cells structures of (a) BiVO4 and (b) CeVO4. Bi, Ce, V and O atoms are coloured 

purple, siver, green and red, respectively. Polyhedra are shown on VO4 subunits for clarity.  

 
 

 

 

 
 

Figure 2. Spin density plot for the unit cell structure of CeVO4, indicating the magnetic ground 

state. The antiferromagnetic ordering is indicated by the yellow and blue isosurfaces, spin up and 

spin down, respectively, at a level of 0.05 electrons Å
-3

. The localisation of unpaired spin density 

exclusively on Ce ions confirms the compound should be described as Ce(III)V(V)O4 rather than 

Ce(IV)V(IV)O4. 
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Figure 3. Calculated density of states for (a) BiVO4 and (b) CeVO4. The valence band maximum 

is set to 0.0eV and the s, p, d and f states are coloured blue, red, green and purple, respectively.  
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Figure 4. Unit cells structures of (a) monoclinic Ce0.5Bi0.5VO4 and (b) tetragonal Ce0.5Bi0.5VO4. 

Bi, Ce, V and O atoms are coloured purple, white, green and red, respectively. Polyhedra are 

shown on VO4 subunits for clarity.  
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Figure 5. Calculated spin density plots for (a) monoclinic Ce0.5Bi0.5VO4 and (b) tetragonal 

Ce0.5Bi0.5VO4 indicating the magnetic ground state. Excess up and down spin are indicated by the 

yellow and blue isosurfaces, up and down spin, respectively, at a level of 0.05 electrons Å
-3

. 
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Figure 6. Calculated density of states (a) monoclinic Ce0.5Bi0.5VO4 and (b) tetragonal 

Ce0.5Bi0.5VO4. The valence band maximum is set to 0.0eV and the s, p, d and f states are 

coloured blue, red, green and purple, respectively.  
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Figure 7 Panels (a), (b) and (c) show total electronic densities of states derived from 

bandstructure calculations for  BiVO4, Ce0.5Bi0.5VO4 and CeVO4. Panels (d), (e) and (f)  show 

broadened densities of states with different orbital contributions weighted by ionisation cross 

sections tabulated by Yeh and Lindau
54

. Panels (g), (h) and (i) show corresponding valence band 

X-ray photoemission spectra. Binding energies are defined relative to the bottom of the 

conduction band.  
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Figure 8. Ce 3d core level photoemission spectra of Ce0.5Bi0.5VO4, CeVO4 and CeO2. The peaks 

highlighted with * in the spectra of CeO2 correspond to the 3d5/2 and 3d3/2 components of the 4f
0
 

final state. 
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Figure 9.  V 2p and O1s core level photoemission spectra of BiVO4, Ce0.5Bi0.5VO4 and CeVO4. 
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