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Abstract: BiVO3F was prepared, characterized and identified as the unique example of bismuth 

vanadyl oxyhalide with paramagnetic V4+ centres. Its crystal structure shows 1D magnetic units 

with rare alternation of edge sharing O-O and F-F µ2 bridges along the octahedral chains. 

Structural pairing across the O2 edges induces antiferromagnetic spin dimers(S=0) with 

J/Kb300K, ⁓15 times greater than the exchange across the F2 bridges, within a  non-ordered 

magnetic ground state. Despite multiple compositional, structural, and electronic analogies with 

the BiVO4 scheelite compound, one of the most promising photo-anode for solar water splitting, 

the photo activity of BiVO3F is relatively modest, partially due to this electronic pairing playing 

for fast electron-hole recombination. Similar to monoclinic-VO2, the V4+ spin dimerization 

plays against the singlet → triplet electronic photo-excitation, but brings potential carrier 

lifetime benefits. The reduction of the bandgap from Eg 2.4 eV to 1.7 eV after incorporation 

of d1 cations in BiVO4 makes BiVO3F an inspiring compound for local modifications toward 

an enhanced photo-active material. The direct d → d transition provides a significant 

enhancement of the visible light capture section, and opens a prospective route for the chemical 

design of performant photoanodes with a mixed anionic sublattice. 
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Introduction: Inorganic metal oxide-fluorides have significant importance in recent 

technologies, such as, energy storage1, microelectronics2, 3, 4, photonics and catalysis.5 Within 

this frame, the recent discovery of the n=1 Aurivillius oxyfluoride [Bi2O2][CoF4] phase has 

opened even wider perspectives about novel multiferroics6 by combining ferroelectric 

opportunities brought by standard Bi3+ lone-pair effect, and magnetic ordering brought from 

the presence of magnetic ions in the [CoF4] perovskite block, mimicking BiFeO3. Besides, due 

to the similarity on their ionic radii, the replacement of O2- by F- in flexible structural motifs 

such as perovskite or rocksalt blocks allows the O2-/F- random distribution and may 

accommodate anionic vacancies (v) and subtle metal displacements, as in AM(O,F,v)3, 

BaInO2F or FeO1-xFx 
7. However, the 1D (chain-based) oxy-fluorides topology8 often induces 

anionic ordering, especially when surrounded by lone-pair ions with anisotropic electronic 

density clouds. Such oxyfluoride chains have provided excellent models for low dimensional 

magnetism, due to the minimization of electronic delocalization through electronegative F- 

bridges9. Up to date, the concerned Bi–V–O –F chemical system is almost empty, since only 

3D F- doped-BiVO4
10 and Bi2VO5F 11 have been reported so far. In the former, the F- doping 

enables enhanced photoelectrochemical performances, while the later corresponds to F- doping 

in the perovskite slabs of the well know 2D-Bi4V2O11, the best high temperature ionic conductor 

ever, and thus, induces a minor amount of V4+.  

We report in here the synthesis of the first bismuth vanadyl oxyhalide BiVO3F. It shows a 

unique alternation of O2 and F2 bridges in V4+(S=½) chains which offer nice perspectives for 

the design of materials straddling the border between finite clusters and periodic magnetic 

lattices. In addition, the compositional analogy between BiVO3F and BiVO4, one of the most 

promising photoanode for water splitting12, suggests photoelectronic activities. In the latter 

oxide, the conduction band (CB) containing 3d0 V5+ hybridized with O2p states form large 

polarons beneficial as catalytic redox centers for screening the carrier-carrier and carrier-defect 

scattering in favor of long carrier lifetime13 together with raising of the valence band (VB) edge 

and bandgap reduction from the low binding energy states of Bi3+ 6s2 electrons. Strategies for 

enhanced BiVO4 photocatalytic properties have been proposed by tuning its electronic structure 

with chemical substitution using either less electronegative anions (S2-, N3-) or cations with 

occupied low binding energy d10 states (Cu+, Ag+) with inherent chemical problems13. 

Theoretical incorporation of unfilled dn cations (d1 Cr5+ , Mo5+, W5+) has shown favorable 

separation of photo-excited electron-hole pairs, giving opportunities of the electrons to transit 

from VB to CB for the reduction of the electron effective mass and lengthening of the carrier 

diffusion.14 Similar to the Fe3+ doped TiO2 situation, where the dopant d-d transitions offer 

visible light response due to narrowing of the band gap, trapping of electron and hole and 

decrease of excitons recombination.15 Closer to the title compound, V4+ self-doped BiVO4- 

nanorods prepared in solvothermal conditions also show enhanced organic pollutant 

degradation under visible light assigned to the improved  electron-hole separation.16 Similar 

photocalatytic performances have been reported for microporous  F-doped BiVO4 obtained 

after autoclave reaction with NH4F 17 however, no reliable crystallographic evidences of the 

intrinsic vanadium reduction has been given, along with a weak bandgap evolution, thus 

suggesting synergical surficial and microstructural effects. 

The introduction of d1 V4+ species with direct d-d excitations and narrowed bandgap in BiVO3F 

makes this phase a model to investigate its characteristic electronic structure features. It also 

opens a new route and inspiring concepts to tune photo-anodic properties by mixed anion 

content control.18 

 

Results and Discussion 
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1D crystal Structure: Single crystals of BiVO3F have been grown through hydrothermal route 

from a 2:1 mixture of VF3 (or VF4) and Bi2O3 in a dilute HF solution. BiVO3F can be obtained 

as the main phase when working out of stoichiometry in a Bi:V = 1:2 ratio, while when working 

in stoichiometric conditions results on the major co-presence of BiOF and Bi7F11O5 bismuth 

oxyfluorides. Using the former procedure either single crystals can be selected, or a  90w% 

polycrystalline can be achieved after several sonication in ethanol/separations stages from the 

later (see details in Supplementary materials, S1). Contrarily to the reported F- doped BiVO4  

samples17, announced with a scheelite lattice independent of the Bi/F ratio, our results evidence 

drastic changes driven by V4+ and F- incorporation in the lattice. It is plausible that the final 

firing stage  in air at 450°C favors surficial and microstructural V4+ and F- defects only. The 

BiVO3F crystal structure was solved from single crystal X-ray diffraction (XR) data (Robs 

=1.81%, wRobs =2.05%) in the monoclinic P21/n space group (a = 5.2621(6) Å, b = 4.9721(3) 

Å, c = 12.6149(7) Å, β = 95.590(2) °, V = 328.48(3) Å3, Z = 4), See Supplementary Table S2 

for details. The pertinent bond distances are given in Table 1 (CSD 2055766). The crystal 

structure consists of edge-sharing [V4+O3F]3- zigzag chains separated by Bi3+ cations, see 

Fig.1a and b. The asymmetric Bi3+ coordination is typical of 6s2 lone-pair (E) ions with a 3O + 

E basal plane and shifted 2O + 2F axial ligands. The anions are clearly distinguished by their 

Bond Valence Sums (BVS) with values in between -1.82 and -2.26 for O1-3 and -0.97 for F, 

see S3-S5. 

 

 

Figure 1. a) [V4+O3F]3- zigzag chains of edge-shared VO4F2 octahedra and interstitial Bi3+ 

with intra-chains V-V couplings. b) Main inter-chain exchanges considered. Comparison of 

vanadyl-chain topology and dxy magnetic orbitals (darkened planes)  in c) Ba2VO(VO4)2, d) 

BiVO3F, e) TeVO4 and c) K2VOF4. The arrows picture the V=O short bonds. 
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Table 1. Interatomic distances (Å) and cation BVS for BiVO3F structure. 

Bond Dist. (Å) Bond Distance (Å) 

Bi—O1 2.102(7) V—O1 1.938(8) 
Bi—O2 2.165(8) V—O1 1.919(8) 
Bi—O2 2.135(8) V—O2 1.996(8) 
Bi—O3 2.833(8) V—O3 1.641(9) 
Bi—O3 2.642(9) V—F 1.991(7) 
Bi—F 2.831(7) V—F 2.154(7) 

Bi—F 2.776(6) i Si 4.09(5) 

i Si 4.09(5) V—V (O2) 2.935(3) 

  V—V (F2) 3.320(3) 

 

The zig-zag chains of BiVO3F are similar to those found in pyroxene, but rely on the cis – trans 

alternation of O-O and F-F 2 bridges along the b-axis. To the best of our knowledge, such 

sequential O-O and F-F bridges, along edge-sharing chains have only been reported for 

Na2Fe(PO4)F 19,  Fe(SeO3)F 20 and  M2(XO3)F2  ( M=Mn, Co, Ni, Cu ; X=Te, Se) 21, 22 where 

the oxygen ions  are systematically corners of covalent oxo-anion groups in contrast with 

BiVO3F. Despite its 1D- crystal structure, a certain analogy with the 0D-BiVO4 exists due to 

the conservation of trigonal planar coordination for O1, O2 and O3 and the strongly acentric 

coordination of Bi3+ ions. The hypothetical topochemical BiVO4 → BiVO3F transformation can 

be sketched in three main steps, see Fig.2. i) starting from the scheelite BiVO4, the VO4 groups 

are tilt and displaced towards each other by pairs. ii) this leaves large voids for F- insertion, i.e. 

1F- per VO4, while VO4 approach tend to a common O-O edge. At this stage Bi3+ species would 

be displaced by push and pull mechanism in the (bc) plane. iii) The BiVO3F crystal structure 

will then merge O-O ad F-F edges into 1D chains. This synopsis inspires the possibility of an 

experimental scenario by controlled fluorination. 

 

Figure 2: Detail of the anion and Bi coordination and sketch of a hypothetical structural 

transformation of monoclinic- BiVO4 into BiVO3F in 3 steps according to the main text. 

BiVO3F offers a unique opportunity to examine the magnetic M-O-M versus M-F-M super-

exchange in a single material, without of the engagement of oxygen ions incounter polyanions 

on the oxygen mediating corner, such as PO4, SeO3 and TeO3 in the compounds mentioned 

above. 19-22 Here the octahedral distortion due to the V=O vanadyl bond externally to the chain-
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axis and the O/F ordering shifts the super-exchange angle from  90° as observed in some 

pyroxenes with similar canted chains23 to V-O-V/V-F-V = 99.0(3) ° /106.4(3) ° close to what 

found in -TeVO4.
 24, 25 Despite the vanadyl bonds, a significant V4+-V4+ pairing occurs along 

the chains, with distances of 2.93 Å and 3.32 Å across O-O and F-F bridges respectively, despite 

short vanadyl bonds occurring externally to the V-V axis. The coulombic repulsion associated 

with the (V = O)2+ ions induces a crystal field splitting of the t2g levels, such that the magnetic 

d1 electrons lie mainly on the dxy orbital accordingly to the darkened planes in Fig.1c-f. Here, 

the zig-zag edge-sharing chain topology and vanadyl arrangement of BiVO3F (Fig.1d) are 

compared to i) linear chains in Ba2(VO)(VO4)2 
25 with weakened intra-chain exchanges (V-O-

V = 96°)  but reinforced inter-chain couplings, Fig.1c. ii) -TeVO4 a rare example of double-

vanadyle bonds towards a common edge with frustration between ferromagnetic (FM) Nearest 

Neighbors (NN) and antiferromagnetic (AFM) Next Nearest Neighbors (NNN) exchanges 

along the chain-axis, Fig.1e. iii) the anion disordered K2VOF4 in which successive magnetic 

orbitals are perpendicular, along the chain,returning ta paramagnetic behavior down to 2 K26 , 

Fig.1f.   

V4+ spin dimers: In BiVO3F, the overlap between magnetic orbitals across the electronegative 

F-F bridge appears poorly efficient, with detrimental  M-F long bond scaling effects27 see 

Fig.1d. In contrast, the dxy orbital are coplanar across the O-O 2 bridge leaving an ideal 

topology for  bonds. However, the V-V direct exchanges are expected weak because V-V is 

slightly above the reported V4+ critical distance 2.9 Å28. The influence of the anion crystal field 

strength was first determined by Extended Hückel Tight-Binding calculations (EHBT), 

changing the O2-, F- concentration. Thus, we have conserved the experimental geometry of 

isolated V2O6F4 units and compared it with the extremes V2F10 and V2O10 units, a drastic effect 

is observed on the crystal field splitting Dq and Racah B, C parameters. The standard quadratic 

split of (V = O)2+ ions is exaggerated due to mixed O2-/F- coordination and to the structural 

pairing across the O2 edge, but its fingerprint prevails in the spectroscopic terms: 2T2 → 2B2 

and 2E ; 2Eg → 2B1 and 2A1 highlighted in Fig. 3a for the experimental dimer.29 The effect of 

the ligand field well reproduces the T2/Eg increasing split from the weak fluoride crystal field 

Dq/B to the medium oxygen crystal field, similar to that reported for CrF6 /CrO6 octahedral 

units.30 In addition, the well-known tendency of electronegative F- anions to lower the valence 

band (VB) states was also evidenced, schematized by yellow arrows in Fig. 3a. Focusing on the 

V2O6F4 real unit shown on Fig. 3b, the molecular orbital levels calculated by EHBT are shown 

in Fig. 3c, d. For a dimer cluster, the commonly calculated energy splittings observed for most 

of the levels is due to the intermolecular orbital interaction based on the Hückel approximation. 

For increasing chain lengths, the bandwidth would approaches the value of an infinite chain.31 

The highest occupied molecular orbitals (HOMO) correspond to a magnetic S = 0 paired singlet, 

through degenerate  * Vdxy-(Opy)-Vdxy  and  Vdxy-(Opx)-Vdxy  overlaps. 
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Figure 3. a) EHTB molecular orbital energy levels calculated for isolated V2F10, V2O6F4 and 

V2O10 units, b) structural view of the V2O6F4 selected dimer. c)  * Vdxy-(Opy)-Vdxy and d)  Vdxy-

(Opx)-Vdxy degenerate HOMO’s corresponding to the 2B2 levels  of Fig.3c. 

Magnetic Topology: The main identified magnetic exchanges for BiVO3F are shown Fig. 1, 

named JO and JF intra-chain and Jac and Ja inter-chain exchanges with respect to V-V distances 

lower than 6Å. Keeping in mind the particularly ambiguous choice of  the Hubbard term U for 

V4+, made on empirical grounds32,  we mapped the total energies for a number of collinear spin 

configurations into a classical Heisenberg model to yield individual exchange couplings for 

different U = 2 - 4 eV and the effective on-site exchange interaction Jeff = 1 eV. Results are 

listed Table 2 together with the calculated bandgap and can be crosschecked to the experimental 

values from our χ(T) fit and uv-visible reflectance spectroscopy. The super-exchange (SE) JO 

across the O-O bridge is predominant and larger than JF by more than one order of magnitude 

for all U values, while exchange JNNN is very weak and almost U-independent. This results in a 

strong dimeric system already at room temperature, in accordance with the blank EPR signal 

measured from room temperature down to 4 K (X-Band , Brüker ELEXYS E580 )  where the S=1 

state is poorly populated.  The thermal dependence of the magnetic susceptibility was fitted by 

the analytical expression of χchain for an alternating JO-JF S = 1/2 reported by Hatfield33 using 

the coefficient set for dominating dimers (JF ≤ 0.4 JO). The experimental and fitted plots are 

shown on Fig.4a. The inter-chain spin-exchange interactions were allowed in the molecular 

field expansion for the susceptibility χ𝑐ℎ𝑎𝑖𝑛 
         𝑀𝐹 at the paramagnetic regime (Eq. 1), with inter = 

zS(S+1)/3 Jinter/kb, with the number of surrounding spins  z = 8, as  marked in Fig.1b. 

χ𝑐ℎ𝑎𝑖𝑛 
         𝑀𝐹 =  

χ𝑐ℎ𝑎𝑖𝑛(𝑇)

1 − θ𝑖𝑛𝑡𝑒𝑟  [
χ𝑐ℎ𝑎𝑖𝑛(𝑇)

𝐶 ]
 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1) 

Finally, the low temperature paramagnetic tail was fitted using a Curie contribution assigned to 

V3+ (S=1) impurities with respect to its “non-Kramers” silent EPR  consistent with our blank 
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spectra. Our best fit assuming g = 2, and JF/JO = 5% deduced from our ab-initio DFT 

calculations, yields JO/kb = 306(3) K, JF/Kb=15.3 K and Jinter/kb = 21.7 K with 6.0(5) % of V3+ 

impurity. These correspond well to values calculated by DFT+U for U values in between 2 and 

3 eV. The heat capacity measurements also confirms the lack of magnetic ordering between 

300K and 2K returning a true 1D-magnetic system. However, the strong JO suggests that most 

of the magnetic entropy remains engaged until high temperature and only a weak anomaly is 

expected but not detected, see Cp/T(T) on Figure 4b. Indeed, besides the predominant AFM 

dimers across the O2 bridges, the frustration occurring from JF and JNNN AFM interactions 

provides explicit arguments for low-temperature intra-chain spin-frustration. In addition, inter-

chain FM Jac and AFM Ja create additional frustrated Ja-Jac-Jac triangles and thus hamper any 

3D magnetic ordering and the dimerized topology predominates. 

Table 2: experimental and calculated J and Eg values by LDA+U for U ranging between 2 

and 4 eV. 

J and Eg 

LDA+U 

d(V-V)Å U = 2 eV U=3eV U=3.5 eV U=4 eV Exp. 

JO/kb (K) (1x) 2.93 387.1 231.2 177.9 135.5 306(3) 

JF/kb (K) (1x) 3.32 21.3 14.8 12.7 10.9 15.3 

JNNN/kb (K) 

(2x) 

4.97 3.9 4.4 4.5 4.5 - 

Ja/kb (K) (4x) 5.75-5.84 37.6 21.1 15.4 10.8 
21.7(3) 

Jac/kb (K) (4x) 5.26-5.58 -7.68 -5.6 -10.0 -4.5 

Eg (eV)  1.01 1.55 1.78 2.02 1.5-1.7 
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Figure 4: a) Experimental and fitted χ(T) plot of BiVO3F. b) Cp/T(T) curve with a zoom in the 

low temperature domain in the insert proving no magnetic phase transition. 

Electronic Band Structure: Besides EHTB calculations, the electronic structure analysis 

calculated by LDA+U offers a complementary vision in the extended 3D solid, out of discrete 

molecular orbital levels in the dimer cluster.  

The density of states (DOS), and partial density of states (pDOS) are shown on Fig. 5a for U = 

3 eV in the ferromagnetic state which enables to screen the individual d orbital manifold within 

a unique type of vanadium in the unit cell. At this U value, it reproduces well the 1.5 - 1.7 eV 

uv-vis experimental bandgap shown in Fig. 5b. The main Valence Band (VB) between  -7 eV 

and -2 eV displays the same characteristics as what reported for monoclinic BiVO4 
34. It is 

primarily of O2p character, where all O1, O2 and O3 atoms have a distorted triangular plane 

geometry see figure 2, similar to the oxygen coordinations in BiVO4 announced of primary 

importance for  its band texture  with hybridized sp2 and unhybridized 2pπ oxygen orbitals. At 

the top of the VB block, the contribution is mostly from O 2pπ nonbonding states. A sharp 

contribution of mixed Bi 6s and Bi 6p orbitals at -1.8 eV emphasizes the standard lone pair 

stereoactivity. The bottom and middle of this VB block contains V 3d states hybridized with F- 

and O2- orbitals respectively, as expected for more ionic V-F bonds. Around 1.1 eV above the 

main VB contribution and just below the Fermi level the V4+ d1 spin up 2B2 state is trapped in 

a sharp pocket, similar to monoclinic VO2 with a spin-Peierls dimerization reminiscent of 

BiVO3F.35 The conduction band (CB) is also split, with the very sharp lower part (around 1.5 

eV) formed by antibonding vanadium 2E levels mixed with oxygen states and minor 

contribution of F and Bi p states for both the minority and majority spins. At higher energies 

(>2.5 eV), the 2B1 and 2A1 vanadium states are mixed to Bi and O contributions, according to 

antibonding V-O and Bi-O * overlap. It results in a band-topology mixing both scheelite- 

BiVO4 and monoclinic-VO2 characteristics, and allows for two allowed sets of d→d transitions, 

experimentally observed and labelled as (1) and (2) in the Figure 5. The concerned localized 

states are at the top  of VB and bottom of the CB similar defect-levels in doped semi-conductors 

and may serve as carrier traps during photo-excitation. This offers solutions for 3d orbitals too 

high in the conduction band for d0-based semiconductors. BiVO3F bandgap narrowing and d-d 

transitions favor water splitting allowing the transition and increasing the capture of the visible 

light, following the strategy of dn cations doping in BiVO4 or TiO2.14-17   

Only few works have been focused on the magnetic influence on photo-active properties, and 

concern mainly i) the magnetic photocatalysts to facilitate the catalysts separation from the 

reactant liquid-phase 36  ii) or more recently the suppressing of photoinduced charge 

recombination via Lorentz force using an external magnetic field. 37 

The strong spin polarization arising from the spin AFM exchange within dimers may also offer 

extra advantages. Indeed, It was recently shown for deficientTi1-O2 that spin-polarized 

electrons can reduce the recombination of photoinduced electron-hole pairs by spin reversal in 

the CB due to spin-orbit coupling and hyperfine interactions, as observed in deficient TiO2 
38 

and similar to a phosphorence ingredients. In BiVO3F, an equivalent scenario is available for 

the excitation restricted in individual dimers, from the singlet S=0 to triplet S=1. After photo 

excitation and spin reversal, the electron-hole recombination is thus inhibited by the lack of 

spin-down in a spin-polarized environment. Figure 5a shows the DOS for vanadium d-levels 

calculated for an AFM -up-down- spin polarized sequence along the edge-sharing chain very 

close to the DOS for AFM monoclinic-VO2 .
39  The probability to excite two d1 electrons in the 
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same dimer is weak. After reversal of a single excited electron (), it must propagate and 

annihilate with the next excited dimer with down spin-holes () which guaranty carrier 

diffusion. Of course this is again a “double-edge sword”, in that sense that the primary 

electronic excitation itself is hampered by the strong AFM magnetic exchanges holding robust 

S=0 dimeric singlets as the stable state. 

 

As detailed by Butler and Ginley40, empirical calculations based on Mulliken electronegativities 

permit to calculate flat band potentials in excellent agreement with measured ones and helps 

for a preselection of pertinent electrode materials. The CB and VB positions for BiVO3F were 

calculated by EVB/CB = χ- Ee   Eg/2, χ being the geometric mean value of Mulliken 

electronegativity of the different atoms, Ee the free electron energy (Ee = 4.5 V vs SHE), and 

Eg the measured band gap of the photocatalyst ( 1.8 eV) EVB = 2.75 V and ECB = 0.98 V vs 

SHE. It is reported in Figure 5c and compared to those calculated for BiVO4. It shows 

potentialities for oxygen evolution as an anodic photocatalysts, similar to BiVO4 as VB lies 

lower than the O2/H2O redox potential. In the actual scope, only the potentiality for photocurrent 

generation was investigated. 
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Figure 5. a) Total and atomic resolved projected DOS for BiVO3F (U=3 eV, FM/AFM 

spin polarized configuration).b) Diffuse-reflectance spectra with a Tauc plot calculation 

giving Eg= 1.55eV the grey areas denote the analogy with the DOS structure. c) Band edge 

estimation (versus NHE) for BiVO4 and BiVO3F. 

Photoactivated transport: BiVO3F shows a positive slope in the Mott-Schottky plot 1/C2(E), 

as expected for a n-type semiconductor, resulting in a flat band potential Efb = 0.095 V vs. 
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is consistent with the empirical calculated value given previously. Interestingly, in a basic PEC 

for water splitting, the photoinduced minority carriers are driven to the 

semiconductor/electrolyte interface, whereas the majority carriers are transported to the counter 

electrode through the external circuit.44 In the case of n-type semiconductor, electrons as the 

majority carriers are transferred to the counter while holes (the minority carriers) oxidize water 

to O2 at the semiconductor surface. Therefore, n-type BiVO3F possess both the carrier type and 

VB position for oxygen-evolution, similarly to n-type BiVO4. 

 

The photoelectrochemical performances of this photoanode were studied in a three-electrode 

cell (Ag/ACl as the reference electrode and Pt as the counter electrode) and in 0.1 M Na2SO4 

solution was used as electrolyte. The chronoamperometry results performed on BiVO3F thick 

film are shown in Figure 6b and prove the generation of a modest photocurrent (< 10-1 A/cm2). 

The variation of the photocurrent density (j) shows better efficiency increasing the irradiation 

energy, i.e. towards low wavelengths. A significant jump of the response is observed below 590 

nm (above  Eg) which corresponds to the allowed 2B2 →
2E transitions previously labelled as 

(1). At this stage, the strong magnetic exchange and poor Bi 6p participation plays in favor of 

easy electron-hole recombination. On the opposite, the current density, increases drastically 

below 470 nm (2.6 eV) which corresponds to the allowed 2B2 →
2B1, 

2A1 transitions (2) in the 

broad upper CB top part, for which the hybridization with Bi states would improve the electron-

hole spatial separation and carrier extraction processes. The photocurrent response models 

rather well the specific CB topology, giving forbidden transitions between 2.2 and 2.5 eV, see 

Fig. 5a.  

 

 
 

Figure 6. a) Mott-Schottky plot for BiVO3F film deposited on ITO/Glass collected at 100 Hz (a 

0.1 M sodium sulfate solution was used as the electrolyte);  b) Chronoamperometry (j-t) in dark 

and under illumination for different wavelengths with a constant light beam intensity of 23 
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mW.cm-2 ;c) Variation of normalized current density under illumination or dark depending on 

the intensity of the luminous flux (450 nm) and with an applied potential of 0.8 V vs. Ag/AgCl; 

d) j vs. f0 plot and model in dotted lines (inset photograph of the film deposited by drop casting 

method). 

 

 

The on/off variation at 450 nm is maximal for a photocurrent density of 0.09 µA.cm-2 with a 

bias potential of 0.8 V vs. Ag / AgCl and under light intensity (f0) of 23 mW.cm-2 (this drops 

to 0.02 µA.cm-2 for 530 nm with the same luminous power and becomes equal to zero for higher 

wavelengths). The evolution of the photocurrent j with the intensity of luminous flux (=450 

nm; V=0.8 V vs. Ag/AgCl) is shown in Figure 6c.  It was fitted by a power law (j=1.6x10-2 

f0
0.63). The generation rate of photoelectrons by incident light (Gpe) is given by the 

expression45,46: 

 

𝐺𝑝𝑒 = 𝐵𝑐𝑛𝑝𝑒(𝑛𝑝𝑒 + 𝑀) 𝜙0   (equation 2) 

 

Where Bc is the recombination coefficient, npe is the density of photoelectrons and M is number 

of impurity levels per cm3.  For BiVO3F npe>>M and equation (2) follows a power law: 

j ∝  𝑛𝑝𝑒 = √𝐺𝑝𝑒/𝐵𝑐 ∝ 𝜙0
1/2

    (equation 3) 

 

This suggests the dominant photocarrier decay mechanism is from e-h recombination rather 

than a trap-dominated recombination process. Although the sharp localized CB and VB as traps, 

spin-polarized dimers and a narrowed band gap will favor longer carrier lifetimes, the dimerized 

crystal structure and the strong AFM exchanges make a significant photoactivity  difficult in 

our single valent V4+ semiconductor, but informs as potentialities and novel concepts for 

BiVO3F-type  defects in a BiVO4 structure. The similitude of the paired spins in BiVO3F with 

the monoclinic VO2 behavior, is also reminiscent of some exotic features probably detrimental 

to any efficient charge-hole separation. In photo-excited monoclinic VO2 a fast collapsing of 

the bandgap into a metal was observed by time-resolved photoelectron spectroscopy, at the 

femto-second scale.13 This ultra-fast band structure reconstruction corresponds to the typical 

time announced for electron-holes formation and trapping in semiconducting TiO2, suggesting 

a similar phenomenon in BiVO3F in spite of its larger bandgap, a major drawback for the further 

trapping of exciton, if available. 

Note that for higher light intensities, the saturation can be achieved. Moreover, the photocurrent 

transient response follows an exponential type evolution whose time constant increases with 

the light intensity. Finally, the response under solar excitation of AM1.5G one-sun was also 

measured showing the appearance of a photocurrent (Figure S6), scaled by the applied bias 

potential. A change from a crenel- to an exponential-type occurs upon increasing the applied 

potential. 

Concluding remarks: The discovery of novel stoichiometric mixed X=(O,F) compounds in 

the intensively studied Bi-V-X is quite unexpected enlarging the prism of the various 

specificities of the parent oxides, e.g. unequalled anionic conductivity in Bi2VO5.5 BIMEVOX 

Aurivillius derivatives47, Bi3+ square-planar coordination and field dependent metal–insulator 

transition in BixV8O16 hollandites48, 49, BiVO3F is an original vanadyl (V=O)2+ containing Bi-

oxofluoride with alternating F2 and O2 µ2 bridges along magnetically isolated chains. Despite 

short V=O bonds externally to the chain axis, the crystal structure displays V4+-V4+ dimers (d 

= 2.93 Å) leading to S = 0 singlet dimers, J/Kb 300K, absent of long-range ordering. The 
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compositional analogy with BiVO4 and electronic structure arguments question about the 

photoactivity of BiVO3F. Despite its modest photoelectronic properties, BiVO3F provides clues 

for optimizing the photoanodic response by chemical design: i) according to the chemical 

composition, filled Bi 6s orbitals hybridized with O 2p raise the VB edge and reduce the 

bandgap energy in BiVO4 to Eg = 2.4 eV 50, this is exaggerated in BiVO3F (Eg = 1.7 eV) by the 

incorporation of d1 V4+ species. ii) Theoretically, the visible light capture and conversion to 

photocurrent could reach 30% at this bandgap18. iii) sharp localized d states at the top of the 

CB and bottom of the VB show analogies with defect carrier traps in dn doped semiconductors. 

Additionally, several structural (Bi and V strongly asymmetric coordination, sp2 oxygen atoms) 

and electronic band arguments are retained and validate the measured photoelectrical activity. 

However, the crystal structure itself with strongly coupled magnetic V4+-V4+ dimers are 

detrimental for d-d transitions and long electron-hole spatial separation. Further investigation 

of the electronic characteristic of BiVO3F are necessary at least in order to draw the 

BiVO3F/BiVO4 analogies and contrasts for a clear understanding of photo-carrier specificities. 

It was observed that as soon as the energy reaches the upper CB zone with Bi hybridization, the 

photoconversion is greatly improved, which suggest that synthetic routes to antagonist 3-D V4+ 

doped by halogen incorporation opens a promising route for specific components of high-

performance photo electric cells. Moreover, contrarily to most of the actual photocatalysts, 

BiVO3F film shows no sign of chemical- nor photo-degradation and thus offers clues to design 

more durable PEC technology. we recall that, we did not observe any sign of chemical 

degradation nor photodegradation after our photocurrent study.  

            

Experimental 

Hydrothermal synthesis: Single crystals were prepared through the hydrothermal route. A 

mixture of VF3 (1mmol) and Bi2O3 (1 mmol) were added together with 2.5 ml of deionized 

water and 0.5 ml of HF solution (7.65%) in a 23 ml Teflon lined steel autoclave. Mixture was 

heated at 230 °C for 72 h and then cooled to room temperature. Products were successively 

washed with deionized water and ethanol and left to dry in air at room temperature. Black 

crystals were isolated for characterizations.  

XRD: Powder XRD was carried out on a Bruker D8 Advanced diffractometer working in 

Bragg-Brentano geometry and using Cu radiation.  The single crystal data collected on a Bruker 

X8 diffractometer (Ag K radiation ) have treated using the Jana 2006 suite.51 The powder data 

have been analyzed using the FULLPROF suite.52 

Magnetic measurement: Magnetic data and heat capacities were measured on a Physical 

Property Measurement System Quantum Design PPMS DynaCool system, using BiVO3F 

ground powder.  

UV visible spectroscopy: It was measured on a Perkin Elmer Lambda 650 Spectrometer. The 

bandgap was calculated from the calculation of the Kubelka-Munk 𝐹(R)=(1‒𝑅2)2𝑅 function 

and using Tauc plot (F(R) *R *E1/2) versus E, assuming direct allowed transitions.  

DFT and EHTB calculations: We performed density functional theory (DFT) band structure 

calculations using the full-potential local-orbital scheme (FPLO9.00-33).53 applying the local 

density approximation (LDA + U, U = 2 to 4 eV) with the exchange-correlation potential by 

Perdew and Wang.54 using the Vienna ab initio simulation package (VASP)55 with the basis set 

of projected augmented waves56. For the calculations of the magnetic exchanges identified in 

the plain text,  we mapped the total energies for a number of collinear spin configurations onto 

a classical Heisenberg model to yield individual exchange couplings for various U and the 

effective on-site exchange interaction Jeff= 1 eV. For the accurate DOS topology, the typical k 

mesh was 15x15x15 reduced to 1688 k-points in the  the symmetry-irreducible part of the first 
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Brillouin zone for the crystallographic unit cell using the spin polarized ferromagnetic 

configuration. The EHTB calculations have been performed using Samoa.57 

 

 

Electrochemistry: Photoelectrochemical properties of BiVO3F were measured using 

PGSTAT204 potentiostat/galvanostat (Metrohm) equipped with Electrochemical Impedance 

Spectroscopy (EIS) Module and coupled with optical bench consisting of low spectral 

dispersions LEDs or a 150 W Xe lamp (Quantum Design) with AM1.5G filter (to simulate the 

terrestrial solar spectrum). For LEDs illumination sources, the intensity of the light beam as 

well as the excitation wavelength could be controlled by NOVA 2.0 software. The 

photoelectrochemical performance measurements were performed in standard three-electrode 

cell (Magnetic Mount Photo-electrochemical Cell (Redox.me®) is used in order to obtain a 

standardized illumination of 1 cm2 on the back face of the working electrode) and the electrolyte 

employed is an aqueous 0.1M Na2SO4 solution. The working electrode consists of a thick 

BiVO3F film is deposited on ITO/glass Substrate (delta technologies, LTD) by the drop casting 

method. So, the crushed BiVO3F powder is added to a mixture of water and N,N-

Dimethylformamide (DMF) solvents with a 1:1 ratio. The liquid containing the suspension is 

drop casted on the surface of electrode and a uniform layer is obtained after the solvent 

evaporation. A Ag/AgCl electrode and Pt wire were used as a reference and a counter electrode, 

respectively. The measured potentials versus Ag/AgCl electrode were converted to the 

Reversible Hydrogen Electrode (RHE) scale.  
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