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Abstract:

We report on the electronic structure of vanadium in synthetic V-oxides 
and in natural roscoelite (V-rich phyllosilicate). This study applied 
electron energy loss spectroscopy (EELS) in the scanning transmission 
electron microscope (STEM), combined with first-principles calculations, 
to 1) establish relationships between the V oxidation state and EELS L2,3 
features and 2) better constrain the oxidation state and crystallographic 
siting of V in roscoelite, with implications for other V-bearing 
phyllosilicates. 
Both EELS measurements and band-structure calculations show that the 
EELS L3/L2 ratio decreases as the oxidation state of V increases. We 
establish a quantitative relationship between the V L2,3 near-edge 
structure and the V oxidation state by normalizing the L2 maximum peak 
intensity to the L3 peak intensity. Applying this method to roscoelite, we 
find that it hosts a mix of trivalent and tetravalent V distributed between 
the octahedral and tetrahedral sites with a V4+/ΣV = 0.6±0.1. The 
developed relationship is applicable to measurements of V oxidation 
states in oxide and phyllosilicate minerals, which is useful for 
constraining the conditions of rock and mineral formation and has 
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13 We report on the electronic structure of vanadium in synthetic V-oxides and in natural 

14 roscoelite (V-rich phyllosilicate). This study applied electron energy loss spectroscopy (EELS) in 

15 the scanning transmission electron microscope (STEM), combined with first-principles 

16 calculations, to 1) establish relationships between the V oxidation state and EELS L2,3 features 

17 and 2) better constrain the oxidation state and crystallographic siting of V in roscoelite, with 

18 implications for other V-bearing phyllosilicates. 

19 Both EELS measurements and band-structure calculations show that the EELS L3/L2 ratio 

20 decreases as the oxidation state of V increases. We establish a quantitative relationship 

21 between the V L2,3 near-edge structure and the V oxidation state by normalizing the L2 

22 maximum peak intensity to the L3 peak intensity. Applying this method to roscoelite, we find 
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23 that it hosts a mix of trivalent and tetravalent V distributed between the octahedral and 

24 tetrahedral sites with a V4+/ΣV = 0.6±0.1. The developed relationship is applicable to 

25 measurements of V oxidation states in oxide and phyllosilicate minerals, which is useful for 

26 constraining the conditions of rock and mineral formation and has potential implications for 

27 metal extraction from phyllosilicate ores. 

28

29
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30 INTRODUCTION

31

32 The oxidation states of elements in natural samples can provide fundamental information 

33 on the chemical and physical conditions under which they formed or last equilibrated 

34 (Schreiber et al. 1978; Mysen et al. 1984; Ballhaus et al. 1990; Frost 1991; Petit et al. 2001; Frost 

35 and Mccammon 2008; Tian et al. 2016; Moretti and Neuville 2021; Roskosz et al. 2022). The 

36 intrinsic oxidation state of a material is related to the temperature, the composition, and the 

37 oxygen fugacity (fO2) of the system at its origin. For instance, (Berry et al. 2008) use the Fe 

38 oxidation state of a komatiitic melt inclusion to investigate the relationship that can exist 

39 between the Fe3+/ΣFe and the conditions (temperature, composition, water content and fO2) of 

40 the silicate melt at their origins. Several elements may be used to help constrain the redox state 

41 of the system. The most commonly used are the 3d metals because they can occur naturally in 

42 various oxidation states and are reactive elements (Schreiber et al. 1978; Zega et al. 2003; 

43 Simon et al. 2007; Chi et al. 2009; Tan et al. 2011, 2012; Zanetta et al. 2022). One such 3d metal, 

44 vanadium (V), is widely distributed in earth and planetary materials. The prevailing valence 

45 states of V in nature are V3+, V4+, and V5+; more reduced species containing V2+ and V metal are 

46 possible but vanishingly rare under earth conditions (Ostrooumov and Taran 2016). It is 

47 common for V oxides to contain V in mixed valence states (V3O5, V4O7, V6O11, V6O13, etc.). 

48

49 V is overall lithophile, and most of the numerous (> 250) minerals that it forms are 

50 hydroxides or complex oxides, e.g., phosphates, vanadates, and silicates. The V-oxides are 

51 widely studied because of their material properties. V2O3, VO2 and V2O5 are defined as 
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52 transition-metal oxides (TMOs) which can exhibit an abrupt change in their conductivity and 

53 transition from metallic to insulator above a critical temperature (Tc) (Lamsal 2014). They have 

54 unique physical, electronic, and magnetic properties and are of potential interest in numerous 

55 technologic applications, e.g., cathode material for batteries, temperature sensors, and photo-

56 induction (Lamsal 2014; You Zhou and Ramanathan 2015). Vanadium sesquioxide (V2O3) is the 

57 only phase that naturally occurs above its critical temperature (160 K) and at room temperature 

58 is a metallic phase with a trigonal corundum structure and space group R C. Vanadium dioxide 3

59 (VO2) shows its transition very close to room temperature (340 K) but occurs as a monoclinic 

60 (space group P21/c) crystal structure. Lastly, vanadium pentoxide shows the highest transition 

61 temperature (Tc=530K) and occurs at room temperature as simple orthorhombic lattice with 

62 space group Pmmn (No. 59). In comparison, two relatively common V minerals, the 

63 oxyhydroxide montroseite (V,Fe)O(OH) and the phyllosilicate roscoelite (a V-bearing mica 

64 idealized as K(V,Al)2(AlSi3)O10(OH)2) (Brigatti et al. 2003), are commercially mined V ores. 

65

66 Constraining the crystal chemistry of V in synthetic and natural materials is therefore of 

67 interest but requires techniques that can characterize the crystallographic siting of V as well as 

68 its electronic configuration (Loehman et al. 1969; Rakotoniaina et al. 1993; Lamsal 2014; 

69 Marcelli et al. 2017). There are numerous methods for determining element concentrations in 

70 minerals, but few of these methods can distinguish between different oxidation states or sites. 

71 The most common techniques sensitive to oxidation state are spectroscopic: Mossbauer 

72 spectroscopy (Mysen et al. 1984; Holtstam 1996; Jayasuriya et al. 2004; Roskosz et al. 2022), X-

73 ray absorption near-edge structure (XANES) in the synchrotron transmission X-ray microscope 
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74 (STXM) (Petit et al. 2001; Simon et al. 2007; Le Guillou et al. 2015), and electron energy loss 

75 spectroscopy (EELS) in the transmission electron microscope (TEM) (Garvie et al. 1994; Garvie 

76 and Buseck 1998; Van Aken et al. 1998; Van Aken and Liebscher 2002; Zega et al. 2003; Tan et 

77 al. 2011, 2012; Bourdelle et al. 2013; Zanetta et al. 2022). However, V does not have an isotope 

78 suitable for oxidation state measurements by Mossbauer. Furthermore, because V mainly 

79 occurs in complex minerals with multiple sites that can accommodate 3d metals, high-

80 resolution techniques that can resolve the site occupancy is of importance. STXM is a high 

81 spectral-resolution (0.1 eV) technique but is spatially limited to few tens of a nanometers and 

82 so while it can provide usefully information on crystal chemistry, it cannot provide atomic-scale 

83 site location of the V. In contrast, new-generation aberration-corrected TEMs can achieve 

84 atomic resolution while integrating EELS spectroscopic measurements with enough spectral 

85 resolution (<0.4 eV in cold field emission; <0.1 eV if monochromated) to obtain information on 

86 electronic structures of 3d metals in a wide range of materials (Muller et al. 2008; Ek et al. 2017; 

87 Zanetta et al. 2022). 

88

89 The electronic structures and spectroscopic signatures of 3d metals are complex due to 

90 their sensitivity to numerous parameters including bonding, electronic neighborhood, mixed 

91 oxidation state, crystal-field effects, and thermoelectric transitions like TMOs, e.g., Fischer 

92 1970; Stoyanov et al. 2007; Lamsal 2014; Levina et al. 2014; Zanetta et al. 2022). Thus, a 

93 combined approach involving experimental (EELS) and density functional theory (DFT) is a 

94 powerful tool for determining the oxidations states of 3d metals and the underlying physics of 

95 electronic transitions, e.g., (Leapman et al. 1982; Brik et al. 2006; Hébert 2007; Virdi et al. 2013; 
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96 Lamsal 2014; Nuñez 2019; Zanetta et al. 2022). DFT calculations, in the last decade, have 

97 become more widely used in studying electronic structures and to confirm spectral features 

98 (Hébert et al. 2003; Hébert 2007; Blaha et al. 2011, 2020). This computational method can 

99 provide insight into the crystal chemistry and the effect of site occupancy on the spectra 

100 features (Zanetta et al. 2022). 

101

102 Here, we examine the electronic structure of V in a series of synthetic oxide standards and 

103 in roscoelite, a representative silicate mineral that naturally occurs with a high V concentration. 

104 The oxidation state of V and its crystal chemistry in roscoelite are determined via energy-

105 dispersive spectroscopy (EDS) and EELS in an aberration-corrected scanning transmission 

106 electron microscope. Obtained L2,3 spectra are compared with the complementary information 

107 obtained by DFT calculations. Based on these experimental and modeled results, we report a 

108 method for the quantification of V-oxidation state in V-bearing oxides and phyllosilicates using 

109 EELS and examine V siting and oxidation state in roscoelite.

110

111 MATERIALS AND METHODS

112

113 Samples

114 We acquired three high-purity (>99.8%) standards with known oxidation states (V2O3, VO2, 

115 and V2O5) from commercial suppliers (Alfa Aesar and SigmaAldrich) in powder form. Standards 

116 were crushed in an agate mortar and pestle in dry conditions and deposited onto lacey-carbon 
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117 films supported by Cu-mesh TEM grids (Zanetta et al. 2022). We measured several particles 

118 that were monodisperse and electron transparent (< 50 nm in thickness).

119 We also examined a roscoelite K(V,Al,Mg)2AlSi3O10(OH)2 sample from the Omega mine 

120 above Placerville, Colorado (Table S1). The roscoelite composition was quantified using a 

121 Cameca SX100 electron microprobe located in the University of Arizona’s Kuiper Materials 

122 Imaging and Characterization Facility (KMICF). A 2-µm probe with an accelerating voltage of 15 

123 kV and beam current of 20 nA was used for the analyses. Mg, Na, Si and Al intensities were 

124 acquired on a TAP crystal; Ca, Ti, K, Cr, V, P, Sr, and Cl on an LPET crystal; and Fe, Mn, Cu, and 

125 Co on an LLIF crystal. Standards for the microprobe measurements are given in the 

126 Supplementary Material. 

127 We prepared electron-transparent cross sections of the roscoelite sample using the 

128 ThermoScientific (formerly FEI) Helios NanoLab 660 G3 focused-ion-beam scanning-electron 

129 microscope (FIB-SEM) also located in KMICF. The general procedures of FIB sample preparation, 

130 e.g., coarse cutting, lift out, and in situ thinning have been previously described (Zega et al. 

131 2007, 2020; Zanetta et al. 2022).

132

133 STEM 

134 The V standards and the roscoelite sample were measured using a 200 keV aberration-

135 corrected Hitachi HF5000 scanning TEM (S/TEM). The HF5000 is equipped with a cold field-

136 emission gun, a third-order spherical-aberration corrector for STEM mode, bright-field (BF) and 

137 annular dark field (ADF) STEM detectors and a Gatan Quantum ER (model 965) electron energy-

138 loss spectrometer (EELS). STEM-HAADF images were acquired using a 200 keV acceleration 
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139 voltage, a 10 µA emission current, and 3.45 eV extraction voltage, a STEM condenser aperture 

140 of 25 µm, and a 2 µs dwell time. All EELS spectra were corrected for channel-to-channel gain 

141 variation and dark current. We used a condenser aperture size of 35 µm and a probe current of 

142 330 pA, a collection angle of =63 mrad. We used a 2.5 mm EELS entrance aperture and a 

143 dispersion of 0.25 eV/channel. A pixel time of 0.2 s for the core loss was used and 0.001 s for 

144 the low loss. 

145

146 Spectra were processed using personal Python scripts (from our previous work Zanetta et 

147 al. 2022 and available at: https://github.com/ZanettaPM/Ti-Oxidation-EELS-data-processing) 

148 constructed using Hyperspy (de la Peña et al. 2021). The energy position of the low-loss and 

149 high-loss spectra from different pixels were calibrated via zero-loss peak (ZLP) centering. The 

150 π* peak of the C K-edge at 285 eV acquired with the same energy dispersion served as a 

151 calibration point. An inverse power law (AE-r) model, where E is the energy loss and A and r are 

152 constants, was used to subtract the background. An energy window measuring 20 eV, placed 

153 between 430 eV and 450 eV (for a 0.025 eV/channel dispersion), was used to fit the background 

154 function. The plural scattering contributions due to sample thickness were removed by Fourier-

155 ratio deconvolution. 

156

157 Density Functional Theory

158 We used density functional theory (DFT) to simulate spectra and constrain the electronic 

159 configuration of the standards and the roscoelite. We computed the electronic band structure 

160 of the V standards and roscoelite by means of the linearized augmented plane wave (LAPW) 
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161 method, as implemented in the Wien2k package (Blaha et al. 2020), and approximations to the 

162 exchange-correlation by generalized gradient approach (GGA) functionals (Perdew et al. 1996). 

163 Electronic structure calculations were conducted starting with experimentally reported crystal 

164 structures (Table 1). Initialization parameters and self-consistent field (SCF) calculation 

165 convergence rules were set according to Hébert (2007). The energy to separate core and 

166 valence states was fixed at -6 Rydberg (Ry; 1 Ry ≈ 13.605 eV), except for the sample containing 

167 Al where a value of -8 Ry was adopted because of its atomic configuration. The matrix size 

168 RKmax (Rmt ∗ Kmax) was kept fixed at 7.0, where Kmax is the plane wave cutoff and Rmt is the 

169 smallest atomic sphere. Convergence criteria for the SCF cycle were fixed at 0.00001 Ry and 0.5 

170 mRy/au for the energy and the force respectively. After optimization of the structure, we 

171 proceeded to the next iteration with higher k-mesh points (sampling points in the irreducible 

172 wedge of the first Brillouin zone of the material) until the theoretical electron energy-loss near-

173 edge spectra (TELNES) between two iterations became nearly identical (average difference of 

174 the intensity integrated over the energy range being <5%). For simulating the roscoelite, we 

175 attempted to relax three distinct crystal chemistries. One calculation is a natural roscoelite with 

176 a complex crystal chemistry that breaks the symmetry of the space group (C2/m) but accounts 

177 for the various V crystallographic siting and all possible atomic neighbors K(V3+,V4+)2(AlSi3)O10, 

178 whereas two others are polytypes with the same structures but simplified compositions, 

179 Roscoelite(3+): Ba(V3+)2(Al4)O10
 and Roscoelite(1:3): K(Mg)2(V3+

1V4+
3)O10. The two latter crystal 

180 chemistries conserve space-group symmetry and simulate two distinct V site configurations, 

181 octahedral and tetrahedral respectively. We established these endmember compositions in 

182 order to satisfy 1) the electro-neutrality of the structure (without the presence of the OH 
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183 radicals), 2) the atomic neighbors as expected in the solid solution (K, Ba, Mg, Al, Si and O), and 

184 3) the expected oxidation state of the V according to the site coordination (i,e., the V is 

185 expected to be V3+ on the octahedral site and mostly V4+ on the tetrahedral site; Brigatti et al. 

186 2003). Although these simulations are not exact replicas of the natural samples, they correctly 

187 simulate the electronic environment of the V in roscoelite while allowing the correct relaxation 

188 of the structure.  

189

190 The TELNES3 program implemented in Wien2k was used to model EELS spectra from 

191 density-of-states calculations (Jorissen 2007). The splitting energy and the branching ratio were 

192 calculated statistically. We assumed no orientation dependence, so we averaged our 

193 calculations over all possible directions of the scattering vector with respect to the crystal. 

194 Spectral broadening was always simulated with the same conditions, i.e., no linearly energy-

195 dependent valence broadening and spectrometer broadening set at 0.8 and 2.3 eV. The former 

196 broadening value was used to investigate peak splitting for lower energy dispersions (<0.25 

197 eV/channel) in EELS. The latter broadening value does not correspond to our experimental ZLP 

198 full-width-half-maximum (FWHM) but acts as a correction factor to obtain similar VL2,3 peak 

199 widths as the experimental spectra. We fixed a factor of 2 on the second spectrum contribution 

200 in our broadening setup to match the experimental L2/L3 peak ratio. We kept the core-hole 

201 lifetime of the two edges as tabulated in the TELNES3 program. 

202

203 RESULTS 
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204 We acquired EELS spectra at the V L2,3 edge for V-oxide standards and roscoelite to examine 

205 their electronic structure, compare it to our DFT calculations (Table 1), and investigate a 

206 relationship between oxidation states and spectral features. The representation of the V-

207 compound crystal structures is given in Figure 1. Figure 2a shows the experimental spectra 

208 normalized to the individual maxima of the first peak (VL3, energy range: 514.0 to 521 eV) 

209 acquired from the V-bearing reference materials. The normalization suppresses the variations 

210 in absolute intensity and the effects of thickness or concentration. Experimental spectra (Fig. 

211 2a) show the two L3 and L2 peaks at approximately 518 and 525 eV (labeled a and b, see Table 

212 2). The oxide spectra show a clear chemical shift at the V L2,3 edge that correlates with the 

213 valence state of the material. The energy positions of the peaks (Table S2) are in agreement 

214 with previous measurements of V L2,3 spectra of V-oxides (Fischer 1970; Brik et al. 2006; Tan et 

215 al. 2012; Levina et al. 2014). As the V oxidation state increases, the intensities of peaks ‘b’ and 

216 ‘c’ increase in comparison to peak ‘a’. Peak ‘c’ corresponds to the pre-edge peak of the O K 

217 edge. The roscoelite sample shows a significantly more intense O peak. 

218 We also computed EELS spectra for the V-oxide standards and roscoelite. Figure 2b shows 

219 the simulated spectra with minimum broadening. Features that compose the L3 and L2 edges 

220 are visible (Fig.S1). The two edges are composed of three peaks (a, a’, and a” and b, b’, and b”). 

221 We hereafter discuss samples in order of increasing oxidation (V2O3, Roscoelite (3+), Roscoelite 

222 (1:3), VO2, V2O5). Samples with the lower oxidation state (the 3+ blue and pink lines Fig. 2b) 

223 show a higher subpeak a than a' and no a”. As the oxidation state increases the peak a" and b” 

224 increase in intensity. In VO2 and Roscoelite (1:3), subpeaks a’, and b’ increase and reach about 

225 the same intensity as the a and b peaks. The subpeaks a” and b” increase significantly. In V2O5, 
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226 peaks a and b decrease compared to VO2, whereas the intensities of peaks a” and b” keep 

227 increasing. We note that peaks c and c’ display no consistent trend with increasing oxidation 

228 state because they reside on top of the O K edge and only the V L2,3 line is modeled in our 

229 calculations. 

230 Figure 3 compares the experimental and simulated spectra after broadening to account for 

231 experimental dispersion. After normalization to the L3 intensity, the L2 intensity increases with 

232 increasing oxidation state (Fig. 3a and 3b dark arrows). In our simulation, the “natural” 

233 roscoelite calculation did not converge within the computational resources due to the 

234 complexity of its structure, but all other calculations converged successfully (Fig 3a and b). The 

235 computed spectra reproduce the peaks and positions in the experimental spectra of V-oxides 

236 collected using EELS. Figure 3b shows that the L3 and L2 peaks of the roscoelite experimental 

237 spectrum plot at similar energies to that of the R(1:3) calculated spectrum (517.7 eV and 524.5 

238 eV respectively) and at higher energies than R(3+) (515.8 eV and 523.0 eV respectively, Table 

239 S2). The simulated V L2 and L3 peak width are smaller for the roscoelite R(3+) in comparison to 

240 V2O3 despite having the same oxidation state. 

241 The onset energy of the V edge in roscoelite (512.8 eV) occurs at a higher energy than 

242 tetravalent V (512.5 eV) as represented by VO2. Therefore, use of the identified chemical shift, 

243 by itself, for the quantification of the V oxidation state in roscoelite is problematic because 

244 stoichiometry suggests V3+ to V4+ for charge balance. So, we explored an alternative approach 

245 to quantify the V oxidation state in roscoelite. Our TELNES calculations show that the increase 

246 of the b peak (L2) is predominantly dependent on the oxidation state regardless of specific site 

247 occupancies and those effects on the ELNES (Fig. 3 dark arrows). Thus, the L2 maximum intensity 
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248 (after normalization) depends on the V oxidation state and can be used for quantifying it. We 

249 find that the maximum intensity of the L2 peak increases as a function of increasing oxidation 

250 state (Fig. 4). A best fit to the experimental data on the oxides gives:

251

252  (1)𝑦 =  0.054 × 𝑥 +  0.768 

253 with R2 = 0.99 (Fig 4).

254 The fitted line defined by eq (1) is compared to the fitted line defined by the simulated 

255 spectra (dashed blue line in Fig.4 with and R²=0.86). Based on  𝑦 =  0.088 × 𝑥 +  0.613 

256 scattering of the experimental data points from the oxide standards around the fitted line, we 

257 estimate an absolute error of ~ 10% for the determination of the V oxidation state (dashed 

258 black lines, Fig. 4) by this method. The application of this method to the roscoelite sample (R in 

259 Fig. 4) yields a V4+/V ratio of 0.6±0.1.

260

261

262 DISCUSSION

263 Electronic structures of V oxides

264 The V-oxides and roscoelite samples analyzed in this study show different structures and 

265 crystal chemistries (Table 1, Fig. 1). The neighborhood of V and its interaction with O in each of 

266 these structures generates distinct ELNES spectral features (Fig. 2, 3). The interaction between 

267 the V 3d orbital and O 2p orbital forms the 2eg, 1t2g bonding and 2t2g, and 3eg antibonding 

268 molecular orbital levels described in Fig. 5 (Fischer 1970; Stoyanov et al. 2007; Zanetta et al. 

269 2022). Electronic transitions from the core level to empty states above the Fermi energy (Ef) 
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270 are responsible for EELS edges (Fig. 5). For 3d metals like V, the L3 and L2 peaks originate from 

271 the electronic transitions from the 2p3/2 and 2p1/2 core levels, respectively, to 3d levels (i.e., the 

272 anti-bonding orbitals 2t2g, and 3eg). Such combinations sometimes lead to the generation of 

273 four distinct peaks due to the splitting of the five degenerate states into the twofold 3eg and 

274 the threefold 2t2g level, as is the case in Ti L2,3 (Stoyanov et al. 2007). However, the splitting 

275 energy (<1.5 eV) of the 3eg and 2t2g level in V is too small to be visible with the present energy 

276 resolution in the EELS spectra (0.25 eV/channel). These levels are easily visible in our 

277 simulations, e.g., peaks a and a’ and b and b’ in V2O3 spectrum, which are shown with a smaller 

278 broadening energy (Fig. 2b). The splitting energy and the intensity of the peaks depend on 

279 various factors as well as the oxidation state, including the site symmetry and the crystal field 

280 (Fischer 1970; Leapman et al. 1982; Stoyanov et al. 2007).  The energy of the two orbital levels 

281 (i.e., the 3eg and 2t2g)  can be exchanged (one passing above the other in terms of energy, Fig. 

282 5) depending on whether the V occupies a tetrahedral or octahedral site (Zhou 2017). However, 

283 it was shown that the 3eg and the 2t2g levels exhibit close energy states for V (Lamsal 2014). 

284 These results suggest that the configurational mixing of the 3eg and 2t2g levels and octahedral 

285 distortions cannot be measured with the used energy dispersion in this study. We conclude 

286 that with the experimental energy dispersion used in this study, the effects of the degenerate 

287 states on the spectral features (Fig. 2b) are convoluted in the broadened L2 and L3 peak 

288 intensities (Fig. 3) and do not impact our established relationship between the V oxidation state 

289 and EELS L2,3 features. 

290

291 Calibration curve
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292 The results of this study also shed light on the suitability of different methods for analyzing 

293 3d metal oxidation states from EELS spectra of silicates and oxides. The peaks that constitute 

294 the V L2,3 edge correspond to quantized electronic transitions. Establishing an accurate 

295 description of the 3d band structure is useful to understand the connection between the 

296 oxidation state and electronic structure (Fig. 5). Among those methods, white-line ratios have 

297 been widely used in the last decades to trace the chemical shift and quantify the oxidation state 

298 and numerous studies in the literature established such a relationship for various 3d metals 

299 including Fe, Ti, Mn, Cr, V, Cu, Ce e.g.; Garvie et al. 1994; Van Aken et al. 1998; Xu and Wang 

300 1999; Petit et al. 2001; Van Aken and Liebscher 2002; Stoyanov et al. 2007; Tan et al. 2012; 

301 Bourdelle et al. 2013; Zanetta et al. 2022). Most of these relationships are based on the 

302 chemical shift of the edge onset, i.e., they quantify how the shift in edge onset energy increases 

303 as the oxidation state increases. This shift is mainly due to the increasing of the band gap width 

304 and the electron screening efficiency that increase with the oxidation state (Egerton 1996; 

305 Stoyanov et al. 2007; Zanetta et al. 2022). The white-line (WL) approach offers an attractive 

306 means of tracking the shift in energy in oxide compounds as a function of oxidation state 

307 because the effects of the crystal field and coordination environments can be neglected. 

308 However, as we show above, the application of the white line ratio to the roscoelite sample, as 

309 developed for V-oxides (Tan et al. 2012), would result in a bulk oxidation state above V4+, which 

310 is inconsistent with the expected V3+ to V4+ based on roscoelite stoichiometry. One explanation 

311 for this problem could be in situ sample damage during analysis, causing oxidation. Such 

312 damage has been observed for Fe in sheet silicates (Garvie et al. 2004). However, we did not 

313 observe any features that could suggest beam damage of the V-oxide samples after the EELS 
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314 acquisition, e.g, shape changes or amorphization. Additionally, we used a large field-of-view 

315 (50 nm x 50nm) for our measurements to reduce the electron dose and minimize any potential 

316 damage of the roscoelite. Another explanation for the lack of applicability of the WL ratio to 

317 silicates could be that the peak width, which depends on the time it takes for the ionized 

318 electron to decay to the ground state, can vary according to the electronic environment 

319 (Egerton 1996). We showed that the R(3+) simulated spectrum displays a smaller peak width 

320 than V2O3 despite having the same oxidation state. As the ‘a’ and ‘b’ peak widths are smaller in 

321 the roscoelite sample than the V-oxides, fewer counts were integrated within the window 

322 positioned at the onset energy (Fig. 3). We conclude that decoupling the portion of the chemical 

323 shift due to the oxidation state and the electronic environment in roscoelite is challenging, 

324 which required an alternative approach. 

325

326 Other EELS methods use features of the near-edge structure, originating from the electronic 

327 configuration, for quantifying the oxidation state rather than using the WL ratio (Tan et al. 2012; 

328 Bourdelle et al. 2013; Giannini 2014; Le Guillou et al. 2015; Doyle et al. 2016; Berry et al. 2017; 

329 Zanetta et al. 2022). The combination of our experimental and first-principles descriptions of 

330 the V L2,3 edge allows us to define another relationship between the L2 peak intensity and the 

331 V oxidation state while decoupling the effect of the crystal chemistry. The method described 

332 here, based on the L3-normalized intensity of the L2 peak, uses the occupancy of levels in the 

333 V-O molecular orbitals.

334 In all of the V compounds measured here, the molecular orbitals are filled up to the t1g(π0). 

335 When the 2t2g is level is almost entirely filled with electrons (as it in the case in V2O3), the most 
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336 probable transition will arise from 2p3/2
 (smaller energy gap, Fig. 5 dark arrows). In this case the 

337 L3 intensity would be higher compared to the L2 peak. In the opposite case, if the 2t2g is empty 

338 (V2O5), then higher-energy transitions from the 2p1/2
 (longer dark arrow) become more 

339 probable to fill the 2t2g and 3eg levels and the intensity of the L2 increases relative to the L3 peak 

340 (energy at which spectra are normalized). Those transition probabilities are used to establish 

341 the relationship between the L2 peak and oxidation state (eq (1), Fig. 4). However, quantifying 

342 peak intensities with a simple integration window would lead to inaccurate results due to the 

343 chemical shift of the overall edge. To avoid the effects of the shift, we instead used the 

344 maximum energy of the peak (in the energy range of 522 to 527 eV), after normalization to the 

345 L3 peak rather than applying an integration window. This led to the relationship shown in Fig. 

346 4, based on the L3/L2 intensity ratio and which is consistent with previous works (Fischer 1970; 

347 Sparrow et al. 1984; Cressey et al. 1993; Kurmaev et al. 2005; Tan et al. 2012; Kalavathi et al. 

348 2014). 

349

350 Evolution of the L3/L2 intensity ratio

351 The L3/L2 intensity ratio of the 3d metals can be affected by several variables. Previous work 

352 suggested that a decrease in the L3/L2 branching ratio occurs as a function of the oxidation state 

353 (Fischer 1970; Leapman et al. 1982; Sparrow et al. 1984; Cressey et al. 1993; Van Aken et al. 

354 1998; Kurmaev et al. 2005; Brik et al. 2006; Tan et al. 2012; Kalavathi et al. 2014). Sparrow et 

355 al. (1984) established that this relationship exists as the d level is filled until d=5. However, 

356 Leapman et al. 1982 compared the L3/L2 ratio between pure metal and oxide and found that 

357 the L3/L2 ratio increases as oxidation state increases. 
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358 We discuss three major difficulties that can lead to confusion about the evolution of the 

359 L3/L2 ratio as a function of the oxidation state. 1) The common use of integration windows to 

360 quantify oxidation states can reinforce the idea that the ratio increases with oxidation state 

361 (Van Aken et al. 1998). However, because the position of the windows captures the shift in 

362 energy of these transitions it does not give the exact evolution of the peak intensities. 2) The L2 

363 edge in higher oxidation states exhibits broader spectral features than L3 because of the Coster–

364 Kronig Auger decay process, and the use of a static integration window fails to capture this 

365 larger energy range (Fischer 1970; Leapman et al. 1982). 3) The removal of the continuum 

366 beneath the edge potentially alters the effective ratio. Models to remove this continuum have 

367 included both straight lines (Garvie et al. 1994; Zega and Buseck 2003) and step functions (Van 

368 Aken et al. 1998; Van Aken and Liebscher 2002; Stoyanov et al. 2007; Giannini 2014; Zanetta et 

369 al. 2022). Such models have generally been empirical and fit without consideration of an 

370 evolving branching ratio (Egerton 1996; Van Aken et al. 1998; Van Aken and Liebscher 2002; 

371 Stoyanov et al. 2007). Therefore, if the branching ratio is not accounted for, misleading results 

372 can arise. 

373 We suggest that the observation of a decrease in the L3/L2 branching ratio as a function of 

374 the oxidation state was observed in this study because these three major difficulties do not 

375 apply to our measurements. We did not use windows for integrating the L3/L2 ratio and in the 

376 case of vanadium-oxide materials, the V L2,3 edge occurs next to and sits on top of the O K-edge 

377 precluding the use of continuum removal beneath the edge. We estimate that the samples 

378 measured here are thin <30nm. Thus, multiple-scattering contributions should be minimal and 

379 the Fourier-ratio deconvolution of our data set should remove them. Further, we suggest that 
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380 the evolution of the V L3/L2 intensity was also reproduced by our DFT calculations 

381 (independently of the sample thickness) and can be used to quantify the oxidation state 

382 (Fischer 1970; Sparrow et al. 1984; Cressey et al. 1993; Kurmaev et al. 2005; Tan et al. 2012; 

383 Kalavathi et al. 2014). 

384

385 The relatively small slope (Fig. 4 and Eq. 1) identified in the relationship between the V 

386 oxidation state and L2 intensity is due to normalizing to the L3 maximum intensity. The 

387 difference between the maximum of the L2 peak intensities before normalization is generally 

388 several thousand counts depending on the integration time and is therefore not the principal 

389 factor of the uncertainties. Since everything is normalized to 1, the number of counts would 

390 not strongly affect the results of the oxidation state calculation (unless the number of counts is 

391 especially low). Instead, we quantified the uncertainties on the basis of the dispersion around 

392 the fitted curve and the fit residuals. We determine an absolute error of ±10% on the 

393 measurements of the oxidation state using this relationship. 

394

395 Roscoelite V oxidation state and site occupancy

396 The oxidation state of V in oxide and silicate minerals is commonly used in numerous 

397 earth science and planetary applications. These range from indicators of the chemical 

398 conditions of planet formation and evolution to explanations for the inconsistent dissolution 

399 behavior of V ores in leaching (Ballhaus et al. 1990; Canil 1997; Righter et al. 2006, 2016; 

400 Prytulak et al. 2013; Nicklas et al. 2016; Zheng et al. 2019, 2022; Drexler 2022). The new method 

401 presented here offers a reliable, consistent means of measuring V oxidation state in oxides and 
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402 silicates for these purposes. Previous work on the V oxidation state in roscoelite generally 

403 assumes that it substitutes into the crystal structure primarily as V3+ in the octahedral layer (Fig. 

404 1) (Foster 1959; Garrels and Larsen 1959; Meunier 1994; Radwany 2021). However, Wanty and 

405 Goldhaber (1985) developed a colorimetric method to measure the V oxidation state in 

406 phyllosilicates and compared their results with thermogravimetric analysis (TGA). Their 

407 colorimetric method reported a ratio of V4+/ΣV=0.15 in the roscoelite however, the TGA gave a 

408 result of V4+/ΣV=0.5. The latter value is close to our results of V4+/ΣV=0.6±0.1. Additionally, our 

409 DFT simulations (Fig. 2b) show the increase of the b' peak and the appearance of a b" sub-peak 

410 for increasing oxidation degrees. These two peaks have the effect of widening the total peak 

411 once the broadening is considered. The fact that the a and b peaks in the experimental 

412 roscoelite spectrum are larger than those in the simulated Roscoelite (3+) spectrum support 

413 the interpretation that roscoelite contains a mixture of trivalent and tetravalent V. Taken 

414 together, these two sets of results strongly suggest that phyllosilicates host a mix of trivalent, 

415 probably octahedral, and tetravalent, probably tetrahedral V. This result indicates that the 

416 assumption that all phyllosilicate-hosted V is trivalent and octahedral is an oversimplification 

417 (Zheng et al. 2019, 2022). Such results could explain the observed variability in V dissolution 

418 behavior from phyllosilicate minerals and have implications for V ore extraction (Radwany 

419 2021; Drexler 2022; Radwany and Barton 2022). 

420

421 Direct observation by STEM-EELS of the position of the V3+ and V4+ atoms in the atomic 

422 lattice would help to confirm our results and provide insights into the crystal chemistry of V-

423 rich phyllosilicate. However, phyllosilicates can be sensitive to the electron beam and 
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424 amorphize very quickly (Egerton et al. 2004; Garvie et al. 2004; Mignaioli et al. 2009; Egerton 

425 2013; Ilett et al. 2020). The low vanadium content in roscoelite also requires long acquisition 

426 times for detection of its oxidation state. The use of new-generation direct-electron cameras 

427 could overcome this problem by increasing the electron detection rate at this energy (Ilett et 

428 al. 2020). The development of compressed sensing methods could also allow a decrease in the 

429 electron dose and provide enough spatial resolution by using reconstruction algorithms (Li et 

430 al. 2018; Stevens 2018; Taillon 2018). Additionally, use of cryo-ultramicrotomy and a cryogenic 

431 holder could aid in the minimization of beam damage (Jacquemot et al. 2019). 

432

433 CONCLUSIONS

434

435 We investigated the electronic structure of V oxides and roscoelite by STEM-EELS and 

436 compared our experimental data with first principles DFT calculations. The results show that 

437 the maximum peak intensity of the L2 edge increases in comparison to the L3 edge with an 

438 increase in oxidation state. The L2 edge intensity, normalized to the L3 edge intensity, is a 

439 reliable proxy for V oxidation state in both oxides and roscoelite, a phyllosilicate V ore. Our data 

440 suggest that roscoelite hosts a mix of trivalent and tetravalent V with a ratio of V4+/ΣV=0.6±0.1. 

441 Direct atomic-scale measurement of V and its oxidation state in the roscoelite structure would 

442 be fundamental to decipher its site occupancy and to develop new methods for its extraction, 

443 but susceptibility to beam damage needs to be considered. An approach combining 

444 measurements and modelling of the kind we report here could allow for a better understanding 

445 of the 3d metal recovery efficiency in phyllosilicates ores.
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Standard Oxidation 
state

Space 
group

Tc for IMT RMT V
a.u.

RMT O
a.u.

RKMax
(Rmt ∗ Kmax)

Energy 
threshold (Ry)

Final Kmesh 
points

Initial cif file

V2O3 3+ R-3C 160 K 1.84 1.66 7 -6 100 (Newnham 
and Haan, 

2014)
VO2 4+ P21/c 340 K 1.61 1.46 7 -6 100 (Rakotoniaina 

et al., 1993)
V2O5 5+ Pmmn 530 K 1.56 1.41 7 -6 100 (Ketelaar, 

1936)
Roscoelite (3+) 3+ C2/m Nd 1.97 1.53 7 -8 100 (Brigatti et 

al., 2003)
Roscoelite (1:3) 3.75+ C2/m Nd 1.61 1.46 7 -6 100 (Brigatti et 

al., 2003)
Table 1: Calculation setup parameters for the SCF calculation of the different species. Space group shown in Hermann-Mauguin notation. IMT: 

insulator to metal transition.  RMT: muffin-tin radius. The sampling points in the Brillouin zone are given as Kmesh. Visualization of the structures 
is presented in Fig. 1
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Figure 1 Ball-and-stick representation of the V-compound structures. The structures are presented along the 
best orientations (a,b or c) to facilitate the visualization of the geometries.  Two “idealized” polytypes of the 

roscoelite crystal are presented R(3+) and R(1:3). They represent a simplified version of the crystal 
chemistry that respect the space group symmetry. Each color represents one atom. The color code is 

indicated in the bottom right corner.   
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Figure 2: Experimental and simulated VL2,3 spectra normalized to the maximum intensity of the L3 peak. 
The O K line contribution is not included in the simulation. a) experimental spectra of the V-oxides and the 
Placerville roscoelite. The O K line is shadowed (gray panel). b) Simulated spectra from Wien2K with limited 

(0.8 eV) broadening, allowing a more complete description of the spectral features. 
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Figure 3: Experimental and simulated VL2,3 spectra normalized to the maximum intensity of the L3 peak. 
The O K line contribution is not included in the simulation. a) Comparison of the simulated and experimental 
spectra for the V-oxides only (same color family represent the same structure). The black arrows highlight 
the increase of the L2 intensity as function of the oxidation state which is reproduced by the simulations. b) 

Comparison of the experimental and simulated roscoelite materials. The O K line is shadowed.   

213x308mm (300 x 300 DPI) 

Page 38 of 44

Cambridge University Press

Microscopy and Microanalysis



For Peer Review

 

Figure 4: Fitted relationship between the maximum L2 peak height after normalization and the vanadium 
oxidation state as measured and computed for the oxide standards. Both results from the experimental and 
simulated spectra are represented. Only the experimental oxide data are used to fit the calibration curve. 

The theoretical curve fitted based on the simulated spectra is represented (blue dashed line). 
R=experimental roscoelite. R(3+), R(3:1)= simulated polytypes. 
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Figure 5: Molecular-orbital diagram for V2O3 with two electrons on the 2t2g level (half-solid circles). 
Modified after Fischer (1970). The core state leading to the L2 and L3 peak are represented. The transition 
from the O 1S and the empty state level would correspond to the O K edge (shadowed region of Fig. 2). 
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Table S1. Microprobe measurements of Placerville roscoelite composition, normalized to 7 cations with all V as V2O3. Standards, detection limits, 
and uncertainties are in the Supplementary Information. Other elements (Sn, Co, Ni, Cu, Zr, Y, Sc, As, Ga, F, Cl) were measured but were below 
detection limits. 

Point Na2O MgO Al2O3 SiO2 K2O CaO V2O3 TiO2 FeO MnO UO2 SrO P2O5 ZnO PbO total
1 0.071 0.693 20.475 45.513 9.134 0.232 20.027 0.109 0.763 0.000 0.000 0.039 0.035 0.071 0.000 97.161
2 0.027 0.995 19.912 46.625 9.106 0.257 18.674 0.251 0.997 0.009 0.000 0.032 0.021 0.051 0.000 96.956
3 0.047 0.734 19.285 45.315 9.423 0.235 21.628 0.030 0.724 0.002 0.000 0.030 0.004 0.131 0.000 97.587
4 0.205 0.739 17.612 39.215 7.973 0.803 17.354 10.935 4.838 0.165 0.000 0.045 0.082 0.722 0.202 100.889
5 0.110 0.794 19.223 45.743 9.597 0.189 20.041 0.019 0.993 0.000 1.489 0.023 0.016 0.104 0.006 98.349
6 0.079 0.715 20.293 42.835 10.576 0.191 20.863 0.027 0.941 0.006 0.000 0.034 0.068 0.105 0.014 96.748
7 0.132 0.667 19.140 46.066 9.569 0.170 20.479 0.021 0.806 0.006 0.000 0.022 0.052 0.217 0.000 97.346
8 0.121 0.678 20.199 44.320 9.558 0.201 21.133 0.007 0.813 0.026 0.000 0.031 0.106 0.068 0.000 97.261
9 0.068 0.672 20.151 45.628 9.333 0.158 20.312 0.021 0.750 0.000 0.000 0.027 0.009 0.068 0.000 97.196
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SUPPLEMENTARY INFORMATION TABLE – Microprobe standards, detection limits, and uncertainties

element Na Mg Al Si K Ca V Ti Fe Mn U Sr P Zn Pb

σ 0.037
0.04
1

0.15
5 0.209 0.182

0.01
9

0.18
9 0.024 0.070 0.022

0.00
4 0.013 0.004 0.013 0.004

det. 
limit, 
ppm 365.9

224.
3

308.
1 265.1 246.4

153.
8

228.
6 188.6 432.9 385.2

370.
0 144.3 38.8 125.0 133.3

name of 
standard

albite-
Cr

ol-
fo92

anor-
hk

kspar-
OR1

kspar
-OR1

anor-
hk v_1

rutile
1

fayalit
e

rhod79
1 UO2 SrTiO3

ap-
synap ZnO

NBS-
K022
9

Standard compositions:
albite-Cr = Si : 31.96%, Al : 10.39%, Fe : 0.01%, Ca : 0.01%, Na : 8.77%, K  : 0.02%, O  : 48.72%
ol-fo92 = Si : 19.13%, Al : 0.02%, Fe : 6.36%, Mn : 0.09%, Mg : 30.33%, Ca : 0.07%, Ni : 0.32%, O  : 43.74%
anor-hk = Si : 20.57%, Al : 18.98%, Fe : 0.38%, Mg : 0.05%, Ca : 13.71%, Na : 0.44%, O  : 46.08%
kspar-OR1 = Si : 30.10%, Al : 9.83%, Fe : 0.02%, Na : 0.85%, K  : 12.39%, Ba : 0.73%, Sr : 0.03%, Rb : 0.03%, H  : 0.01%, O  : 46.04%
v_1 = V  : 100.00%
rutile1 = Ti : 59.93%, O  : 40.06%
fayalite = Si : 13.84%, Ti : 0.01%, Al : 0.05%, Fe : 52.24%, Mn : 1.55%, Mg : 0.06%, Ca : 0.21%, Zn : 0.38%, O  : 31.45%
rhod791 = Si : 21.66%, Ti : 0.01%, Al : 0.02%, Fe : 2.10%, Mn : 36.14%, Mg : 0.58%, Ca : 2.69%, O  : 37.28%
UO2 = U  : 88.15%, O  : 11.85%
SrTiO3 = Sr : 47.74%, Ti : 26.10%, O  : 26.16%
ap-synap = F  : 3.77%, P  : 18.43%, Ca : 39.74%, O  : 38.07%
ZnO = Zn : 80.34%, O  : 19.66%
NBS_K0229 = Si : 14.02%, Pb : 64.98%, O  : 20.99%
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Experimental onset and peak position (eV)
V203 VO2 V2O5 Roscoelite

Onset 512.2 512.5 513.2 512.8

Peak a 517.4 517.7 518.8 517.8

b 523.9 524.2 525.4 524.6

c 532.3 531.5 530.4 531.4

Simulated onset and peak position (eV)
V203 VO2 V2O5 R(3+) R(1:3)

Onset 512.8 513.2 516.2 513.1 513.6

peak a 517.0 516.5 59.6 515.9 517.4

b 524.1 523.5 526.5 522.9 524.5

c 529.8 532.9 532.9 529.4 531.7

Table S2: Main peak energy position in experimental and simulated (broadened) spectra in eV. The energy given correspond to the center of 

a fitted Gaussian under the peak. 
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Fig. S1: V2O3 band structure and associated simulated (slightly broadened; 0.8 eV) spectra from Wien2K and TELNES 3. 
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