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A fundamental question concerning the chemical state of uranium in the binary oxides UO2, 

U4O9, U3O7, U3O8 and UO3 is addressed. By utilizing high energy resolution fluorescence 

detection X-ray absorption near edge spectroscopy (HERFD-XANES) at the uranium M4 edge, a 

novel technique in the tender X-ray region, we obtain the distribution of formal oxidation states 

in the mixed valence oxides U4O9, U3O7 and U3O8. Moreover, we clearly identify a pivot from 

U(IV)-U(V) to U(V)-U(VI) charge compensation, corresponding with transition from a fluorite-

type structure (U3O7) to a layered structure (U3O8). Such physicochemical properties are of 

interest to a broad audience of researchers and engineers active in domains ranging from 

fundamental physics, to nuclear industry and environmental science. 
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Binary uranium oxide compounds, and especially uranium dioxide (UO2), have been investigated 

extensively both theoretically and experimentally already for many decades.1 This world-wide 

research effort stems not only from their relevance in the frame of safety and economic 

performance of nuclear power plants,2, 3 or sustainable nuclear waste management,4-7 but also 

originates from a fundamental point of view. The uranium atom contains outer-shell electrons 

(5f3, 6d1, and 7s2) located in dispersive and hybridized bands near the Fermi level. Such 

electronic configuration allows for diverse chemical interactions, including both ionic and 

covalent bond formation.8 Furthermore, the near-degeneracy of U 5f, 6d, and 7s orbitals results 

in a large number of valence electrons available to participate in compound formation.9 

Uranium oxides show exciting interdependence between their physicochemical properties and 

complex electronic structures.10, 11 In particular, the presence of delocalized valence electrons 

can be seen to stimulate oxidation of UO2. Accommodation of excess oxygen atoms onto 

specific sites in the fluorite (Fm3̅m) lattice has the potential to increase hybridization between O 

2p and U 5f/6d orbitals.12 The process is dynamic and can result in formation of clusters 

composed of oxygen atoms and oxygen vacancies.13, 14 So-called Willis cluster,15, 16 

cuboctahedral oxygen cluster,17-19 and split-interstitial cluster geometries12, 20-23 have emerged 

from the extensive experimental and theoretical work on this topic. However, consensus on the 

formation and stability of these oxygen clusters has not entirely been reached yet, both between 

experiment and theoretical calculations,24, 25 and between different theoretical approaches.19, 21, 26 

It seems that, despite continuing research for more than 70 years, the role of the underlying 

electronic structure remains difficult to comprehend entirely. 

Oxidation of UO2 modifies the ideal fluorite structure.6 For oxygen-to-uranium ratios 

2 ≤ O/U ≤ 2.33, the anion sublattice is strongly affected while the cations keep their fluorite 
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arrangement.27 In this range of compositions three main crystallographic phases occur, each 

exhibiting some degree of non-stoichiometry: UO2+x (0 ≤ x ≤ 0.03), U4O9-y (0.02 ≤ y ≤ 0.06) and 

U3O7-z (0 ≤ z ≤ 0.3).6, 28, 29 The crystal structures of U4O9
1 and U3O7 are characterized by long-

range ordering of oxygen clusters, which is well established for U4O9,
30-32 and recently also a 

consistent structural model was derived for U3O7.
33 At higher O/U values (2.33 < O/U ≤ 3), the 

fluorite arrangement of the cations can no longer accommodate the excess anions, and 

compounds with a layered structure (U3O8 and UO3) are formed.34, 35  

Charge transfer occurs between valence shells of uranium and the additionally incorporated O2- 

ions. As a result the uranium-ligand bonding nature modifies, which induces a change in the 

uranium formal valence state. The occurrence of various oxidation states and different types of 

chemical bonding has important consequences in the context of nuclear fuel safety and 

speciation of uranium into the environment. In particular, oxidation of UO2 is associated with a 

large volume expansion which can result in rupture of confinement barriers,6 and additionally, a 

higher degree of oxidation results in an increased solubility in aqueous environments.4, 7 

Evaluation of the uranium valence mixing in the binary oxides is not straightforward, as charge 

compensation can be achieved by different oxidation mechanisms, e.g. in U3O7:  

U3O7 = U(IV) + 2 × U(V) or 2 × U(IV) + U(VI). 

In order to better understand the impact of oxidation, accurate evaluation of the uranium 

oxidation states and their relation to valence electron properties in the oxides is required. 

                                                 

1Although exact stoichiometry is excluded in U4O9-y (0.02 ≤ y ≤ 0.06) the deviation is very small, and hence, in the 

context of this work the use of the nominal formula U4O9 is maintained. 
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In this study we use high energy resolution fluorescence detection X-ray absorption near edge 

spectroscopy (HERFD-XANES) at the uranium M4 edge (i.e. excitation of the 3d3/2 core 

electrons) to unambiguously identify formal valence states present in monovalent and mixed-

valence uranium compounds by probing the 5f-electron shell configurations. Results on a 

systematic series of binary uranium oxides are reported, including data measured for the first 

time on U3O7. The stable binary uranium oxides do not present a pure U(V) compound, hence 

KUO3 was included in the present assessment as well. 

Resonant Inelastic X-ray Scattering (RIXS) maps were recorded for all samples by measuring 

photon energies around the U Mβ emission line (3d3/2 → 4f5/2, at 3337.4 eV) while scanning the 

incident energy across the U M4 edge (∼3725 eV). Figure 1 presents a contour plot of the 

measured intensity in U3O7 as a function of incident and transferred photon energies (i.e. the 

difference between incident and emitted energies). The strong resonance visible near the center 

of the plot corresponds to the absorption maximum, the so-called white line in the absorption 

process. The position of the white line on the abscissa distinguishes between the chemical state 

of uranium ions, whereas the position on the ordinate relates with the binding energy of U 4f5/2 

electrons. 
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Figure 1. RIXS map of U3O7, showing inelastically scattered X-ray intensity as a function of 

incident and transferred photon energies near the U M4 absorption edge. A diagonal cut through 

the maximum corresponds with the HERFD-XANES spectrum measured at the U Mβ 

fluorescence line. 

HERFD-XANES spectra near the U M4 absorption line correspond to a diagonal cut through the 

RIXS map, such that the emission energy remains fixed. An overview of the data is shown in 

Figure 2. The monovalent uranium compounds (UO2, KUO3, β-UO3) clearly display a shift in the 

position of the absorption maximum. Compared to U(IV), the maximum of the U(V) absorption 

line is shifted to higher energies by 1.2 eV and for U(VI) by 1.6 eV. The U(VI) absorption 

spectrum also show a shoulder at the high-energy side about 1 eV from the maximum. 
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Figure 2. (solid line) HERFD-XANES spectra around the uranium M4 absorption edge in various 

uranium oxide compounds. The spectral features denoted by 1-2-3(3*) relate with the formal 

valence states U(IV)-U(V)-U(VI), respectively. (dotted lines) Individual component spectra 

reproduced from the iterative target test, see also Table 2, with intensity normalized according to 

the derived weight fractions.  

The UO2 absorption line has an asymmetrical profile, consisting of a sharp peak around 3725 eV 

and a shoulder at higher energies. This observation agrees with conventional XANES data 

reported by other investigators,36 and it is also reproduced by spectral calculations.37, 38 The 

spectrum of KUO3 also displays slight asymmetry, and shows an increased full-width at half 
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maximum (FWHM) as compared to that of UO2, 1.7 eV and 1.4 eV, respectively. It matches 

closely the HERFD-XANES spectrum of NaUO3 at the U M4 edge,39 another monovalent U(V) 

alkali uranate, a feature which was also observed upon comparing conventional XANES spectra 

of both compounds at the U L3 edge.40 In the spectrum of β-UO3 additional to line broadening 

(FWHM = 2.0 eV) a distinctive shoulder appears at about 1 eV from the white line. This 

shoulder was recognized to be characteristic for uranyl environments (UO2
2+) present in 

hexavalent uranium systems,36 and could similarly be reproduced by calculations.37, 38 As 

summarized in Table 1, the observed spectral features are representative of the chemical shift 

per oxidation state, i.e. U(IV)-U(V)-U(VI). 

Table 1. Overview of incident energy at the position of the white line indicated in Figure 2, 

corresponding with the formal valence states U(IV)-U(V)-U(VI), and the FWHM measured for 

all absorption spectra. 

 White line energy 

position (eV), ±0.2 eV 

FWHM 

(eV) 

 1 2 3 

UO2 3725.2 - - 1.4 

U4O9 3725.3 3726.4 - 2.7 

U3O7 3725.4 3726.3 - 2.4 

KUO3 - 3726.4 - 1.7 

U3O8 - 3726.8 2.2 

UO3
 - - 3726.8* 2.0 

Valence U(IV) U(V) U(VI)  

*Additional shoulder visible at 3728.3 eV 
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The mixed-valence compounds U4O9, and U3O7 display more complex absorption spectra. In 

both samples two distinct maxima are distinguished, and the position of both features correspond 

exactly with the absorption lines of the monovalent compounds UO2 and KUO3. Kvashnina et al. 

obtained similar results on a U4O9 sample,37 and attributed the second feature to U(V) because 

the chemical shift was less than that observed in a hexavalent uranium compound. Here, we find 

a direct confirmation of this hypothesis via comparison with the KUO3 spectrum. Interestingly, 

we measured a ratio of 3:4 in the relative intensity of both spectral features in U4O9, which is 

different from the data reported in Ref. 37 (∼1:1). The discrepancy might be due to the differing 

sample preparation applied in their research, where some unreacted UO2 could have remained 

present.  

The HERFD-XANES spectrum of U3O7, reported here for the first time, displays the exact same 

features as observed in U4O9, but with a relative intensity ratio of about 1:2. Thus, the U(V) 

component appears to have increased significantly at the expense of U(IV). One would indeed 

have expected to see a decrease in the U(IV) component considering the higher degree of 

oxidation in U3O7, but whether this change was balanced via a U(V) or a U(VI) contribution (or 

both) still remained elusive.22, 25, 26, 31, 33 The qualitative evaluation of the spectra discussed here 

shows that U(V) acts as the main charge compensating species both in U4O9 and in U3O7, and 

with increasing degree of oxidation the contribution of the U(V) component increases at the 

expense of U(IV). 

The HERFD-XANES spectrum of U3O8, another mixed-valence compound, looks different as 

compared to that of U4O9 and U3O7. It is more narrow, and the first spectral feature, i.e. the 

U(IV) component, appears to be absent. Instead, the white line is centered around the U(VI) 

component, similar as in β-UO3, but with some asymmetry towards the low-energy side. In the 
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results of Kvashnina et al. this feature appears even more pronounced,37 and correspondingly, 

they attributed this to the presence of U(V)-U(VI) oxidation states. From comparison with the 

chemical shifts observed in the monovalent compounds, and from quantitative analysis reported 

further, our data similarly suggest presence of U(V)-U(VI) components in the U3O8 absorption 

line. In the past, a distribution of U(IV) and U(VI) in a 1:2 ratio was proposed for U3O8, based on 

the analysis of XPS spectra around the U N6,7 edges.41-43 The current experimental results are in 

agreement with recent theoretical calculations22, 25 which indicate that transition from the U(IV)-

U(V) to the U(V)-U(VI) regime occurs in-between the U3O7 and U3O8 compositions, 

corresponding with the transition from fluorite-type to layered structures. 

A quantitative evaluation of the uranium valence state distribution in the mixed-valence 

compounds (Table 2) was performed, utilizing the accurate HERFD-XANES data measured at 

the U M4 edge. For this reason the iterative target test (ITT) developed by Rossberg et al. and 

available through their iterative transformation analysis (ITFA) was employed.44 The method 

calculates the relative concentrations of components present in each absorption spectrum, given 

input of at least two known distributions of reference systems such as UO2 and UO3. The 

analysis was restricted to the short HERFD region of the spectra (with incident energy ranging 

from 3722 to 3732 eV), and constrained the data measured for UO2, KUO3, and β-UO3 to be 

representative of pure U(IV), U(V), and U(VI) components. Results reported in Table 2 are 

completely consistent with the qualitative evaluation of components in the absorption spectra 

(Figure 2), and are in excellent agreement with values expected from stoichiometric 

considerations. 

Table 2. Distribution of uranium oxidation states in mixed-valence uranium compounds, 

quantified using ITT on the measured HERFD-XANES U M4 edge spectra. The average uranium 
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valence derived from the experimental analysis is in excellent agreement with theoretical values 

derived from stoichiometric considerations. 

 Relative abundance of 

valence states (%), ± 3% 

 Average U 

valence, ±0.03 

 U(IV) U(V) U(VI)  Exp. Theor. 

U4O9   51 49     0  4.49 4.50 

U3O7   36 64     0  4.64 4.67 

U3O8     0 65   35  5.35 5.33 

 

In conclusion, HERFD-XANES at the uranium M4 edge provides an excellent tool to probe the 

chemical state of uranium in complex oxides. Our results allow to unambiguously assign U(IV) 

and U(V) valence states as major components in U4O9 and U3O7, and also confirm the increasing 

U(V) contribution at the expense of U(IV) as the degree of oxidation increases (U4O9 → U3O7). 

Significant U(VI) contribution is excluded in these fluorite-type oxides, but a changeover to the 

U(V)-U(VI) charge compensation mechanism occurs upon further oxidation (U3O7 → U3O8). 

These results finally elucidate the evolution of the uranium chemical state in the binary oxide 

system, and provide input for further structural and theoretical research on this important class of 

actinide materials. 

EXPERIMENTAL METHODS 

The U M4 edge HERFD−XANES measurements were performed at the ID26 beamline of the 

European Synchrotron Radiation Facility (ESRF).45 The U M4 edge (∼3725 eV) incident energy 

was selected using the Si(111) double-crystal monochromator. Rejection of higher harmonics 

was achieved by three silicon mirrors at 3.5 mrad working under total reflection. The beam size 
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was estimated to be ∼0.2 mm vertically and 0.5 mm horizontally. HERFD−XANES spectra were 

measured under cryostat conditions (15 K) using an X-ray emission spectrometer equipped with 

five Si(220) crystal analyzers and a silicon drift X-ray detector in a vertical Rowland geometry. 

The spectrometer was tuned to the maximum of the U Mβ (3d3/2 → 4f5/2, at 3337.4 eV) X-ray 

emission line using the (220) reflection (analyzer crystals at a Bragg angle of ∼75.4 °θ). The 

detected intensity was normalized to the incident flux. The total experimental energy broadening 

(incident energy convoluted with emitted energy and core-hole lifetime broadening) was 

evaluated at 0.7 eV. 
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