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A B S T R A C T   

In this work, we have experimentally studied UO2 dissolution in pure water and in 1 M aqueous solutions of 
either Cl- or Br- exposed to γ-radiation. It has previously been found that high ionic strength can facilitate 
adsorption of dissolved UO2

2+ on UO2 surfaces. The adsorption is also affected by the solution pH relative to the 
point of zero charge of UO2. In our experiments, Br3

- was observed in 1 M Br- solution exposed to γ-radiation. 
Experiments confirmed that Br3

- can quantitively oxidize UO2. XPS and UPS were used to characterize potential 
surface modifications after exposure. The XPS results show that the UO2 surfaces after exposure to γ-radiation in 
pure water and in 1 M aqueous solutions of either Cl- or Br- were significantly oxidized with U(V) as the 
dominating state. U 4f7/2 and O 1 s spectra of the UO2 surface after exposure to γ-radiation in pure water 
demonstrates the formation of uranyl peroxide secondary phases. UPS results indicate that there is a large 
percentage of U(VI) on the ultra-thin outer layer of UO2 after exposure to γ-radiation in 1 M aqueous solutions of 
Br- and Cl-, and 100 % of U(VI) in the pure water case.   

1. Introduction 

Nuclear power constitutes a significant part of the energy supply 
portfolio in many countries. One of the major issues related to nuclear 
power is how to handle the highly radioactive spent nuclear fuel. 
Currently, reprocessing or permanent disposal are the only two strate-
gies for handling the spent nuclear fuel. Many countries plan to use deep 
geological repositories to store the spent nuclear fuel for at least 
100,000 years (e.g., Sweden, Finland, UK and Canada,). [1–5] During 
such long-time frame, groundwater intrusion upon multiple barrier 
failure is a scenario that has to be addressed in the safety assessment of a 
deep geological repository. Spent nuclear fuel consists of 95 % UO2 and 
5 % fission products and heavier actinides. In general, the fuel matrix 
(UO2) has very low solubility in reducing environment. However, when 
spent nuclear fuel comes in contact with groundwater, the inherent 
radioactivity of the fuel will induce the radiolysis of water producing 
oxidizing (HO•, HOO•, and H2O2) as well as reducing (eaq− , H•, and H2) 
species. [6,7] Since UO2 cannot be further reduced in aqueous phase, the 
oxidants will dominate the surface reactions and oxidize the U(IV) to U 
(VI). The latter releases as uranyl (UO2

2+) in aqueous system and can 
coordinate with Lewis base ligands such as H2O, CO3

2–, OH–, O2
2–, and Cl-. 

[8–12] One of the oxidizing species mentioned above, H2O2, can react 
with UO2

2+ forming studtite (UO2O2⋅4H2O), which has been found as a 

secondary phase formed on spent nuclear fuel stored in cooling pools. 
[13,14]. 

UO2 may interact with saline waters under certain situations, e.g, 
when the core of a damaged nuclear reactor is emergency-cooled with 
sea water (as after the Fukushima nuclear accident.) [14–16] The Cl−

concentration in sea water close to Fukushima was reported as 0.6 M. 
[17] Another situation is when spent nuclear fuel is considered to be 
placed in a deep geological repository using rock salt as a host rock e.g., 
as has been applied in USA (Waste Isolation Pilot Plant (WIPP), an 
operating geologic repository for disposal of transuranic nuclear waste), 
and discussed in Germany; or near the coast e.g. in Sweden, Finland, and 
has been discussed in UK and Canada. [1–4,18,19] The deep ground-
water in these sites contains approximately 0.1 M (near the coast) − 5 M 
Cl- (rock salt) and a considerable concentration of Br-. [20–23] Chloride 
and bromide can significantly affect the G-values (mole / J, the number 
of moles produced or consumed per joule of absorbed radiation energy) 
of water radiolysis products, [24–28] and thereby influence the oxida-
tive dissolution of UO2 under exposure to ionizing radiation condition. 
Generally, the complexes formed between halides and UO2

2+ are 
considered to be weak. [12,8] Metz et al. [29] studied radiation induced 
corrosion of UO2 pellets at elevated hydrogen pressure in 6 mol (kg 
H2O)− 1 NaCl solution with and without traces of added bromide. The 
authors concluded that the uranium (U) on the pellet surface was 
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significantly oxidized with the formation of clarkeite or meta-schoepite 
as secondary phases based on a variety of spectroscopy measurements. 
The authors also recommended further research investigating the in-
fluence of bromide and chloride on radiation induced corrosion of UO2 
in less concentrated aqueous solutions. In this work, we have experi-
mentally studied the dissolution behavior of UO2 exposed to γ – radia-
tion in pure water and in 1 M aqueous solutions of either Cl- or Br-. The 
results are discussed in view of surface reactions. UO2 pellets after ex-
posures to γ – radiation in these solutions were characterized using X-ray 
Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron Spec-
troscopy (UPS) to study the oxidation states of U and potential surface 
alteration. 

2. Experimental section 

H2O2 30 % (Merck), NaHCO3 (Merck), Br2 (Merck), Arsenazo III 
(Sigma-Aldrich), KI (Merck) and C6H8O6 (Merck) with Milli-Q water 
(18.2 MΩ cm) were used to prepare stock solutions. Reagent grade 
chemicals were used unless otherwise stated. UO2 pellets were supplied 
by Westinghouse AB (352 mm2 geometrical surface area). [30] UO2 
powder was supplied by Westinghouse Electric Sweden AB. The specific 
surface area and the mean particle size (diameter) for the UO2 powder 
were previously determined as 4.6 ± 0.2 m2/g and 20.2 µm, respec-
tively. [31] The pH of the leaching solutions was measured immediately 
after the leaching experiment using a pH meter (Orion 4 star, Thermo 
Scientific) with a glass (ion selective) electrode. There are no acids, 
bases or buffers used to control the pH of the leaching solutions. The pH 
meter was calibrated by measuring commercial (Thermo Scientific) pH 
buffers with 4.01, 7.00, 10.01 pH values. 

2.1. Quantitative analysis of H2O2, UO2
2+ and Br3

- 

The concentration of H2O2 was measured using the Ghormley triio-
dide method, where I− was first oxidized to I3− by H2O2, and then the 
absorbance of I3− was measured at λ = 360 nm by a UV/vis spectro-
photometer (Thermo Scientific Genesys 20 spectrophotometer). For the 
H2O2 measurement, 1.8 mL of diluted sample was mixed with 100 μL of 
1 M KI and 100 μL of 1 M CH3COOH/ CH3COO– buffer containing 
molybdate as a catalyst in a quartz cuvette. 

The concentration of UO2
2+ in aqueous phase was spectrophotomet-

rically measured by the Arsenazo III method. Arsenazo III is a dye, which 
interacts with UO2

2+ and forms a stable complex with maximum absor-
bance at λ = 653 in acid media. A Thermo Scientific Genesys 20 spec-
trophotometer was used to measure the absorbance. For the UO2

2+

measurement, 0.4 mL sample was diluted to 1.5 mL using Milli-Q water 
and then mixed with 40 μL of 16 wt% Arsenazo-III reagent and 60 μL of 
1 M HCl. 

UV–vis spectrophotometry was used to distinguish Br3
- and H2O2, 

since Br3
- has a sharp and intensive peak at 267 nm. Note that Br3

- can 
oxidize the Arsenazo III reagent in UO2

2+ measurement. For this reason, 
Ascorbic acid was used as a mild reducing agent to protect the Arsenazo 
III reagent from oxidation. For the measurement of UO2

2+ involving Br3
- , 

0.4 mL sample was diluted to 1.36 mL with pure water and mixed with 1 
M HCl (60 μL), 16 wt% Arsenazo-III reagent (40 μL) and 40 mM Ascorbic 
acid (40 μL) in a cuvette. The detection limits are 0.51 μМ, 0.22 μМ and 
0.30 μМ for H2O2, UO2

2+ and Br3
- respectively. 

2.2. Pre-washing of UO2 pellets and UO2 powder 

Before dissolution experiments, each UO2 pellet was washed in de- 
aerated 10 mM HCO3

– to remove the pre-oxidized phase, as UO2
2+ can 

form highly soluble complexes with HCO3
– / CO3

2–. Each washing step 
took 24 h with 3 changes of the 10 mM HCO3

– solution. The washing 
process are given in the supporting information in detail. The washing 
process for UO2 powder is also shown in supporting information. 

2.3. Dissolution of UO2 exposed to γ – Radiation in various solutions 

Washed UO2 pellets were submerged in 40 mL of pure water and 1 M 
aqueous solutions of either Cl- or Br- respectively. The pellets were 
placed on glass pearls to maximize the surface area exposed to the so-
lution. Irradiations were emitted by a Cs-137 gamma source (0.11 Gy s− 1 

dose rate determined by Fricke dosimetry). The Fricke dosimeter solu-
tion was prepared using 1 mM Fe(NH4)2(SO4)2, 1 mM NaCl and 400 mM 
H2SO4. Upon radiolysis of the aqueous Fricke solution, the oxidizing 
aqueous radiolysis products oxidize Fe2+ to Fe3+. This in turn induces a 
change in absorbance. The absorbance of the Fricke solution was 
measured at 304 nm by UV–Vis with the molar absorptivity (ε) of 2174 
cm− 1 M− 1 for Fe3+.6. 

γ-radiation exposures were performed at ambient temperature. Prior 
to the exposures, the solutions were purged with N2 for 20 min and then 
sealed tightly with septa and parafilm. There were three UO2 pellets 
used in the leaching experiments. UP-1 (UO2 pellet #1) was first exposed 
to γ – radiation in pure water followed by in 1 M Cl- solution and finally 
in 1 M Br- solution, UP-2 (UO2 pellet #2) was first exposed to γ – radi-
ation in 1 M Cl- solution followed by in 1 M Br- solution and finally in 
pure water, and UP-3 (UO2 pellet #3) was first exposed to γ – radiation 
in 1 M Br- solution followed by in pure water and finally in 1 M Cl- so-
lution. UO2

2+ concentration was measured as a function of irradiation 
time. 1.5 mL aliquots were taken from the solution for each measure-
ment. Syringe and needle were used to take aliquots through the rubber 
septum to avoid exposure to the atmosphere. Between the exposures, the 
UO2 pellets were washed according to the washing procedures 
mentioned before. 

2.4. Br3
- induced dissolution of UO2 powder 

25, 50, 75 and 100 mg of UO2 powders were added to 25 mL of 
aqueous solutions containing 0.2 mM Br3

- , respectively. The samples 
were stirred to a homogeneous suspension throughout the experiment 
and purged with N2. The surface area to solution volume ratio (S/V) for 
the suspensions are 4.6 x 103 m− 1, 9.2 x 103 m− 1, 13.8 x 103 m− 1 and 
18.4 x 103 m− 1, respectively. For each sampling, 1–2 mL suspension was 
taken using a syringe followed by immediate filtering the suspension 
with a 0.2 μm cellulose acetate syringe filter. 

2.5. XPS and UPS 

The photon energy used in the XPS and UPS measurements is 1486.6 
eV (monochromatized Al Kα source) and 40.8 eV (standard He-discharge 
lamp He II source), respectively. The electron analyzer is a Scienta ESCA 
200 hemispherical spectrometer. The spectra were collected in an ul-
trahigh vacuum surface analysis system with a base pressure of 5x10-10 

mbar. The XPS binding energy was calibrated by the Fermi edge at 0 eV 
and the Au 4f7/2 line at 84.0 eV for valence band spectra and core level 
spectra, respectively. The UPS binding energy was calibrated with the 
Fermi edge at 0 eV. The total energy resolution of XPS was set such that 
the FWHM (full width at half-maximum) of the clean Au 4f7/2 line (at the 
binding energy of 84.00 eV) to be 0.65 eV. The resolution of the UPS 
measurements was approximately 0.1 eV (estimated from the Fermi 
edge of clean gold). [32] XPS and UPS spectra were recorded at ambient 
temperature and normal emission. The form of the samples is solid UO2 
slices (0.15 mm thickness). Prior to photoelectron measurements, the 
samples were rinsed with Milli-Q water and dried in a glove box (O2 ≤

0.1 ppm). Note that this (second) washing step has a different purpose 
from the first washing step mentioned above, the second washing step is 
to remove any soluble species on the UO2 surface after exposures. The 
samples were transported to the photoelectron spectrometer using Ar- 
filled Polypropylene tubes. The measured samples had good conduc-
tivity, and there is no analyzer effect on the samples (no charge problem 
nor beam damage). 

The software used for XPS and USP data analysis is Thermo Avantage 
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Software© (ver. 5.9931). Shirley background subtraction was used 
throughout the spectra fitting with an additional constraint i.e., at any 
range, the background intensity was not allowed to exceed the raw data 
intensity. The raw data was smoothed using Savitzky − Golay filtering 
(1 eV window size and 4 polynomial). A fixed 20 % Gaussian − Lor-
entzian characteristic was used in peak deconvolution unless otherwise 
stated. Specific principles and parameters for U 4f, O 1 s, O 2p and U 5f 
peak deconvolution were described in detail in the corresponding results 
part with reference support. Satellite peaks generated by U 4f main 
peaks were separated and discussed in detail. Errors in fitting parame-
ters can be seen from the discrepancy between the cumulative fit and 
raw data. 

3. Results and discussion 

Irradiation of pure water and 1 M aqueous solutions of either Cl- or 
Br- without UO2 pellets was first performed to investigate the evolution 
of H2O2 in these aqueous systems. The results are shown in Fig. 1. The 
experiments were repeated four times. As can be seen, in all the aqueous 
solutions, the H2O2 concentration increases until it reaches steady-state. 
The steady-state concentration of H2O2 in pure water under the present 
irradiation conditions is approximately 0.15 mM. Joseph et al. [33] 
studied H2O2 concentrations in either argon- or air-saturated ultra-pure 
water (no other solutes) with no headspace at a dose rate of 2.5 Gy / s. 
Experimental results shown that the H2O2 concentrations are 0.9 mM in 
aerated water and lower than detection limit (3 µM) in deaerated water. 
The steady state H2O2 concentration in 1 M Cl- solution is 0.03 mM, 
which is 5 times lower than that in H2O. The lower steady-state H2O2 
concentration in Cl- solution exposed to γ-radiation compared to in H2O 
has also been reported by Hata et al. [34]. Interestingly, the steady state 
concentration of H2O2 in this work appears to be highest in the 1 M Br- 

solution. However, it is noteworthy that in irradiated solutions con-
taining Br-, Br3

- can also be formed. [35–37]. 
Br3

- is an oxidant thermodynamically capable of oxidizing I- to I3- . 
[38] Consequently, the measured I3- absorbance in the Ghormley triio-
dide method for H2O2 detection can be attributed to both H2O2 and Br3

- . 
To check the influence of the absorbance of H2O2 (and UO2

2+) on the 
absorbance of Br3

- , spectra of Br3
- , H2O2 and UO2

2+ at 0.03 mM and the 
spectrum of a solution containing equimolar mixture of Br3

- , H2O2 and 

UO2
2+ at 0.03 mM were recorded (Fig. 2). Br3

- was synthesized by adding 
Br2 to a solution containing excess concentrations of Br- (reaction 1), 
with the equilibrium constant K = 17 L/mol. [39,36].  

Br- + Br2 ⇌ Br3
- reaction(1)                                                                    

As can be seen in Fig. 2, the absorbances of UO2
2+ and H2O2 are 

negligible at 267 nm wavelength. [36,39]. The calibration curve to 
determine the Br3

- concentration from absorbance is shown in figure S1. 

3.1. Dissolution of UO2 in pure water and 1 M aqueous solutions of either 
Cl- or Br- exposed to γ – radiation 

Fig. 3 shows the UO2
2+ release from a UO2 pellet (UP-1) in pure water 

and 1 M aqueous solutions of either Cl- or Br- exposed to γ – radiation. 
The dissolution experiments were performed using three UO2 pellets 
(UP-1, UP-2 and UP-3). Since the results of dissolution experiments for 
UP-2 and UP-3 are generally similar to UP-1 and different UO2 pellets 
can display different redox reactivity, the results for UP-2 and UP-3 were 
plotted separately. These plots can be found in the supporting infor-
mation (figure S2 and S3). There was no noticeable difference in the 
results for the different pellets under comparable conditions. Hence, the 
results are independent of the order of the different exposures. Con-
centrations corrected for changes in solution volume were used in this 
work, because sampling will result in decreased solution volume with 
time. Normalization details are given in the supporting information. 

As can be seen in Fig. 3, the H2O2 concentration first increases and 
then remains at about 0.15 mM (steady state) in pure water, while the 
concentration of UO2

2+ first increases to 0.025 mM and then decrease as 
a function of time. Both the H2O2 and UO2

2+ concentrations were 
measured in doublets, and the uncertainty between the two measure-
ments is less than 4.5 μM and 0.9 μM, respectively. The decrease in UO2

2+

concentration probably indicates the formation of uranyl peroxide 
(studtite UO2O2⋅4H2O) through the reaction between dissolved UO2

2+

and H2O2. The H2O2 concentration in 1 M Cl- solution increased more 
slowly than in pure water, and then remained at the steady-state con-
centration (0.04 mM). However, there was almost no detectable UO2

2+ in 
the solution. Interestingly, in 1 M Br- solution, the UV–Vis spectropho-
tometer detected a sharp peak at 267 nm indicating the presence of Br3

- . 
By using the measured absorbance and the calibration curve in figure S1, 
the concentration of Br3

- was calculated. As shown in Fig. 3, the domi-
nant species during the first 20 h in 1 M Br- solution exposed to γ – 

Fig. 1. Concentration of H2O2 as a function of time (bottom axe) and dose (top 
axe) in solutions containing H2O (black), 1 M Cl- (red) and 1 M Br- (blue) 
exposed to γ-radiation. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 2. UV–vis spectra of solutions containing 0.03 mM Br3
- (black), 0.03 mM 

H2O2 (red), 0.03 mM UO2
2+ (green) and 0.03 mM Br3

- , 0.03 mM H2O2, 0.03 mM 
UO2

2+ (blue). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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radiation is Br3
- . After 24 h, the concentration of Br3

- remains stable and 
the H2O2 concentration gradually increases. The dissolved UO2

2+ con-
centration is virtually 0 during the first 40 h, followed by a slight in-
crease along with the increase in H2O2 concentration. XPS results 
(shown below) show that the UO2 surface was oxidized to UO2+x 
without the formation of any other secondary phases after exposure to γ 
– radiation in saline solutions. This indicates that the U(IV)O2 was first 
oxidized to U(V) and U(VI), with the U(V) accumulated on the surface, 
and U(VI) adsorbed and desorbed on the UO2 surface. The UO2

2+

adsorption effect is a surface phenomenon induced by ionic strength. 
[40] Previous work has shown that the externally added UO2

2+ or UO2
2+

formed from oxidative dissolution can rapidly be adsorbed on UO2 
surface in 1 M aqueous solutions of either Cl- or Br-. [40]. 

To check the redox reactivity of UO2 exposed to Br3
- , experiments 

using synthesized Br3
- and UO2 powder were performed. The results of 

0.2 mM Br3
- induced dissolution of 50 mg and 100 mg UO2 powder are 

shown in Fig. 4, while the results for 25 mg and 75 mg UO2 powder are 
shown in figure S4 (similar trend). The 1st-order rate constants were 
plotted as a function of the surface to volume ratio to determine the 
second order rate constant. A linear regression based on ln[Br3

- ] versus 
time was used to calculate the 1st-order rate constants, and the time 
interval used in the linear regression is from 0 to 110 min (the last 
measurement time point was not included). In general, the concentra-
tion of dissolved UO2

2+ increased quantitively as the concentration of Br3
- 

decreased demonstrating the oxidative capability of Br3
- towards UO2. 

3.2. Adsorption of UO2
2+ on UO2 surface in the leaching solutions 

Unlike the irradiated pellet in 1 M aqueous solution of Br-, oxidation 
of the UO2 powder by Br3

- leads to dissolution of UO2
2+. The reason why 

the irradiated pellet does not dissolve like the powder does can be 
explained by the pH of the system and the point of zero charge of UO2. 
Since in 1 M aqueous solutions of either Cl- or Br- under γ – radiation 
exposure condition (shown in Fig. 3), the pH were 5.87 and 8.86 
(measured at the end of the experiment for Cl- and Br- systems respec-
tively), which were all higher than the point of zero charge of UO2 (5.8) 
[41,42]. Hence the surface will be negatively charged and favor the 
UO2

2+ adsorption. In Br3
- induced dissolution of UO2 experiment (shown 

in Fig. 4), the pH of the 0.2 mM Br3
- in 1 M Br- is 3.91 (measured at the 

beginning of the experiment), and the dissolved UO2
2+ can decrease the 

pH further due to the hydrolysis of UO2
2+. As a result, the pH of the 

system is lower than the point of zero charge of UO2 resulting in a 
positively charged UO2 surface, which in turn counteracts the UO2

2+

adsorption. 
In addition, the gradually increasing of the concentration of UO2

2+ in 
the 1 M Br- solution (shown in Fig. 3) after 40 h can be attributed to two 
possible reasons. The first possibility is the speciation change of UO2

2+. 
By using the same speciation calculation method reported in our pre-
vious paper, [12] it was found that due to the increase of concentration 
of H2O2 with experimental time, speciation of UO2

2+ changed from 
UO2

2+, UO2Br+ and UO2OH+ to (UO2)(O2)(Br)(H2O)2
- (Figure S9 and 

S10). (UO2)(O2)(Br)(H2O)2
- complex is the dominating species at the end 

of the monitoring of the leaching experiment in 1 M aqueous solution of 
Br-. The negatively charged complex (UO2)(O2)(Br)(H2O)2

- will be 
electrostatically repelled by the negatively charged surface, and be 
detected from the bulk leaching solution. Previous control experiments 
have shown that speciation does not affect the results of the methods 
used to determine the total concentrations of uranium. [43] The second 
possibility is that the UO2

2+ adsorption capacity on UO2 is limited. As the 
observed oxidant concentration is higher in 1 M Br- as compared to 1 M 

Fig. 3. Concentrations of H2O2 (black square), UO2
2+ (red circle) and Br3

- (green triangle) as a function of time (bottom axe) and dose (top axe) in solutions containing 
the UO2 pellet-1 with H2O, 1 M Cl- and 1 M Br-. The pH was 6.19, 5.87 and 8.86 (measured at the end of the experiment for Cl- and Br- systems, respectively). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Concentrations of Br3
- (black square) and UO2

2+ (red circle) as a function of time in aqueous 50 mg and 100 mg UO2 powder suspensions containing 0.2 mM 
Br3

- and 1 M Br-. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

J. Li et al.                                                                                                                                                                                                                                         



Applied Surface Science 646 (2024) 158955

5

Cl-, it is possible that UO2
2+ surface saturation is reached in the former 

case. 
The water radiolysis products such as HO•, HO2•, and H2O2 mainly 

contribute to the oxidation of UO2 under irradiation. In addition, the 
peroxide group formed by water radiolysis can contribute to the stabi-
lization of the dissolved UO2

2+ in the bulk 1 M aqueous solution of Br- by 
forming uranyl-peroxo-bromo ternary complexes. [12]. 

3.3. Surface characterization 

3.3.1. XPS 
The UO2 pellets after exposures to pure water and 1 M aqueous so-

lutions of either Cl- or Br-, respectively, were characterized by XPS with 
one reference sample measured after the washing step representing the 
starting point of the samples. Full XPS scans of reference sample and 
samples after exposures to γ – radiation in pure water and 1 M aqueous 
solutions of either Cl- or Br- were performed, and the spectra show that 
the only elements present on the surface are U, O and C (Figure S5-S8). 

Four methods were used to determine the oxidation states of the U 
from XPS spectra in this work: (1) deconvolution analysis of the U 4f7/2 
main peak; (2) the energy difference between the U 4f5/2 main peak and 
the satellite peaks; (3) peak shape (FWHM and peak centers) of the O 1 s 
peaks; (4) comparison of the U 5f to O 2p3/2 peak area ratio. [44–48] 
Note that quantitative analysis was only applied for method 1. 

Fig. 5 shows the XPS narrow U 4f scans. The measured U 4f5/2 and U 
4f7/2 main peaks in the reference sample are close to 390.8 and 380.0 
eV. The peak positions are in line with references reported U 4f7/2 and U 
4f5/2 peaks of UO2. [44,45,47] Both U 4f7/2 and U 4f5/2 peaks shift to 
higher binding energy after exposure to γ – radiation in the three solu-
tions (H2O, 1 M Cl-, 1 M Br-) showing that the surfaces were oxidized and 
the average oxidation state of U increased. The U 4f peaks from the 
sample in pure water exposed to γ – radiation shifts further compared to 
the samples in saline solutions indicating a higher average oxidation 
state of U. 

3.4. U 4f spectra analysis and deconvolution principle 

The stoichiometric ratio of U/O (degree of oxidation) can be studied 
quantitively by deconvolution of the U 4f7/2 peak into the component U 
(IV), U(V) and U(VI) peaks. [47–49] Note that the U 4f5/2 peak is not 
suitable for deconvolution because the satellite peaks of the U 4f7/2 peak 
can influence the shape of the U 4f5/2 peak. The deconvolution principle 
is essential for quantitative analysis and the deconvolution principle for 
the U 4f7/2 peak used in this work is the same as the principle used in our 
previous work. [32] Briefly, a 20 % Gaussian-Lorentzian characteristic, 
a fixed 1.40 eV of FWHM for deconvoluted U(VI), U(V) and U(IV) peaks 
were used. The peak centers of the deconvoluted peaks were allowed to 
vary slightly around the reported values for pure materials with a 
controlled distance of 1.0 eV between the U(IV) and the U(V) peaks. 
[49–52]. 

Fig. 6 shows the deconvolution of U 4f7/2 peaks (U(IV) in red, U(V) in 
blue and U(VI) in cyan. Note that no clear U(VI) peak (~382 eV) can be 
identified during the deconvolution (software, Avantage, ver. 5.9931) in 
the reference sample and oxidized UO2 in 1 M Cl- / Br- solutions. The 
reason for the absence of detectable U(VI) is due to the rinsing with 
water prior to XPS analysis. The highly soluble U(VI) - Br-/Cl- complexes 
are weak in terms of the affinity of Br-/Cl- to U(VI). The complexes are 
weak but that the very high halide concentrations drive the equilibrium 
towards the complexes and thereby enhances the U(VI) solubility. 
Interestingly, a U(VI) peak can be clearly identified for the pellet in H2O 
exposed to γ-radiation. This indicates that either the UO2 was oxidized to 
UO3, or a secondary uranyl phase was formed on UO2 surface. Since the 
FWHM of uranyl peroxide is larger than that for uranium oxides, and the 
multiple splitting phenomenon on the FWHM of U(VI), U(V) and U(IV) 
peaks in mixed uranyl peroxide and oxidized uranium dioxide system is 
not clear. The FWHM of U(VI), U(V) and U(IV) was allowed to vary, but 
FWHM of U(IV) and U(V) peaks was kept identical during deconvolu-
tion. [50,52] Deconvolution results show that the U(VI) peak matches 
well the meta-studtite (UO2O2⋅2H2O) peak reported in ref [53] (381.9 
± 0.2 eV; FWHM = 1.8 eV). In addition, the peak area of U(V) is larger in 
the UO2 samples exposed to γ-radiation in pure water and in 1 M 
aqueous solutions of either Cl- or Br- compared to the unexposed refer-
ence sample. U(VI) was only observed on the surface after exposure to 
γ-radiation in pure water, and the U(VI) was assigned to the secondary 
phase UO2O2⋅2H2O (not UO3). For the other exposures, the area ratio 
between the U(V) and U(IV) peaks was used to determine the stoichio-
metric ratio of U/O of the hyper-stoichiometric UO2 (mole fraction of U 
(IV), U(V) and U(VI) was shown in Table S1). The percentage of the 
formed meta-studtite on the oxidized UO2 surface was also calculated. 
The calculated results and the summary of deconvolution are shown in 
Table 1. 

The oxidation states of U can also be seen from the peak positions of 
the satellite peaks of U 4f5/2 and the energy difference between U 4f5/2 
main peak and the satellite peaks. The peak positions and the energy 
difference mentioned above are summarized in Table 2. In the reference 
sample (shown in Fig. 5), the energy difference between U 4f5/2 main 
peak and the satellite peak is 6.7 eV, which is in line with the value for a 
pure U(IV) material (6.9 ± 0.2 eV). [47] Interestingly, a inconspicuous 
satellite peak 8.45 eV from the main peak indicates that the reference 
sample also contains some U(V). Two satellite peaks can be observed for 
the samples in both 1 M Cl- and 1 M Br- solutions, with the energy dif-
ferences of approximately 5.1 eV and 7.8 eV, respectively. The satellite 
peak located 7.8 eV from the main peak of U(V) is more intense than the 
satellite peak located 5.1 eV from the main peak of U(IV), implying that 
U(V) is the dominating oxidation state. [44] The similar peak positions 
of U 4f5/2 satellite peaks between the Cl- and Br- systems also indicate a 
close final stoichiometric ratio of U/O in the uranium oxides exposed to 
the two systems. In addition, the sample in pure water shows two sat-
ellite peaks with the energy differences of 4.4 and 9.9 eV respectively, 
close to the reference reported 4.4 and 9.7 eV for U(VI). [44] However, 
the satellite peak with 9.9 eV shift is quite board due to the overlap with 

Fig. 5. U 4f spectra of UO2 surfaces after exposure to γ-radiation in pure water 
and in 1 M aqueous solutions of either Cl- or Br- plotted together with a 
reference sample. 
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the satellite peak generated from U(V). 

3.5. O 1 s spectra analysis 

Fig. 7 shows the O 1 s spectra. In the reference sample, three 
component peaks can be obtained from the deconvolution. These 
component peaks are located at 530.1, 531.3 and 532.9 eV, with the 
FWHM of 1.22, 1.20 and 1.20 eV, respectively. The Peak at 530.1 eV is 
assigned to the O in hyper-stoichiometric UO2+x and the peaks at 531.3 
eV and 532.9 eV are assigned to OH– and CO3

2– respectively. [45] The 
CO3

2– peak was only observed for the reference sample since it was stored 
in 10 mM HCO3

– during the same experimental time. After UO2 was 
exposed to γ – radiation in 1 M aqueous solutions of either Cl- or Br-, the 
O 1 s peaks of oxidized UO2 and OH– move to lower binding energies 
(529.8 eV and 531.0 ± 0.1 eV, respectively) indicating that there is a 

Fig. 6. Deconvolution of U 4f7/2 into U (IV) 4f7/2, U (V) 4f7/2 and U (VI) 4f7/2.  

Table 1 
Summary of peak positions, FWHM, calculated stoichiometry and precent of U in meta-studtite of the deconvoluted peaks from U 4f7/2 peaks.  

Solutes peak position of U 
(IV) 

Peak position of U 
(V) 

Peak position of U 
(VI) 

FWHM of U 
(IV) 

FWHM of U 
(V) 

FWHM of U 
(VI) 

Calculated 
stoichiometry 

Precent of U in meta- 
studtite 

Ref  379.89  380.87 –  1.40  1.40 – UO2.17 – 
None  379.67  381.07 381.92  1.35  1.35 1.82 UO2.41 16.1 % 
1 M Cl-  379.86  380.88 –  1.40  1.40  UO2.34 – 
1 M Br-  379.84  380.86 –  1.40  1.40  UO2.33 –  

Table 2 
Summary of the U 4f5/2 peak positions and the energy difference between the U 
4f5/2 main peak and satellite peaks.  

Solutes U 4f5/2 

peak 
position 
(eV) 

Satellite 
peak (S1) 
position 
(eV) 

Satellite 
peak (S2) 
position 
(eV) 

Distance 
between U 
4f5/2 and S1 
(eV) 

Distance 
between U 
4f5/2 and S2 
(eV) 

Ref  391.05  397.5  399.5  6.65  8.45 
None  391.95  396.35  401.85  4.4  9.9 
1 M Cl-  391.8  396.85  399.6  5.05  7.8 
1 M Br-  391.65  396.8  399.5  5.15  7.85  
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change of the chemical environment of O after exposure. The absence of 
a difference in O 1 s peak position of the samples exposed to γ – radiation 
in 1 M Cl- and 1 M Br- shows that the final stoichiometric ratio of U/O is 
the same under these conditions. Interestingly, the sample in pure water 
exposed to γ – radiation shows a much broader peak compared to other 
samples. The broadness of the peak from 528 eV to 534 eV indicates that 
the sample contains a secondary phase on oxidized UO2, and the peak 
broadness from 528 eV to 534 eV is in line with the reported values for 
meta-studite. [53,54] The deconvolution of this peak was performed 
according to the O in meta-studtite in ref [54] and O in oxidized UO2 in 
this work with the FWHM of all the component peaks fixed at 1.20 eV. 
The structure of meta-studtite comprises of infinite chains of uranyl 
peroxides with repeated hexagonal bipyramids. There are 3 different 
groups containing O including UO2

2+, O-U-O, H2O (directly connected to 
UO2

2+). As can be seen in Fig. 7b, the O1s peak fitting matches the raw 
data well confirming the co-existence of meta-studtite and oxidized UO2. 
As drying studtite in O2 and H2O deficient environment will result in 
irreversible transformation from studtite to meta-studtite, [10,55] and 
we dried the sample in glove box after rinsing, we cannot conclude 
whether studtite or meta-studtite was formed on the original sample. It 

is most probable that the originally formed secondary phase was stud-
tite, since formation of meta-studtite in aqueous solutions generally 
requires temperature higher than 70 ◦C. [10] In addition, there is no 
indication of O peaks of meta-studtite in the O 1 s spectra of the samples 
in halide solutions exposed to γ – radiation. This is in line with previ-
ously reported that high ionic strength (1 M) can significantly inhibit the 
studtite formation. [12]. 

3.6. XPS and UPS U 5f spectra analysis 

Figs. 8 and 9 show the measured XPS and UPS U 5f spectra (valance 
band region). UPS is a more surface sensitive tool that has an informa-
tion depth of 1 monolayer compared to XPS that has an information 
depth of 5 monolayers. In Figs. 8 and 9, the peaks at approximately 1.4 
eV represent the U 5f peaks. While the peaks at the range of 2.5 eV 
− 12.5 eV are a combination of O 2p3/2 peaks and O 2p1/2 peaks. The 
binding energy of the O 2p3/2 peak is lower than that of O 2p1/2 peak. U 
(VI), U(V) and U(IV) have the [Rn]5f, [Rn]5f1, [Rn]5f2 electronic 
configuration, respectively. The U 5f peak area is directly related to 
electron population in the 5f orbital, thus a decrease in U 5f peak area 

Fig. 7. O 1 s spectra of the reference sample and UO2 surfaces after exposure to γ-radiation in pure water and in 1 M aqueous solutions of either Cl- or Br- with their 
deconvolution feature. 
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can be observed upon U(IV) oxidation. The U 5f peak cannot be observed 
in U(VI) compounds (no electrons in the 5f orbital). In this work, the U 5f 
to O 2p3/2 peak area ratio was used to compare the degree of oxidation 
of the samples. The deconvolution of the O 2p peak to the component O 
2p3/2 and O 2p1/2 peaks was performed according to the spin–orbit 
splitting principle that the O 2p1/2 peak area should be twice as small as 
the O 2p3/2 peak area (2 electrons in the 2p1/2 level, and 4 electrons in 
the 2p3/2 level). The peak broadening (large FWHM) and the imperfect 
match between raw data and the cumulative fit of the deconvoluted O 
2p1/2 and O 2p3/2 peaks are attributed to hybridization effects. This has 
been discussed in a recent publication. [32]. 

The peak centre, FWHM and the U 5f to O 2p3/2 peak area ratio in the 
XPS and UPS spectra are listed in Table 3. It is clear that there is a 
decrease in the U 5f to O 2p3/2 peak area ratio for the exposed samples 
compared to the reference sample (for both UPS and XPS measurements) 
indicating an increase in the U oxidation state. The narrowing of the U 5f 
peaks as can be observed from the declined FWHM of the exposed 
samples is attributed to decreased electron population of in the 5f 
orbital, which also represents the increased oxidation state. [44] Inter-
estingly, the U 5f peak in the UPS spectra of the sample after γ-radiation 
exposure in H2O completely disappear indicating the U on the ultra-thin 
surface is only in the form of U(VI). In halide systems, the U 5f to O 2p3/2 
peak area ratio in the UPS spectra is significantly smaller than in the 
corresponding XPS spectra. The extremely small values of the U 5f to O 
2p3/2 peak area ratio in the UPS spectra indicate that the outermost layer 
of the exposed surfaces most likely consists of U(VI) to a considerable 

extent. 

3.7. Surface composition at the depth measured by XPS and UPS, 
respectively 

Since XPS and UPS provide information at different depth, the results 
cannot be directly compared. However, XPS and UPS can provide a 
rough depth profile. At the depth measured by XPS (10 nm), the sample 
after exposure to γ-radiation in pure water contains UO2.41 and studtite, 
while the samples after exposure to γ-radiation in halide solutions 
contain only UO2.33, (the reason why studtite was not formed is due to 
the ionic strength effect as mentioned above). At the depth measured by 
UPS, the sample after exposure to γ-radiation in pure water shows 100 % 
U(VI), and the samples after exposure to halide solutions show a sig-
nificant fraction of U(VI). Since the samples were rinsed before XPS and 
UPS measurements, the U(VI) cannot be originated from adsorbed sol-
uble uranyl species such as uranyl-(peroxo)-halo species. It is not yet 
understood what is the exact speciation of the U(VI) on the surface at the 
depth measured by UPS, since the UPS and XPS U 5f spectra analysis is 
based on a totally different methodology from U 4f and O 1 s spectra 
analysis i.e., informative peak deconvolution cannot be performed. 
What is clear is that studtite should be formed at the sample surface with 
UPS detection depth after exposure to γ-radiation in pure water (since 
studtite was characterized at an even deeper depth measured by XPS). 
Fig. 10 summaries surface compositions after exposure to γ-radiation in 
pure water and halide solutions at the depth measured by XPS and UPS, 

Fig. 8. Valence band spectra (XPS source) of the UO2 surfaces after exposure to γ-radiation in pure water and in 1 M aqueous solutions of either Cl- or Br- with the O 
2p peak deconvolution. 
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respectively. 

4. Conclusion 

The dissolution of UO2 exposed to γ-radiation in pure water and 1 M 

aqueous solutions of either Cl- or Br- was studied. For pure water, the 
UO2

2+ concentration increases significantly during the first 48 h. 
Thereafter, the UO2

2+ concentration decreases. This can be attributed to 
precipitation of studtite. The low concentration of UO2

2+ in 1 M aqueous 
solutions of either Cl- or Br- is attributed to the adsorption of UO2

2+ on 
UO2 facilitated by the high ionic strength. The adsorption is also affected 
by the pH of the solution relative to the point of zero charge of UO2 and 
the speciation of the UO2

2+. Formation of studtite on oxidized UO2 sur-
faces after exposure to γ-radiation in pure water was confirmed by XPS 
and UPS. In addition, XPS show that the UO2 surfaces were oxidized 
with U(V) as the dominating state after exposure to γ-radiation in pure 
water and 1 M aqueous solutions of either Cl- or Br-. The calculated 
stoichiometric ratios of U/O based on the deconvolution of U 4f7/2 
spectra are 84 % UO2.41 and 16 % (meta)-studtite, UO2.34 and UO2.33, for 
pure water, 1 M Cl- and 1 M Br- solutions, respectively. XPS results show 
no observable amounts of U(VI) on the oxidized UO2 surfaces after ex-
posures to γ-radiation in 1 M aqueous solutions of either Cl- or Br-, while 
UPS results confirm the existence of significant amounts of U(VI) on the 
outer thin layer of oxidized UO2 after exposures to γ-radiation in 1 M 
aqueous solutions of either Cl- or Br-. For pure water, 100 % of the U in 
the outer thin layer is U(VI) after exposure to γ-radiation. 

Fig. 9. Valence band spectra (UPS source) of the UO2 surfaces after exposure to γ-radiation in pure water and in 1 M aqueous solutions of either Cl- or Br- with the O 
2p peak deconvolution. 

Table 3 
Summary of peak positions, FWHM, and U 5f to O 2p3/2 peak area ratio.  

Solutes (Type of 
photoemission) 

peak 
position 
of U 5f 

Peak 
position of 
O 2p3/2 

FWHM 
of U 5f 

FWHM 
of O 2p3/ 

2 

U 5f to O 
2p3/2 

peak 
area 
ratio of 

Ref (XPS) 1.28  4.53 1.17  2.16 1.94 
None (XPS) 1.05  4.11 0.94  2.69 0.35 
1 M Cl- (XPS) 1.12  4.17 1.01  2.46 0.88 
1 M Br- (XPS) 1.15  4.18 1.02  2.46 0.95 
Ref (UPS) 1.27  5.44 0.82  3.05 0.043 
None (UPS) –  5.19 –  3.04 0 
1 M Cl- (UPS) 1.20  5.08 0.79  2.63 0.018 
1 M Br- (UPS) 1.13  5.13 0.66  2.95 0.021  
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Appendix A. Supplementary material 

UO2 pellet and powder surface pre-washing. Details of volume 
compensation (normalization) in dissolution experiments. Calibration 
curve of Br3

- Dissolution of UP-2 and UP-3 in pure water and 1 M aqueous 
solutions of either Cl- or Br- exposed to γ – radiation. Br3

- induced 
dissolution of UO2 (for 25 and 75 mg). Mole fraction of U(IV), U(V) and 
U(VI) from U 4f7/2 peaks. Full XPS scans of UO2 reference sample and 
the samples after exposures to pure water and 1 M aqueous solutions of 
either Cl- or Br-, respectively. Supplementary data to this article can be 
found online at https://doi.org/10.1016/j.apsusc.2023.158955. 
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