
Lawrence Berkeley National Laboratory
LBL Publications

Title
Submicrometer spectromicroscopy of UO2 aged under high humidity conditions

Permalink
https://escholarship.org/uc/item/8fh4881x

Journal
Journal of Vacuum Science & Technology A Vacuum Surfaces and Films, 40(4)

ISSN
0734-2101

Authors
Ditter, Alex S
Pacold, Joseph I
Dai, Zurong
et al.

Publication Date
2022-07-01

DOI
10.1116/6.0001880

Copyright Information
This work is made available under the terms of a Creative Commons Attribution-
NonCommercial License, availalbe at https://creativecommons.org/licenses/by-nc/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8fh4881x
https://escholarship.org/uc/item/8fh4881x#author
https://creativecommons.org/licenses/by-nc/4.0/
https://escholarship.org
http://www.cdlib.org/


 1 

Sub-Micron Spectromicroscopy of UO2 Aged Under 
High Humidity Conditions 

 

Alex S. Ditter,1 Joseph I. Pacold,1 Zurong Dai,2 M. Lee Davisson,2 David Vine,3 Scott B. 
Donald,2 Brandon W. Chung,2 and David K. Shuh1,a 

1Lawrence Berkeley National Laboratory, Chemical Sciences Division, Berkeley, CA 94720 
2Lawrence Livermore National Laboratory, Livermore, CA 94550 
3Lawrence Berkeley National Laboratory, Advanced Light Source, Berkeley, CA 94720  
 

a) Electronic mail: DKShuh@lbl.gov 

 

The oxidation of uranium dioxide is a complicated process, depending on factors including 

humidity, temperature and microstructure. To further determine the characteristics of this process, 

UO2 particles were allowed to age and agglomerate under 98% relative humidity at room 

temperature for 378 days. A focused ion beam (FIB) section of this agglomeration was then 

measured at the O K-edge, U N5-edge, and C K-edge at the scanning transmission x-ray 

microscope (STXM) at the Advanced Light Source (ALS). O K-edge and U N5-edge x–ray 

absorption measurements allowed for the elemental and chemical species mapping of the 

agglomerates and indicated the formation of schoepite at the sub-micron scale in specific locations. 

Non-negative matrix factorization (NMF) was employed to elucidate the main components at the 

O K-edge which were a uranyl (schoepite) formed primarily at the interface of the sample with the 

controlled atmosphere, a UO2-like bulk component present in the majority of the sample, and an 

oxygen species present at the surface of the FIB section which is likely adsorbed water. STXM 

spectromicroscopy measurements at the U N5-edge measurements also confirmed the location of 

oxidized uranium. This analysis is a valuable insight into the formation of schoepite on UO2 and 

shows the sensitivity to and utility of STXM spectromicroscopy for uranium speciation. 
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I. INTRODUCTION 
The oxidation of uranium dioxide is a complicated process, depending greatly on factors 

including humidity, temperature, microstructure, and dopants.1-3 When stored in dry, room 

temperature conditions, UO2 will quickly oxidize to form a thin layer of U3O7 or U4O9 at the 

surface by the incorporation of excess oxygen in octahedral holes in the fluorite lattice 

structure,4-6 and will continue to oxidize the bulk of the material at a reduced rate through a 

diffusion controlled process.7 In the presence of water, the higher valence uranium oxides are 

formed as schoepite or metaschoepite, possibly through a dissolution-precipitation process.8,9 

Studies on UO2 powders aged under humid conditions has shown that water is a more effective 

oxidizer at low temperatures, but oxygen becomes more effective at higher temperatures.10 

Because this oxidation happens primarily at the surface of the sample, microstructure and surface 

area are highly important, key characteristics in this process. 

Oxidation of UO2 is an active area of study resulting from its technological ramifications. 

One key application is nuclear forensics and safeguards, where a variety of information taken 

from a sample of interest can be used to inform on its origin and history.11-13 Understanding 

oxidation under humid conditions could allow for chemical analysis of a sample to yield 

information on how a sample was stored or processed.14,15 This together with other information 

like isotopic abundance and morphology may help to further inform questions of recent 

provenance.16 In addition to forensics applications, nuclear fuel is predominantly UO2, and so the 

oxidation and resulting volume expansion of this material is critically important to designing 
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fuels, as well as having implications for waste storage.17-20 Uranium oxidation is also a primary 

factor in understanding how uranium interacts with the environment and biological systems.21-24  

Spectromicroscopy using a soft x-ray scanning transmission x-ray microscope (STXM) 

has the potential to yield a wealth of information on the oxidation and hydration of UO2. Oxygen 

K-edge x-ray absorption near-edge structure (XANES) spectroscopy has been shown to be a 

highly sensitive tool for speciation of uranium beyond simple oxidation state determination.25-27 

A unique ability of the STXM is to focus to a spot size as small as tens of nm, allowing for fine 

resolution mapping of chemical species in a sample.28-31 The uranium N4,5-edge unlike the O K-

edge, has only moderate sensitivity to uranium oxidation and contains limited chemical 

information,32 whereas the carbon K-edge could yield difficult to obtain information about the 

nature of carbon in specific materials. 

Because of the short penetration depth of soft x-rays,33 STXM requires a thin sample, 

necessitating the use of a focused ion beam (FIB) to create slices which are 100-200 nm thick. 

STXM measurements of FIB sections have been performed before to great success,34-41 including 

recent work to determine the uranium chemistry in spent nuclear fuel.42 Given the radioactive 

and hazardous nature of actinide samples, the FIB sample is also ideal in that the amount of 

uranium is so small that specialized radiological containment is not necessary. 

II. EXPERIMENTAL 

A. Sample Preparation 
A 10 g sample of loose powdered stoichiometric UO2 was exposed to 760 Torr of 

atmospheric gas held at 98% relative humidity at room temperature for 378 days. 

Characterization by XRD and XPS of the powder showed that it was UO2 prior to aging.9 The 

relative humidity of the sample was controlled by placing an inorganic salt slurry of K2SO4 into a 
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vacuum desiccator, which was then allowed to equilibrate to a fixed value inside the vessel and 

monitored with an internal hygrometer. An aliquot of the sample was then dispensed in room air 

and loaded in a HEPA-filtered hood onto a carbon sticky tape mounted on a SEM stub. A FIB 

cut was performed in a FEI Nova600i Nanolab FESEM instrument with dual beam focus 

comprising a Ga+ liquid metal source FIB and a field emission gun SEM. This dual beam 

microscope is fitted with an Omniprobe in-situ micromanipulator and an Ascend Instruments 

Extreme Access (AIEA) extraction system. The material was examined by SEM in the FIB 

instrument and a representative particle was carefully chosen from which to extract the thin 

section. A platinum strap was applied onto the top surface of section using in-situ deposition 

induced by electron beam (e-Pt coating) and ion beam (i-Pt coating) to protect the surface 

structure free from bombardment damage during FIB cutting. The Pt source is (CH3)3Pt(CpCH3) 

which is first deposited as a thin carbon-rich Pt-C layer by the electron beam, and then in a much 

thicker Pt layer by the Ga+ ion beam.The lifted FIB section was attached to a TEM grid, which 

was then transferred to LBNL for STXM measurement. In total, the FIB sectioning process took 

approximately 8 hours. 

B. STXM Measurements 

The TEM grid containing the sample was affixed to an aluminum plate and loaded into 

the Advanced Light Source (ALS) STXM at beamline 11.0.2.43 The chamber was evacuated then 

backfilled with He. STXM measurements were taken under normal operating conditions (500 

mA beam current in top off mode, 1.9 GeV). The sample was rastered across the beam to 

generate an image of the sample. Images were taken at many energies for each edge to generate a 

stack. This stack then contains an x-ray absorption spectrum at each pixel of the image, which 

can be averaged for improved statistics or analyzed with other techniques. Measurements were 
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taken between 510 eV and 570 eV at the O K-edge, 710 eV and 805 eV at the U N4,5-edge, and 

275 eV and 310 eV at the C K-edge. The measurements of these spectra took approximately 1.3 

hours, 1.6 hours, and 0.7 hours respectively. The FIB section was examined for a total of 8 hours 

in the STXM. 

C. Data Processing 

Data was processed using aXis200044 to align images and define regions of each stack to 

use for normalization. For each stack, a region outside the area of the sample was selected. The 

x-ray signal in this region was used to calculate the sample absorbance at each pixel of the 

images in the stack. Finally, the absorbance images were combined to generate absorption 

spectra with spatial resolution across the sample. Spectra were collected by selecting areas of 

each stack and averaging. Data at the O K-edge and U N4,5-edges was further analyzed using 

non-negative matrix factorization (NMF), a technique which for STXM measurements allows for 

the extraction of meaningful principal components.45,46 The specific implementation here which 

is well suited for STXM data has been described in previous work.42 

The number of components used in this analysis was constrained to be three components 

at the O K-edge and two at the U N4,5-edges. For the U edge, a larger number of components did 

not meaningfully improve fit quality. At the O K-edge, three components capture most of the 

variation in the data. The four-component analysis can provide a more accurate fit to the data but 

is unreliable in its convergence. This analysis is discussed in further detail in the SI.47 At the U 

N4,5-edges, the data was truncated to remove higher energies (including all of the U N4 edge) due 

to a loss of reliable STXM focus as energy was increased. This loss of focus introduces 

considerable distortions in the data which makes interpreting the NMF results unintelligible if 

data from the U N4-edge are included.  
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A high-resolution, full STXM chemical map of the entire sample is time prohibitive, so a 

chemical map of the entire FIB section was carried out by taking two images, one present at the 

schoepite peak of 531 eV, and one present at the UO2 peak of 533 eV. The difference of these 

two images is used to create a false color map of the schoepite and bulk species over the entire 

sample. Data processing, which benefitted from the earlier NMF implementation took about 40 

hours. 

 

III. RESULTS AND DISCUSSION 

A. Oxygen K-edge Measurements 

Figure 1 shows a normal contrast image of the FIB section measured at 531.5 eV. The 

platinum FIB support and copper TEM grid are labelled along with the area that the STXM 

stacks for the O K-edge, U N5-edge, and C K-edge were measured. Platinum was deposited at 

the surface of the sample, following the deposition of a thin carbon-rich layer, before sectioning, 

so the area exposed to the humid atmosphere is directly next to these two layers. The STXM 

stack was chosen to include both the main, upper interface of the sample with air (now bordering 

Pt) and largely unexposed areas of the bulk sample while still including regions without sample 

to normalize to. 
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FIG. 1. Normal contrast image of the FIB section measured at 531.5 eV. The Pt (blue) and Pt-C 

(orange) deposition layers are labelled on the image. The main interface of the sample with the 

air is just below these layers, labelled in red. The rectangles define the area of the sample 

selected for the uranium, oxygen (green) and carbon (purple) STXM stacks that are detailed in 

Fig. 2, 4, and 6 (green), and 7 (purple). 
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FIG. 2. a) Single image (530 eV) of stack (derived from the green area of Fig. 1). The slightly 

lighter area near the top is the interface of the sample with the air (before Pt deposition) and the 

bulk is the darker area below this. b) Average spectra taken in these two areas of this stack. 

Figure 2a shows a single normal contrast image of this stack measured at 530 eV. The 

lighter region towards the top of the image is the interface of the sample with the controlled 

atmosphere (before Pt deposition) and the darker region is denoted as the bulk. Spectra averaged 

over these two regions are shown in Fig. 2b. The interface region shows the typical transitions 
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present in uranyl and uranyl bearing minerals, and the bulk region looks similar to UO2, but with 

the presence of some oxidation. In particular, the peak at 531 eV is a transition into a uranyl π-

antibonding orbital, and its presence in the bulk region indicates that the selected bulk region 

consists of UO2 and a contribution from a higher oxide (likely schoepite or intermediates at the 

interface) in domains that cannot be resolved by STXM. 

Inhomogeneous specimens, similar to the one that is the focus of this study, are amenable 

to analyses like NMF which isolate the key components of the sample. NMF separates the stack 

obtained by STXM spectromicroscopy into component spectra and obtains the spatial 

distribution of these components. Figure 3 shows the three components identified by NMF 

analysis. These components capture the majority of the variation across the sample, but a higher-

component can provide a better fit to the data, such as the four-component fit discussed in the 

Supplemental Information.47 However, the higher component fits do not consistently reproduce 

the same components, and so the discussion here is limited to the three component fit while 

acknowledging that this analysis, while capturing the main features of the O K-edge data, will 

miss some minor components. 

The first component is attributed to the bulk component because it makes up the bulk of 

the sample. Furthermore, comparisons with prior measurements indicate that this spectrum is 

largely consistent with UO2 with two main peaks at 532-534 eV and 539 eV. This is also 

consistent with other studies.14,26,48-50 The minor peak at 530 eV is an exception to this agreement 

and likely is an artifact of the NMF analysis. Because NMF will yield the same results under a 

linear combination of components, the local minimum at 531 eV in this component indicates that 

some addition of the interfacial component, which has a peak there, could bring the bulk 

component more in line with the reference spectrum. When considering a NMF fit using a higher 
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number of components, a similar component to this bulk component is sometimes obtained 

without this initial peak, which again indicates that the three-component analysis is not fully 

capturing the variation in the O K-edge data and other minor oxygen species exist in this 

sample.47  

 

FIG. 3. Components determined by NMF analysis at the O K-edge. The bulk component (brown) 

is similar to UO2 spectra previously measured (purple),26 and the schoepite component (red) is 

similar to schoepite previously measured (green).25 The surface component (orange) is present 

throughout the sample including on the platinum support and is similar to, but not exactly the 

same as the spectrum of liquid water (blue). 

The second component is labelled the interfacial component as it is primarily located near 

the upper interface of the specimen and the controlled atmosphere prior to FIB sectioning. This 



 11 

component is a uranyl phase of uranium, evidenced by the three main features of the sharp peak 

at 531 eV, the shoulder at 534 eV and the second main peak at 535 eV. These three features are 

assigned to transitions to the π*u, σ*u, and π*g antibonding orbitals of the central U=O bond 

respectively.51 The relative strength of the σ*u transition is a fairly unique aspect of the 

oxyhydroxides measured in Ward et al. when compared to other possible uranyl spectra. This 

spectrum is also clearly distinct from UO3 which has a lower energy first peak and broader 

second peak.26,52 The main difference between this spectrum and the one measured by Ward et 

al. is that the first π*u transition is slightly less intense in the schoepite component measured 

here. Other minerals measured in Ward et al. have a similarly reduced relative intensity in this 

peak and that is attributed to the distortion of the U=O bond from other atoms like Si. In this 

case, the slightly reduced peak intensity could be due to the formation of amorphous rather than 

crystalline schoepite, slight dehydration of the schoepite, or contributions from an intermediate 

oxide. It could also be that this is dehydrated schoepite, which forms under high humidity 

conditions and could have slightly different peak intensities than schoepite.53-55 

Finally, the third component is labelled the surface component as it forms and is found 

over the entirety of the sample, including the platinum coating. Because platinum is largely 

unreactive, this is thought to be a surface layer which has been adsorbed on the sample after FIB 

sectioning. The spectrum is similar and resembles, but is not exactly the same as water, which is 

one possibility for this surface constituent, though other possibilities cannot be fully excluded. 

The main difference between the surface component obtained here and a liquid water spectrum it 

is that the pre-edge feature at 535 eV is absent in the surface component spectrum. This feature 

has been shown to be dependent on the hydrogen bonds formed in liquid water, so if this water is 

primarily adsorbed to the surface of the FIB section it is not surprising that the intensity of this 
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feature would change for the surface component which has substantial interactions with the 

surface of the sample. An extensive investigation of potential oxygen compounds adsorbed to the 

surface is not presented here as the surface of the FIB section is not the main focus of this 

analysis.  

Figure 4 shows the spatial locations of the three components from the specimen. As 

mentioned earlier the surface component is present throughout the sample, including the 

platinum region (top). The bulk component and schoepite components are largely exclusive of 

each other, with the bulk making up the majority of the sample, and the schoepite is concentrated 

at the interface and grains. However, some schoepite is present throughout the bulk of the 

sample, indicating that there are small regions of schoepite in at the sample bulk interface which 

are too small to resolved distinctly by STXM. This is expected, given the spectrum obtained by 

averaging over a bulk area in Fig. 2 had some characteristics of uranyl, namely the peak at 531 

eV. Because this is a thin slice through a three-dimensional agglomeration, there are regions of 

primarily interfacial component that do not appear near a void in the sample (i.e., the long 

inclusion to the left of the central void in Fig. 3.), that may in fact have been near a void in three-

dimensional space prior to FIB sectioning. The schoepite is concentrated both at the interface of 

the sample (near the platinum) and in inclusions in the bulk of the sample. 
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FIG. 4. a) RGB image of the three components identified by NMF analysis. These components 

are the b) surface component, c) interface component, and d) bulk component. The scale at the 

bottom is optical density above the edge for each component (proportional to oxygen quantity in 

each phase). 

Figure 5 shows a chemical map of the entire FIB section. Blue areas indicate schoepite 

concentration and red areas are mainly bulk oxide. This indicates that there are several volumes 

where schoepite is present in the interior of the sample since these regions are near voids 

exposed to the controlled atmosphere, later exposed by FIB sectioning. 
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FIG. 5. False-color chemical map of entire FIB section generated by subtracting two images 

taken at different energies. Blue areas indicate higher schoepite content and red areas indicate 

bulk UO2-like uranium. 

 

B. U N5-edge 

Results from the U N5-edge are given in Fig. 6 and Fig. 6a shows the two components. 

The first is labeled bulk as it is located throughout the bulk of the sample. The other is labeled 

schoepite because it is located in the same areas of the sample where schoepite was identified. 

The peak of the schoepite component is higher in energy than the bulk component by 

approximately 1.8 eV, which is similar to prior measurements at this edge.56,57 Because STXM 

focus was lost approaching the U N4-edge, a branching ratio analysis is not possible. The spatial 

maps of these components are shown in Fig. 6b and 6c. The locations of these components match 

up very well with the bulk and schoepite components measured at the O K-edge. This is an 

important confirmation of the results from the oxygen K-edge, but this also shows that the U N-

edges can be used for oxidation state mapping, which can be very useful for compounds where 
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the ligand edge is either not easily measurable or ambiguous such as in solid solutions like mixed 

oxide fuels. 
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FIG. 6. NMF fit results on a U N5-edge map collected in the same region as the O K-edge stack 

(area given by the green rectangle in Fig. 1). a) Components determined by NMF fitting at the U 

N5-edge. Spatial map of the interfacial (b) and bulk (c) components which matches well with O 

K-edge components. 

C. C K-edge 

Figure 7a shows the area of a stack taken at the C K-edge (near the top-right of the 

sample). Fig. 7b is the C K-edge spectrum collected over the corner of the stack in which sample 

material was present. Carbon is a challenging edge to measure due to its low photon energy and 

the tendency of carbon to build up on a sample during measurement. However, the presence of 

carbon can be a vital piece of compositional information and an important clue to the history of a 

sample. Maps of carbon could be particularly important, highlighting areas of interest on a 

sample, and STXM spectromicroscopy is one of the few techniques capable of conducting a 

detailed chemical analysis of carbon at this scale.  

The predominant feature of this carbon spectrum is the main peak at approximately 285 

eV. This is similar to graphite which has a strong 1s to π* antibonding orbital transition at this 

energy.58,59 Graphite also has a distinctive 1s-σ* antibonding orbital at approximately 290 eV, 

but in the case of amorphous carbon, this transition is broadened and less distinct, which is 

similar to the carbon spectrum observed here.60 This is not the only possibility, as this π* 

antibonding orbital transition is present in the spectra of many hydrocarbons as well, which have 

a wide variation to their spectra.61,62 The deposition of carbon during FIB sectioning is well 

known and both hydrocarbons and amorphous carbon are species which have been observed in 

this context in the past.63 
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FIG. 7. a) Normal contrast image showing the location of the C K-edge stack on the sample (see 

Fig. 1 for context). At left is the Pt and carbon-rich Pt deposition layers (dark), whereas the light 

part of the image consists of the sample. (b) C K-edge spectrum averaged over the red region of 

the stack labelled “sample” in a). 

 

IV. SUMMARY AND CONCLUSIONS 

UO2 was aged for 378 days under high humidity conditions and examined using STXM 

spectromicroscopy to understand how the UO2 changes under these conditions. An interfacial, 

amorphous schoepite and bulk UO2 phase are identified from NMF with the possibility of the 

schoepite being slightly dehydrated. The schoepite is located in large areas at the interfaces of 

the sample (particularly the upper interface), but also in smaller interfacial regions throughout 

the sample. This is confirmed by U N5-edge measurements which are consistent with the O K-

edge results and show utility for future oxidation state measurements at this edge. Non-negative 
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matrix factorization was shown to be particularly valuable in discerning the different phases of 

uranium in the sample and mapping these spatially. Carbon K-edge spectromicroscopy was also 

demonstrated, showing the utility of this approach for characterizing carbon and carbon 

speciation in specimens prepared by FIB.  

The oxygen K-edge has a unique sensitivity for uranium oxide speciation that is difficult 

to achieve with other techniques. In particular, full chemical speciation of amorphous samples is 

particularly difficult using electron microscopy diffraction or x-ray diffraction. The ability to 

identify and precisely determine the location of schoepite is an invaluable piece of information 

within in a forensics context that yields insight into the provenance of the specimen. Coupling 

STXM spectromicroscopy with FIB sectioning allows for soft x-ray measurements which are 

sensitive to both the bulk and interface of a sample with resolution better than 50 nm. Since only 

a small amount of material is required, this technique could be used with even highly radioactive 

materials. Moving forward, the combination of STXM and FIB sectioning technique has shown 

to be a valuable tool for the study of nuclear forensics, safeguards, advanced fuels, and 

environmental specimens.  
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