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ABSTRACT: The effects of radiation on a variety of uranyl peroxide
compounds were examined using γ-rays and 5 MeV He ions, the latter to
simulate α-particles. The studied materials were studtite, [(UO2)(O2)-
(H2O)2](H2O)2, the salt of the U60 uranyl peroxide cage cluster,
Li44K16[(UO2)(O2)(OH)]60·255H2O, the salt of U60Ox30 uranyl
peroxide oxalate cage cluster, Li12K48[{(UO2)(O2)}60(C2O4)30]·nH2O,
and the salt of the U24Pp12 (Pp = pyrophosphate) uranyl peroxide
pyrophosphate cage cluster, Li24Na24[(UO2)24(O2)24(P2O7)12]·120H2O.
Irradiated powders were characterized using powder X-ray diffraction, Raman spectroscopy, infrared spectroscopy, X-ray
photoelectron spectroscopy, and UV−vis spectroscopy. A weakening of the uranyl bonds of U60 was found while studtite,
U60Ox30, and U24Pp12 were relatively stable to γ-irradiation. Studtite and U60 are the most affected by α-irradiation forming an
amorphous uranyl peroxide as characterized by Raman spectroscopy and powder X-ray diffraction while U60Ox30 and U24Pp12
show minor signs of the formation of an amorphous uranyl peroxide.

■ INTRODUCTION

Water that interacts with radioactive wastes may contain
significant quantities of hydrogen peroxide produce by
radiolysis. Alteration of uranium-rich nuclear waste in contact
with such water can result in formation of uranyl peroxides
with diverse compositions and structures.1−4 Combination of
uranyl ions and hydrogen peroxide in aqueous solutions with
pH less than about 9 often results in precipitation of studtite,
[(UO2)(O2)(H2O)2](H2O)2,

5 which is commonly produced
during uranium processing owing to its low aqueous solubility.
In contrast, in alkaline aqueous solutions uranyl ions readily
combine with peroxide to produce an extensive and complex
family of nanoscale uranyl peroxide cage clusters, the salts of
which are very soluble in water.4,6−8 Uranyl peroxide cages
have potential applications in nuclear fuel cycles, specifically
separation and purification of uranium on the front-end and
back-end of the cycle as well as a possible role in the transport
of actinides in the environment.9 The separation of uranyl
peroxide clusters from solutions derived by dissolving
simulated spent nuclear fuel10 and aqueous solutions was
recently demonstrated using ultrafiltration.11

The first mention of a uranium peroxide compound in the
literature appeared in 1877.12 By 1950 [(UO2)(O2)(H2O)2]-
(H2O)2 and [(UO2)(O2)(H2O)2] were reasonably well-
characterized,13 although the structure for [(UO2)(O2)-
(H2O)2](H2O)2 was only determined in 2003.14 These two
compounds occur as minerals, with the tetrahydrate named
studtite in 194715 and the dihydrate metastudtite in 1983.16

The yellowcake produced from modern in situ uranium mining
is usually a mixture of uranyl peroxides and oxides that result
from heat treatment of studtite. Uranyl peroxide hydrates
dehydrate above 200 °C to form an X-ray amorphous
compound with approximate composition U2O7 that reacts
with water to produce oxygen gas.17,18 This compound likely
contributed to accidents resulting from pressurized drums of
yellowcake in the USA and Canada.19 It is also known that
electron-beam irradiation can amorphize studtite and meta-
studtite under vacuum, and with continued irradiation, UO2

uraninite nanocrystals may form.20

The first uranyl peroxide cage cluster was discovered in
2005,6 and more than 65 uranyl peroxide clusters have since
been reported. They contain from 16 to 124 uranyl ions and
have diameters ranging up to 4 nm.7 Uranyl peroxide
polyhedra self-assemble in alkaline aqueous solution under
ambient conditions.7,21 Although peroxide is an essential
component of this family of nanomaterials, structural and
chemical complexity is enhanced by incorporation of several
other uranyl-bridging ligands including hydroxyl, nitrate,
pyrophosphate, and oxalate.7 The oxygen atoms of the roughly
linear (UO2)

2+ uranyl ion stabilize the cage clusters both on
the inside and outside, as these strongly bound atoms are
relatively unreactive.
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Here we select four uranyl peroxide compounds for study
under intense γ-irradiation and He ion irradiation and
characterize the starting and irradiated materials using a
combination of powder X-ray diffraction (PXRD), Raman
spectroscopy, infrared (IR) and UV−vis spectroscopy, and X-
ray photoelectron spectroscopy (XPS). The first of these is
studtite, [(UO2)(O2)(H2O)2](H2O)2, the structure of which
contains infinite chains of uranyl hexagonal bipyramids in
which adjacent uranyl ions are bridged by bidentate peroxide.14

The chains are linked into the crystal structure through H
bonding involving interstitial H2O and H2O coordinated to the
uranyl ions.
Three of the compounds selected for study here are salts of

nanoscale uranyl peroxide cage clusters. The salt of U60,
Li44K16[(UO2)(O2)(OH)]60·255H2O, contains cages built
from 60 uranyl ions with peroxide and hydroxyl bridging the
uranyl ions and has a fullerene topology identical to C60.

22−25

The stability of U60 has been studied in different environments
and was determined to persist in high-pressure (17.4 GPa)26

conditions as well as environmentally relevant conditions with
goethite and hematite.27,28 The salt of U60Ox30 uranyl peroxide
oxalate cage clusters, Li12K48[{(UO2)(O2)}60(C2O4)30]·nH2O,
contains cage clusters derived from U60 by replacing 30 pairs of
hydroxyl groups with 30 oxalate ligands.29−31 The salt of
U24Pp12 (Pp = pyrophosphate) uranyl peroxide pyrophosphate
cage clusters, Li24Na24[(UO2)24(O2)24(P2O7)12]·120H2O, con-
tains cages composed of 24 uranyl polyhedra arranged into six
uranyl peroxide tetramers. These tetramers are connected by
bridging peroxo ligands and are cross-linked by Pp ligands.32,33

The terminal oxygen atoms of the phosphate groups were
determined to be unprotonated using single crystal neutron
diffraction studies and participate in hydrogen bonding with
nearby H2O groups.34

■ EXPERIMENTAL SECTION
Sample Preparation and Analysis. Uranyl peroxide compounds

were synthesized following previously reported methods.14,23,31,32 The
uranyl peroxide solids were analyzed before and after irradiation using
Raman spectroscopy, XPS, IR spectroscopy, UV−vis spectroscopy,
and PXRD.
PXRD measurements of studtite were collected using a Bruker D8

Advance Davinci powder X-ray diffractometer with a Cu Kα X-ray
source. Scans were taken over a range of 7−50° 2θ while the sample
was rotated at 15 rpm.
Raman spectroscopy measurements were taken using a Renishaw

inVia Raman instrument. In our configuration, the estimated spot size
is 10 μm and a 785 nm excitation laser was used for all compounds.
Static scans had a laser power of 0.5%, 15 accumulations, and 1 s
exposures while the extended scans were set to 0.1%, 10
accumulations, and 10 s exposures. Cosmic ray removal was done
for all Raman scans. Raman spectra were fitted using OriginPro and
Lorentzian functions. The inverse of the second derivative was used to
identify hidden spectral bands.35

Infrared spectroscopy for γ-irradiated samples was performed using
a Bruker Vortex 70 instrument. All uranyl compounds were mixed
with KBr prior to collection. The spectral range collected was 400−
4000 cm−1. For He ion irradiated samples, IR was measured using a
Bruker Lumos FT-IR in the attenuated total reflectance (ATR) mode.
All IR measurements of He ion irradiated samples were collected
directly from the irradiated SEM stub. The spectral range collected
was from 600 to 3998 cm−1.
XPS was performed on a PHI VersaProbe II X-ray photoelectron

spectrometer equipped with a monochromatic Al Kα X-ray source.
Wide survey scans over the binding range of 1486−0 eV were
collected using a pass energy of 187.85 eV. High-resolution scans
were taken of each element of interest with a pass energy of 23.5 eV.

The estimated sample spot size was 100−200 μm in diameter and 10
nm in sampling depth. Data analysis was completed using PHI
Multipak, and the energy scale was calibrated by setting the main
carbon peak (C−C) to 285 eV.

UV−vis spectra were collected on a Jasco V-670 UV−vis−NIR
spectrometer. Spectra of polycrystalline powders were collected using
an integrating sphere from 200 to 800 nm.

Irradiation. Irradiations with γ-rays were performed using a self-
enclosed Shepherd 60Co source at the University of Notre Dame
Radiation Laboratory. The dose rate determined by Fricke dosimetry
as of January 2019 was 88.4 Gy/min. Polycrystalline powders were
degassed using freeze−thaw techniques and flame-sealed in Pyrex
tubes (1 cm diameter × 10 cm) for radiolysis. For α-irradiations, 5
MeV He ions were applied using the 9S Accelerator of the Nuclear
Science Laboratory at the University of Notre Dame with a beam
current of about 10 nA. Absolute dosimetry was performed by
combining the incident energy with the integrated beam current. The
beam diameter was 0.635 cm with a penetration of about 12 μm.
Argon was flowed across the sample interface to reduce any oxygen
interactions and to keep the sample at ambient conditions. Irradiation
times were about 2 h, and no sample heating was observed. Uranyl
peroxide samples for α-irradiation were prepared by depositing
polycrystalline powder on SEM stubs using carbon tape. Typical doses
for γ-irradiation were 1 MGy while that for He ion irradiation was 50
MGy.

■ RESULTS AND DISCUSSION
PXRD was used as an initial characterization tool to determine
structural changes that occurred in the bulk sample during
radiation. The salts of uranyl peroxide clusters such as U60,
U60Ox30, and U24Pp12 do not diffract well upon removal from
the mother liquor and grinding because the crystallinity is
impacted by dehydration. Therefore, only studtite was
analyzed using PXRD. The PXRD patterns of studtite for the
pristine and γ-irradiated samples are very similar (Figure 1). A

subtle broadening of the peaks is observed after γ-irradiation,
which is indicative of changes in the coherent domain of
scattering or crystallinity. After He ion irradiation to 50 MGy,
the material becomes amorphous with a broad peak ranging
from approximately 20° to 35° 2θ.
Raman spectroscopy was used to probe the chemical

changes of each of the compounds under study due to
radiation exposure and emphasized the spectral window that
encompasses the uranyl bonds and bridging peroxo groups

Figure 1. PXRD pattern of studtite PDF 00-016-0206 (green),
pristine studtite (black), γ-irradiated studtite (red), and He ion
irradiated studtite (blue).
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(700−950 cm−1). Generally for the cluster salts, bands in the
range of 800−820 cm−1 are assigned to the symmetric uranyl
stretch (OUO), while the bands in the range of 820−850
cm−1 are assigned to the symmetric stretch of the peroxo O−O
group.36 For studtite, the peak at approximately 865 cm−1 is
assigned to the symmetric stretch of the peroxo group.37 When
comparing the spectra of the pristine and γ-irradiated samples
of studtite and U60Ox30, the most noticeable difference is the
broadening of the Raman peaks in the spectra of the irradiated
samples (Figure 2). Fitting of the uranyl and peroxo bands
indicates that the full width at half-maximum (fwhm) of both
bond stretches increases after γ-irradiation for all compounds
examined with the exception of the U60Ox30 peroxo band at
843 cm−1 (Tables S1−S4). The samples also produce
significant fluorescence in the Raman spectra after γ-
irradiation. Both of these results indicate a partial loss in
crystallinity of all four compounds under study due to γ-
irradiation. The spectrum of the salt of the U24Pp12 cluster also
reveals a large decrease in the intensity of the bridging peroxo
peak at approximately ∼857 cm−1 (Figure 3a). A larger change
is seen with the γ-irradiation of U60 represented in Figure 3b.
Deconvolution of the peaks in the range of 700−950 cm−1

reveals a new peak at 786 cm−1 that is present only after γ-
irradiation. This red-shift of the uranyl band at ∼800 cm−1

indicates lengthening and weakening of the uranyl bond.35,38 A
change in the chemical environment of the uranyl ion such as
addition of a peroxide equatorial ligand made available by the
breakdown of U60 or development of stronger cation−uranyl
interactions is occurring.
Studtite and U60 undergo significant changes due to He ion

irradiation. During the He ion irradiation, the studtite sample
dehydrates from studtite to metastudtite. This transition is
indicated by the shift of the uranyl peak in the Raman spectra
from approximately 820 to 830 cm−1 in Figure 2a.37 The
Raman spectral peaks of studtite substantially broaden, and a
new broad peak develops at 755 cm−1 (Figure 2a). This peak
suggests the formation of a new uranium species due to the He
ion irradiation. In the spectrum of the salt of U60, the bridging
peroxo peak at ∼843 cm−1 decreases a substantial amount and
new broad peak appears at ∼748 cm−1 that is similar to that
observed for the studtite sample (Figure 3b). The original
uranyl band at ∼800 cm−1 is still present in the spectrum of the
He ion irradiated sample, but it is broadened. The spectra of
the salts of both U60Ox30 and U24Pp12 clusters exhibit

Figure 2. Deconvolution of the 600−950 cm−1 region of the Raman spectra of (a) pristine studtite (top), γ-irradiated studtite (middle), and He ion
irradiated studtite (bottom). (b) Pristine salt of U60Ox30 (top), γ-irradiated salt of U60Ox30 (middle), and He ion irradiated salt of U60Ox30
(bottom). The black line is the raw data while the blue dotted line corresponds to the fitted sum.

Figure 3. Deconvolution of the 600−950 cm−1 region of the Raman spectra of (a) pristine salt of U24Pp12 (top), γ-irradiated salt of U24Pp12
(middle), and He ion irradiated salt of U24Pp12 (bottom). (b) Pristine salt of U60 (top), γ-irradiated salt of U60 (middle), and He ion irradiated salt
of U60 (bottom). The black line is the raw data while the blue dotted line corresponds to the fitted sum.
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Figure 4. Infrared spectra of studtite (a) before irradiation and after γ-irradiation and (b) before and after He-irradiation.

Figure 5. Oxygen XPS envelopes for (a) studtite, (b) U60Ox30 salt, (c) U24Pp12 salt, and (d) U60 salt with the raw data represented by a black line
and the summed fit by a dotted blue line. Each peak is labeled with the corresponding oxygen.
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broadening of the peaks due to He ion irradiation, but also a
small additional peak appears at 747 and 758 cm−1,
respectively. The spectra of all He ion irradiated samples
exhibit varying degrees of formation of a new Raman peak at
approximately 750 cm−1 indicating the breakdown of the
uranyl peroxide compounds due to He ion irradiation. The
Raman spectroscopy extended scans are given in Supporting
Information (Figures S1−S4).
Infrared spectra were collected for each sample under study

to further characterize any changes in the chemical
composition due to radiation effects. The spectrum of studtite
has two broad bands from 3500 to 3000 cm−1 due to the −OH
stretch (Figure 4). The peak at approximately 1700 cm−1 is
also from the −OH stretch while the peak around 1630 cm−1 is
due to the bending mode of H2O molecules. The stretches at
915 and 750 cm−1 are assigned as the uranyl (UO)
asymmetric and symmetric vibrations, respectively.39−42 The
asymmetric stretch of the bridging peroxo group (U−O)
appears at approximately 600 cm−1.37 The salt of U60Ox30
infrared spectrum (Figure S5a) has similar features with
additional peaks between 1600 and 1300 cm−1 (C−O) from
the oxalate ligand. The IR spectra of the salts of U24Pp12 and
U60 have similar features arising from the uranyl and bridging
peroxo as previously described (Figures S6a and S7a). The
spectrum of the salt of U24Pp12 has four additional peaks from
the pyrophosphate groups located between 980 and 1170
cm−1. All analyzed spectra display no major changes before and
after 1 MGy γ-irradiation. For He ion irradiation, slight
changes are visible in the IR spectra. The spectrum for studtite
reflects the conversion to metastudtite during the irradiation
process,17 but the peaks due to absorbed H2O and the
symmetric and antisymmetric stretching of the uranyl ions
remain in the spectrum of the He ion irradiated sample (Figure
4b). The He ion irradiated sample of the U60Ox30 salt shows
major shifts in the region assigned to the oxalate ligand from
1600 to 1300 cm−1 indicating that the oxalate ligand is affected
by α-irradiation (Figure S5b). The spectra of the salts of
U24Pp12 and U60 show very little change after 50 MGy He ion
irradiation (Figures S6b and S7b).
High-resolution XPS scans were used to examine the U 4f7/2,

U 4f5/2, and O 1s envelopes upon radiolysis of the uranyl
peroxide compounds under study. Spectra for both U 4f7/2 and
U 4f5/2 of all of the compounds are given in the Supporting
Information Figures S8−S11. Both U 4f envelopes exhibit no

major changes before and after γ-irradiation to 1 MGy. The O
1s envelope reflects all of the bonds between oxygen and
uranium and provides additional information about the sample.
The peaks were assigned using previously reported XPS data
from uranyl minerals and synthetic compounds.43,44 The
binding energy (eV) ranges differ slightly for the salts of the
large uranyl peroxide clusters compared to the uranyl minerals.
All of the uranyl peroxide compounds contain a band resulting
from the O atoms linking uranyl polyhedra (U−O−U) and the
uranyl (OUO). The four main bands observed for
studtite in Figure 5a were assigned to O atoms bridging
uranyl polyhedra (U−O−U), uranyl (OUO), and two
types of H2O molecules. The same bonding types are present
within the spectra of the salt of U60Ox30 and include the
addition of carboxyl (COO) groups associated with the oxalate
ligand (Figure 5b). For the salt of the U24Pp12 cluster, the
spectrum includes signals from the P−O bond within the
pyrophosphate ligand, in addition to the uranyl, bridging O
atoms, and H2O molecules (Figure 5c). The U60 cluster has
the bridging O atoms, uranyl, and H2O bands present with the
addition of the hydroxyl (OH) group bound to the equatorial
position of the uranyl hexagonal bipyramids in the structure
(Figure 5d). Upon analysis of the O 1s envelopes of the spectra
of studtite, U60Ox30 salt, and U24Pp12 salt, very little variation
occurs in the location or area of the peaks before and after 1
MGy γ-irradiation. The spectrum of U60 salt exhibits a decrease
in the area of the uranyl band, in agreement with the
conclusion from the Raman spectra that the uranyl bond is
affected by γ-irradiation. For He ion irradiation, small changes
are visible in each O 1s spectral envelope. For the salt of
U24Pp12, the spectral U−O−U peak has slightly decreased. The
largest difference is for the salt of U60 (Figure 5d), as the band
we associated with U−OH bonds is absent in the He ion
irradiated sample. In addition, the peaks are shifted slightly,
perhaps due to the breakdown of U60. The U 4f envelopes do
not exhibit major changes except for the spectrum of the salt of
U24Pp12 in which a new peak in the binding energy range for
U5+ and U4+ is present in the He ion irradiated U 4f7/2
envelope (Figure S10). Production of U4+ or U5+ from U6+

along with phase modification has been shown to occur with
irradiation.45 XPS is a surface sensitive technique and is not
descriptive of the bulk material.
The salts of both U60Ox30 and U60 change from bright

yellow to orange during γ-irradiation. UV−vis spectra exhibit a

Figure 6. UV−vis of (a) U60Ox30 and (b) U60 showing the color change from yellow to orange.
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corresponding shift in Figure 6. For reference, the UV−vis
spectra of studtite and U24Pp12 are given in Figures S12 and
S13, respectively. We propose that the color change is due to
modification of the chemical environment of the uranyl bond,
as also indicated in the Raman and XPS spectra. Similar color
changes occur upon formation of a uranyl dimeric cluster by
incorporating a peroxo group in the equatorial plane of the
hexagonal bipyramid.46 During irradiation, a change in
bandgap can also occur due to trapped electrons. Electrons
could induce a stronger cation−uranyl interaction when they
are ejected by the irradiation, leading to a weaker uranyl bond.
Both of these phenomena are potential reasons for the
elongation of the uranyl bond and change in the bandgap.
Under He ion irradiation the color of studtite and the salt of

U60 changes (Figure 7). Upon addition of liquid water to

irradiated material, an immediate reaction occurs that releases
a gas (most likely O2) attributed to the breakdown of peroxide
(Figure 7 and Figure S14). Addition of water to the He ion
irradiated studtite caused conversion to bright yellow uranyl
oxide hydrate, metaschoepite, as shown by Raman and PXRD
in Figures S15 and S16, respectively. The pristine salt of U60
readily dissolved in H2O whereas the irradiated material
reacted with water releasing O2 gas. Most uranium oxides are
unreactive with water; therefore, this reactivity is most likely
due to a strained uranyl configuration. Similar properties have
been reported for U2O7, an amorphous uranyl peroxide
material found in yellowcake and formed from the heating of
studtite at 200 °C for 4 h. The proposed structure of U2O7 is
two bent uranyl ions bridged by a parallel bidentate peroxide
group and O atom.17 The breakdown of both studtite and the
salt of U60 results in an amorphous uranyl peroxide that is most
likely a smaller species similar to U2O7.

■ CONCLUSIONS
The responses of a variety of solid uranyl peroxide compounds
with different structure topologies to intense γ-irradiation and
He ion irradiation were characterized. All uranyl compounds
studied show a reduction of crystallinity with intense γ-
irradiation. The salt of U60 responds the most to γ-irradiation.
The red-shift of the uranyl stretch in the corresponding Raman
spectrum indicates weakening of the uranyl bond potentially
due to addition of stronger equatorial bonds or cation−uranyl
interaction produced by an ejected electron. This shift along
with the additional decrease in the uranyl band of the XPS
suggests some breakdown of the U60 cluster in the solid form
under γ-irradiation. Studtite, U60Ox30 salt, and U24Pp12 salt are
relatively stable with regards to direct γ-radiolysis. Under He

ion irradiation, all compounds tested produced a new Raman
spectral peak at approximately 750 cm−1 indicating their
breakdown and the formation of at least one new species.
Studtite and U60 salt were the most impacted by the He ion
irradiation. The product formed by He ion irradiation was
determined to be an amorphous uranyl peroxide phase by
PXRD, which is likely a smaller species similar to previously
described U2O7. Future studies are ongoing to decipher the
structure of the uranyl peroxide produced by He ion
irradiation. These results may lead the way to understanding
the effects of radiation on uranyl peroxide compounds under
different environmental conditions.
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