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Abstract

X-ray photoelectron spectroscopy was used to examine the surface chemistry of a variety of Pu(IV) compounds,

including PuO2 and Pu(OH)4. The Pu 4f, O 1s and C 1s binding energy regions were line shape fit to unequivocally

demonstrate that multiple species are present. Surface hydroxyls were ubiquitous in all PuO2 samples exposed to H2O

vapor or ambient air, and persisted with heating to 590 �C. Active surface sites for the reaction of H2O and other small

molecules and spectral features consistent with pure stoichiometric PuO2 can be regenerated by thermal energy or by

effects of a radiation field. Evidence of higher valence Pu species was observed in some treated samples with the formula

PuO2þx.

Published by Elsevier B.V.
1. Introduction

It has been suggested that surface reactions between

plutonium (Pu) oxide powders and water (H2O) vapor

could result in explosive conditions at Pu storage facil-

ities and increased solubility and migration of environ-

mental Pu contamination [1,2]. Pu metal in excess of

national defense needs and residues from decades of Pu

processing are being stabilized for storage. Current US

Department of Energy plans call for the storage of ex-

cess Pu by converting it to the dioxide and placing it in

sealed steel containers [3,4]. Reactions at the interface

between solid Pu oxide particles, adsorbed materials and

the vapor phase play a dominant role in determining the

resultant surrounding atmosphere and stability of the

solids. Understanding the chemistry at this interface,

particularly with respect to reactions with H2O vapor, is

crucial for predicting the storage behavior of these

powders. Safe storage of Pu oxide requires minimal

exposure to H2O vapor in order to limit chemically or
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radiolytically driven gas generation reactions. It may

also depend on limiting container storage time and

container corrosion rates.

Surface reactions and the resultant products are also

important to the fate of environmental Pu contamina-

tion. For example, surfacial Pu(V) or Pu(VI) species

may be expected to increase Pu solubility in ground-

waters and subsurface environments and thereby in-

crease Pu migration rates from past processing and

waste facilities onto public lands [5]. Reactions at the

solid–water interface are important for understanding

Pu adsorption and desorption from minerals and

ceramics.

This work investigates the chemical nature of the

surfaces of plutonium dioxide (PuO2), Pu hydroxide and

hyperstoichiometric Pu oxide powders. X-ray photo-

electron spectroscopy (XPS) provides reliable reference

spectra for the Pu 4f and O 1s levels of pure materials

that can be applied to more complex systems. Binding

energies for Pu metal, Pu2O3 and PuO2 are fairly well

established [6–9], and some Pu halides and oxyhalides

have been studied [10,11]. Most of studies were of pure

materials that are free of surface H2O and H2O reaction

products and as free as possible from other common

contaminants such as C that are present on surfaces

exposed to the atmosphere. The binding energy values,
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distinctive line shapes, and peak widths that have been

obtained in previous work on well-characterized mate-

rial are used to interpret measured spectra of more

complex oxides, mineral-adsorbed species, and un-

known forensic samples.
2. Experimental

One of the difficulties of working with Pu materials is

their chemical and radiotoxicity, which precludes unre-

stricted studies. The work described here was completed

in dedicated laboratories with appropriate engineered

controls and extensive air and personnel monitoring.

X-ray photoelectron spectroscopy (XPS) was used to

investigate the surface chemistry of a variety of samples

of Pu oxides, hydroxides and a carbonate. The appara-

tus used for most of these measurements was a Kratos

XSAM 800 X-ray photoelectron spectrometer system.

High-resolution spectra were acquired at 20 eV pass

energy using Mg Ka X-rays and an acceptance half-

angle of 25�. No flood gun charge compensation was

used in these measurements. Charge correction was

performed by referencing the adventitious (hydrocar-

bon-like) C to 284.6 eV binding energy. Thermal dehy-

dration treatments were performed while maintaining a

base pressure of 2 · 10�9 Torr. Data was collected after

at least 30 min equilibration at chosen temperatures.

The XPS data were also collected in earlier experiments

using a Physical Electronics (PHI) 15-255G cylindrical

mirror analyzer (CMA). Mg Ka X-rays were used to

excite the samples and data was collected at a pass

energy of 50 eV.

The PuO2 starting material for some of the experi-

ments was synthesized by the oxidation of doubly re-

fined a Pu metal. The typical metallic impurities were

on the order of 400 ppm. The metal was fired in air at

1000 �C, resulting in oxide powders with an average

particle size of about 10 lm. These ‘high-fired’ Pu oxide

powder samples were studied in the as-received

(atmospheric exposure condition), in heating (dehy-

dration) experiments up to 590 �C, exposed to air after

dehydration, and after controlled exposures to H2O

vapor.

Plutonium(IV) hydroxide solid, colloidal Pu(IV)

hydroxides, and Pu(VI) carbonate were prepared from

weapons grade Pu metal or oxide (approximately 94%

by weight 239Pu and 6% 240Pu). Stock solutions were

prepared by dissolving the solids in 4 M HClO4 or other

mineral acids and assayed for Pu(IV) concentration and

oxidation state purity using optical absorbance spec-

troscopy.

Plutonium(IV) hydroxide was prepared by diluting a

1.0 mL aliquot of a 0.63 M Pu stock solution into 5.0

mL of distilled, deionized H2O. The pH of that solution

was raised to 10.2 using 5.0 and 1.0 M NaOH. The
resulting green precipitate was washed three times with

distilled, deionized H2O, then washed with acetone

(CH3COCH3) and dried in air. Hydroxide powders

prepared in this manner are reportedly distinct from the

colloidal materials that can be prepared by treating Pu

solutions with weaker bases or peptizing the solid

hydroxide [12].

Colloidal Pu(IV) hydroxide was prepared using the

method reported by Lloyd and Haire [13] as follows: a

Pu(IV) stock solution was prepared by dissolving

weapons grade Pu (approximately 94% by weight 239Pu

and 6% 240Pu) in 4 M HClO4 and assayed for Pu(IV)

using optical absorbance spectroscopy. A 0.52 mL ali-

quot of the resulting 0.76 M Pu stock solution was ad-

ded to 3.0 mL of 4.0 M HNO3. The pH of the resultant

solution was raised to 6 using concentrated NH4OH and

then to 9.15 using 25% NH4OH to yield a finely divided,

green precipitate. The solid was washed with distilled,

deionized H2O six times and peptized in 0.08 M HNO3.

After heating at 82 �C for 8 h and adding 0.5 mL of 8 M

HNO3, approximately 75% of the material was sus-

pended in solution. The suspension was then placed in a

sonicator for 60 min The final solution concentration

was determined using previously established extinction

coefficients for colloidal Pu(IV) hydroxide formed under

similar conditions. The final solution pH was 1.7. The

suspension was centrifuged at 7000 rpm for 10 min to

remove larger sized colloids. An aliquot from the top of

the solution column was removed and dehydrated to

produce the common, nitrate-based colloid sample re-

ferred to as Pu(IV) colloid n. Material prepared using

this method reportedly has a particle size of approxi-

mately 2 nm and a NO3� to Pu4þ ratio of approximately

0.80 [14].

A second colloidal Pu(IV) hydroxide was similarly

prepared by Haire, et al., but heated and dried such that

the nitrate concentrate is significantly reduced and the

colloids aggregate. The final product was previously

determined to have a size of �80–100 �A and a NO3� to

Pu4þ ratio of approximately 0.1–0.15 [14]. This sample is

referred to as Pu(IV) colloid a.

Plutonium(VI) carbonate, PuO2CO3, was prepared

by adding 25% NH4OH to a 0.5 M HNO3, 0.1 M Pu(VI)

stock solution of weapons grade Pu to pH 7 followed by

bubbling CO2 through the stirred solution for two days.

The PuO2CO3 precipitated from the solution as a pink-

brown solid which was washed twice with distilled, de-

ionized H2O. The solid was suspended in H2O and CO2

was bubbled through the stirred suspension for three to

five days. Ozone was also bubbled through the suspen-

sion for the final two days to reoxidize any Pu that had

reduced via radiolysis. The resulting pink-brown solid

was characterized using powder X-ray diffraction (INEL

CPS-120 powder X-ray diffractometer), extended X-ray

absorbance fine structure (EXAFS) spectroscopy, and

diffuse reflectance spectroscopy. All of these analyses
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indicated that the material was isostructural with ruther-

fordine, UO2CO3 [15].

Hyperstoichiometric oxides, described elsewhere [5],

are Pu oxide powders with the formula PuO2þx. The

samples analyzed in this study were formed by the

reaction of high-fired PuO2 with H2O vapor at elevated

temperatures. The calculated composition for the

material used in this work is PuO2:26, based on the

pressure of H2 generated during the reaction at 300 �C
[16]. The slightly expanded cubic lattice parameter for

this material was 0.54022 nm, compared to 0.53975 nm

for stoichiometric PuO2. The structure PuO2þx remains

unresolved; thus, the fraction of Pu existing at higher

oxidation states in this material depends on how charges

are balanced within various proposed model structures.

One such structure [17], places a hydroxyl ion at the

FCC body center, and requires the oxidation of a

Pu(IV)AO to Pu(V)@O. The formula for this model

would more correctly be Pu4O8OH, consisting of three

Pu(IV) atoms and one Pu(V) atom. Other proposed

models place an extra O atom in various positions in the

FCC lattice, including in the central octahedral site.

Some charge transfer from the existing Pu atoms must

occur to balance the additional O, but the details are still

unknown. For most of the material analyzed in this

study, Pu is in the +4 oxidation state, with the exception

of PuO2CO3, which is in the +6 oxidation state. The

value for x in PuO2þx could be as high as 0.27, depending

on preparation conditions, implying the presence of Pu

in higher oxidation states. Samples were usually moun-

ted on conductive carbon (C) tape or, if thermal treat-

ments were planned, pressed into gold (Au) foil.

The powders spanned a range of specific activities

from 0.003 Ci/g (less than 0.1 mW/g) for a 242PuO2

powder to a rather high specific activity of 7.4 Ci/g (12

mW/g) for 241Pu-enriched 239PuO2 powder. This high

activity material was obtained during a forensic exercise

that was designed to characterize unknown nuclear

material. Although its origin is unknown, isotope con-

centration estimates obtained by mass spectroscopy for
238Pu, 239Pu, 240Pu, 241Pu and 242Pu were 1.9%, 57.3%,

26.4%, 7.8%, and 6.6% mass percentages, respectively.

Typical ‘weapons grade’ material is approximately 95%
239Pu and much lower in 238Pu and 241Pu, with a specific

activity of less than 1 Ci/g (less than 2 mW/g). Differ-

ences in specific activity had an apparent effect on sur-

face chemistry for these material, with effects being

roughly linear, that is, becoming more pronounced at

higher activities. The primary decay mode for 242Pu is by

the emission of 5 MeV alpha particles, but the longer

half-life of this isotope yields a much lower specific

activity relative to the other samples. The high activity

of the unknown material was largely due to the elevated
241Pu content, which decays primarily by the emission of

20 keV beta particles. A more significant difference from

the typical isotope mix, however, is due to an increase in
238Pu content (compared to typical Pu oxide) by about

three orders of magnitude. The 5 MeV alpha particles

emitted by 238Pu have the potential to deposit a great

deal more energy at the surface than the beta particles.

While the energy transfer of these decay products differ,

both can affect adsorbate surface chemistry, depending

on the specific activity due to varying isotope ratios. The

particle flux at the surface is sufficient to desorb small

molecules and/or break bonds with surface adsorbates,

resulting in a ‘cleaner’ surface. Surface analysts use a

technique called electron beam stimulated desorption

(EBSD) that is based on the removal of surface species

using incident electron energies of 5–20 eV. Typical

bond strengths are only a few eV, easily broken by the

energetic alpha and beta particles, as well as the sec-

ondary electrons that are produced. Hydroxide to oxide

ratios for the low (242PuO2), medium (typical oxide) and

high activity samples were about 20, 5 and 1, respec-

tively. These values correlate well with the specific

activities (and power/mass) of the samples and are a

relative measure of surface layer thickness. The surface

morphology and particle size distribution of the powders

can differ according to processing conditions. It is rec-

ognized that these properties also affect surface chem-

istry, however a systematic study of these effects is

beyond the scope of this study.
3. Results and discussion

3.1. Various Pu(IV) oxides

XPS has been used for many years to characterize

oxidized Pu metal surfaces and Pu-containing materials.

Pu 4f core levels are typically used to confirm the pres-

ence of Pu on surfaces and gather information about its

chemical state. During the analysis of air-oxidized Pu

metal, we have observed subtle shifts to higher binding

energies and/or broadening of the Pu 4f peaks compared

to standard PuO2 spectra created by oxidizing clean

metal under UHV. Pu deposited on surfaces from

aqueous or vapor phases also show this broadening and

binding energy increase. These spectra still contain the

basic spectroscopic features associated with Pu(IV)

oxide, but other chemical states appear to be present. In

the past, most analysts dismissed these spectra as too

complex to unravel or the result of charging problems.

Often the only other elements detected are C and O,

both in great abundance and in multiple chemical states.

The following results show that one of the most abun-

dant surface species on these air-exposed samples is

Pu(IV) hydroxide.

The spectra presented and described here were ob-

tained using the Kratos system and are consistent with

earlier work on a variety of nominally Pu(IV) com-

pounds that was done using a PHI 15-255G double pass
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CMA. The PHI instrument has somewhat lower reso-

lution than the Kratos system, but overall trends were

consistent between both systems for all the data col-

lected. Fig. 1 shows the Pu 4f and O 1s regions that were

collected from a series of Pu (IV) oxide powders. The

spectra were collected from standard high-fired PuO2

powder, treated PuO2 powder (PuO2þx), Pu(OH)4 and

two different preparations of dried Pu(IV) colloid pow-

der, shown from the top of the figure to the bottom,

respectively.

The upper traces in Fig. 1 are from a high-fired PuO2

powder. Pu 4f photoemission peaks show a spin–orbit

doublet for the Pu 4f5=2 and Pu 4f7=2 peaks at about 439

eV and about 426 eV, where they have been previously

reported [6]. Well-defined shake-up satellite peaks are

seen about 6 eV above the main peaks for PuO2. These

are energy loss peaks that appear in Pu(IV) compounds

[11]. The intensity of the shake-up satellites diminishes

and the band width increases for the other materials,

particularly for the colloidal Pu(IV). The O 1s region for

PuO2 shows greater intensity at lower binding energies

than the other materials, indicating that more of the

oxygen is bound to Pu as the dioxide at 529.5 eV. The

intensity at higher binding energies is likely due to sur-

face hydroxides, and matches well with the peak posi-

tion seen in the O 1s region for Pu(OH)4 (531.8 eV),

described below. Pu 4f binding energies for the colloidal

material are very similar to those observed for the
420430440450

Binding Energy (eV)  
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PuO 2+x

Pu(OH)4

PuO2 PuO2+x 

Pu(OH)4 
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Pu(IV) colloid n
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Fig. 1. Various Pu oxide preparations. Pu 4f and O 1s regions from

binding energies observed for these materials. The subtle shifts and r
hydroxide compound. This is not surprising, since col-

loidal Pu(IV) is thought to be composed of extended

polymer-like hydroxylated Pu oxides, in which different

O ligands will form different types of bonds with Pu [18–

20]. Water may also be a component of this material and

is consistent with the greater intensity observed at higher

binding energies in the O 1s region. The trends in

binding energy shifts are generally consistent with those

reported for transition metal hydroxides and Mg(OH)2
[21]. That is, shifts to higher binding energies are ob-

served with the addition of hydroxyls or with adsorbed

H2O. The highest binding energy shifts observed in the

Pu 4f region are for PuO2þx, indicating that Pu is in a

more electron-withdrawing environment here than in

Pu(OH)4. Under ideal conditions, the shake-up satellites

can be used to quantify the amount of Pu(IV) present

relative to the other oxidation states of Pu. An oxidation

state pure Pu(IV) compound produces satellite peaks

with intensities that are a certain fraction of the intensity

of the main peaks. If the satellites are less intense with

respect to the main peaks (than expected for an oxida-

tion-state pure material) then oxidation state(s) other

than +4 are present. Changes in the main peak to sa-

tellite ratios can be subtle, particularly when two or

more Pu(IV) compounds that have slightly different

binding energies are present. Because satellite peaks shift

along with the main peaks, energy changes can be ob-

scured. Shifts of the main Pu 4f peaks to higher binding
Binding Energy (eV)  
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O 1s

PuO2

PuO2 + x

Pu(OH)4

Pu(IV) colloid n
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a variety of Pu(IV) oxide preparations showing the range of

ather broad features suggest a variety of surface chemistries.
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energies without any shifts or increased intensity in the

satellite peaks, observed for PuO2þx, suggest the pres-

ence of Pu oxidation states higher than +4.

3.2. Thermal treatments of PuO2 powders

The complexities illustrated in Fig. 1 made it clear

that there are a variety of surface chemical states pos-

sible for Pu(IV), and that a systematic study was needed

to identify individual components. Thermal treatments

were used to desorb H2O and other labile surface species

under ultra-high vacuum (UHV) conditions while col-

lecting XPS data as the temperature was increased. After

heating, one of the samples was exposed to H2O vapor

and another exposed to ambient air. XPS data from all

of these experiments is discussed below.

3.3. 239PuO2

A sample of the high-fired 239PuO2 powder was ex-

posed to high humidity. The oxide was placed in an open

vial, which for two weeks was placed in a shallow, closed

vessel that contained 3.4 M H2SO4, resulting in a rela-

tive humidity of 97.5%. The sample was then analyzed

by XPS in the as-received condition, after heating to
5

Binding Energy (eV)
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As received

100° C

150° C

200°C

400°C

590°C

426.8 eV
Pu(OH)

4

425.5
PuO2

1010
 L H2O

Pu 4f 7/2

Pu2O3

Fig. 2. 239PuO2 thermal dehydration. Pu 4f7=2 and O 1s core levels for

of thermal treatments, then followed by exposure to 1010 L H2O. Pu 4

dioxide peak grows with respect to the hydroxide intensity. Exposure

the reduced Pu oxide.
100, 150, 200, 400, 590 �C and after exposure to 1010 L

H2O. The XPS data for the Pu 4f7=2 and O 1s core levels

from the as-received condition through the thermal

treatments up to 590 �C and subsequent exposure to

H2O vapor are shown in Fig. 2. The Pu 4f and O 1s peak

widths narrow and decrease in binding energy as the

surface loses hydroxides and oxy-carbon species at

higher temperatures and becomes more like bulk PuO2.

The broad distribution of chemical states observed in Pu

4f7=2 for the as-received sample gradually loses intensity

on the high binding energy side as heating progresses,

resulting in a single peak for PuO2 at 425.5 eV for the

400 �C treatment. Corresponding changes are also ob-

served in the O 1s spectra through the heating regimes.

Initially, the surface is dominated by hydroxide and

hydroxide-like states represented by the broad peak at

about 532 eV. The shoulder at 529.5 eV corresponding

to lattice O increases in intensity relative to the higher

binding energy peak as the temperature increases. By

200 �C the lattice oxide peak intensity is comparable to

the hydroxide intensity, then dominates at higher tem-

peratures. At 590 �C, the O 1s peak is primarily from

PuO2, but some rather tenacious surface hydroxyls

persist. A shoulder of low intensity appears on the low

binding energy side of the 590 �C Pu 4f7=2 peak at about
52652853053253453638

Binding Energy (eV)

As-received

100° C

150° C

200° C

400° C

590° C

529.5 eV
PuO2

531.7 eV 
Pu(OH)4

1010 L H2O

O 1s

a 239PuO2 powder in the as-received condition, through a series

f peaks narrow and become more bulk dioxide-like as the O 1s

to H2O vapor restores some surface hydroxides and eliminates
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424 eV, where Pu2O3 is expected, indicating some

reduction of the surface PuO2 under the influence of this

temperature and ultra-high vacuum. After exposure to

1010 L H2O, the Pu2O3 feature disappears and the hy-

droxyl peak grows in the O 1s region. Thus, re-oxidation

and hydroxylation of the surface occurs readily on this

chemically active surface.

The C 1s spectra contains a rather broad peak at

284.6 eV, the energy typically assigned to adventitious C

found on surfaces exposed to air. This peak showed

some intensity on the high binding energy side extending

up to about 289 eV, indicating C bound to O in a variety

of configurations. As heating progressed, the intensity in

this region diminished, leaving primarily hydrocarbons.

3.4. 242PuO2

For comparison, a low specific activity (0.003 Ci/g)
242PuO2 sample that had been stored in air was studied.

The oxide was pressed into Au foil and analyzed in the

as-received condition and after heating at 100, 200, 300

and 400 �C. Afterwards, the sample was removed from

the vacuum system and exposed to ambient air (in which
419424429434439444449

Binding Energy (eV) 

after 
heating
air exposed 

as-received

100°C

300°C

200°C

400°C

PuO2

Pu 
hydroxide

242PuO2
Pu4f

Fig. 3. 242PuO2 thermal dehydration. Pu 4f and O 1s regions for a 242P

thermal treatments and after being exposed to ambient air. The Pu 4f

becomes more like bulk PuO2. Lattice oxide peaks intensify and grow

Upon exposure to air, the surface partially reverts to its original con
the relative humidity was approximately 30%) for 15

min and reanalyzed. Fig. 3 shows the Pu 4f and O 1s

regions for the 242PuO2 sample under these conditions.

The second trace from the bottom is for the as-received

oxide. The Pu 4f and associated satellite peaks are well

defined, suggesting a dominant chemical state with a

binding energy for the Pu 4f7=2 of 427.0 eV, which is

higher than the energy expected for stoichiometric PuO2

(425.5 eV). Pu(OH)4 has a Pu 4f7=2 binding energy of

426.6 eV, closer to that observed, suggesting extensive

hydroxylation of the surface material. The broad O 1s

distribution had a peak maximum at 532 eV, where

Pu(OH)4 is expected. As the sample is heated to 100 �C,
the Pu 4f peaks broaden, with a shoulder emerging at

lower binding energies. The O 1s peak similarly changed,

with the peak at 529.5 eV becoming more intense – the

binding energy assigned to lattice O in PuO2. Further

heating to 400 �C resulted in a stepwise increase of the

dioxide peak in the O 1s spectra and well-defined Pu 4f

peaks for PuO2 with a Pu 4f7=2 peak at 425.5 eV. After

15 min of air exposure, the spectra revert to line shapes

and binding energies that resemble those seen after the

100 �C treatment. The increase in this region resembles
525527529531533535537539

after heating
air exposed

as-received

100°C

200°C

300°C

400°C

 hydroxide 242PuO2 PuO2
O1s

Binding Energy (eV) 

uO2 powder sample in the as-received condition, after a series of

peaks shift to lower binding energies and narrow as the surface

with respect to the hydroxide region as temperature increases.

dition.
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the adsorption of H2O and rehydroxylation of the sur-

face that was seen for the heated 239PuO2 sample after

exposure to 1010 L H2O; but in this case, because the

sample was exposed to air, oxy-carbon species were also

likely to be involved. The thermally renewed active sites

quickly react, nearly reverting to the original as-received

condition.

3.5. High specific activity PuO2

A sample of very high specific activity (7.4 Ci/g) PuO2

was prepared by pressing the powder into Au foil and

analyzed in the as-received condition. Although the

dominant isotope is still 239Pu, significant mass fractions

of 238Pu (1.9%), 240Pu (26.4%), 241Pu (7.8%) and 242Pu

(6.6%) were present. The increased activity of this

material was due mainly to the larger mass fraction of
241Pu, which decays primarily by beta emission. How-

ever, differences in the surface chemistry (discussed be-

low) are likely due to increased alpha decay from a

greater percentage of 238Pu. The near-surface alpha

particles with initial energy of 5.5 MeV will produce

large numbers of secondary electrons that will excite any

adsorbed species, break bonds, and result in a surface

more representative of the bulk. The O 1s spectra ob-
Binding Energy (eV) 

415425435445455

242
PuO2

239
PuO2

after 400˚C 

high activity 

425.5 eV

Pu 4f

Fig. 4. Thermal vs radiolytic dehydration. Pu 4f and O 1s spectra from

very high specific activity 239PuO2 sample. The spectra are quite sim

surface cleaning effect as the thermal treatment.
tained showed substantially less hydroxide and oxy-

carbon and higher intensity for the lattice dioxide peak

than those observed for the standard high-fired PuO2

sample, which had a specific activity of 0.9 Ci/g. The

difference in intensities between the lattice dioxide and

surface hydroxide peaks was even greater when com-

pared to the 242PuO2 sample which had a much lower

specific activity of 0.003 Ci/g. The high radiation field

apparently has the effect of removing surface contami-

nation, an effect similar to that observed as a result of

heating. Fig. 4 shows the Pu 4f and O 1s regions for the

high specific activity PuO2 along with data from the
242PuO2 sample after being heated to 400 �C for

comparison.

3.6. PuO2þx

A sample of 239PuO2þx (described in the experimental

section above) was subjected to the same stepwise ther-

mal dehydration treatment as the other oxides. Fig. 5

shows the Pu 4f7=2 and O 1s regions for the as-received,

100, 200, 300, 400, and 600 �C treatments, from the

bottom to the top traces, respectively. The results for

this sample differed somewhat from the earlier data

collected with the PHI CMA, particularly within the
520525530535540

Binding Energy (eV) 

O 1s

after 400˚C

high activity

529.5 eV532.0 eV

239
PuO2

242
PuO2

the 242PuO2 sample after being heated to 400 �C compared to a

ilar, suggesting that a high radiation field has the same sort of
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PuO2
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As-received

100˚C

200˚C

300˚C

400˚C
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529.5 eV
PuO2

O 1s 531.7 eV
Pu(OH)4

Fig. 5. PuO2þx thermal dehydration. Pu 4f7=2 and O 1s XPS data collected from the surface of a PuO2þx powder showing spectral

changes as the sample was heated to 600 �C. Both peaks show a gradual decrease in binding energy with temperature as H2O desorbs

and hydroxyls decompose, leaving a surface that is more like bulk PuO2.
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O 1s region. In this data set, O 1s binding energies were

lower than those seen for the standard high-fired PuO2

and the Pu(OH)4 sample. The Pu 4f7=2 binding energy

was 427.1 eV, slightly higher than those seen for

Pu(OH)4 at 426.8 eV. Spectral features in the Pu 4f re-

gion of other PuO2þx samples obtained on the Kratos

system were consistent. Some variation in the O 1s re-

gion was observed between samples that was likely due

to different treatment regimes for this material. Higher O

1s binding energies indicate a greater degree of

hydroxylation, which could vary with treatment condi-

tions.

The O 1s region for all of these samples spans the

same binding energy range, but the peak centroid for

this manifold depends on relative contributions from

specific chemical states. As will be described in the curve

fitting section below, where the intensities of various

bands within the manifold are described.

Pu 4f binding energies for all of the data collected

from the PuO2þx samples were consistently high, at

about 427 eV, indicating a more electron-withdrawing

environment than that of stoichiometric PuO2. Impli-

cations of this higher binding energy are discussed below

in the comparison with Pu(OH)4. The thermal dehy-

dration behavior of this material followed the same

pattern as the previous two powders with similar chan-

ges in binding energies and line shapes with temperature.

Differences were observed in the O 1s region due to the
dominance of the hydroxyl component vs the greater

intensities for the oxy-carbon component for the other

dioxides, discussed in the next section on O chemical

states. The Pu 4f region shifted to lower binding energy

as thermal treatments progressed, finally assumed the

characteristics of PuO2 at the highest temperatures,

again showing the effects of surface de-hydroxylation.

The gradual shift to lower binding energies for the Pu 4f

peaks indicates a change from a more electron-with-

drawing hydroxide environment to one that has the

spectral features expected for the dioxide. Under the

experimental conditions of this study, differences in va-

lence states of Pu can only be resolved by curve fitting,

discussed in the section on Pu(OH)4. This sample is most

comparable to the 239PuO2 sample because they both

were heated to about 600 �C and had similar isotopic

compositions (similar specific activities). An important

difference is that there was no evidence of Pu suboxide

formation (peak maximum at 424 eV), perhaps due to

the greater availability of lattice O in this sample.

3.7. Oxygen chemical states

The role of surface C is not clear; however, for any

samples exposed to air, the broad distribution of

chemical states centered around 532 eV includes O

bound to C in a variety of forms, as well as hydroxyl

groups bound to the Pu. To determine the role of C, its
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presence must be controlled – a significant challenge

given these powder substrates. Overlapping binding

energies confound the analyses as well. Carboxyl bonds

have nearly the same O 1s binding energy as surface

hydroxyls – about 531.2 eV. The O 1s binding energy for

CAO bonds overlaps that for adsorbed H2O – near 533

eV. These interferences make definite chemical state

assignments in the O 1s region above the peak for lattice

oxide difficult. Pu bound to both C and O on the surface

adds to the intensity observed on the high binding en-

ergy side of the Pu 4f7=2 peak.

Curve fitting was applied to the O 1s regions of se-

lected spectra from the thermal dehydration experiments

in an attempt to make chemical state assignments for

different bands within the broad envelope. The curve fits

for the 100, 200, and 600 �C thermal treatments for

PuO2 and PuO2þx are shown in Fig. 6. The fitted curves

are modeled upon the peak shapes and widths that best

fit the prominent lattice oxide peaks appearing in the 600

�C spectra. The broad intensity distribution on the high

binding energy side of the dioxide peaks can then be

fitted with peaks that have the appropriate shape and

width for single chemical states. The intensities of these

peaks are adjusted to best fit the data. Unless other

information is available, conventionally, a minimum

number of postulated chemical states (bands) is used to

model the raw data. There were at least four chemical
524529534539

Binding Energy (eV) 

600˚C

200˚C

100˚C

Hydrated PuO2 
529.5 eV 

533.3 eV 

531.9 eV 

530.8 eV PuO2

Fig. 6. PuO2 vs PuO2þx oxygen chemical states. Selected O 1s regions f

results seen for PuO2þx. The main differences observed were the domi

dominance of CAO bonding (532 eV) for the hydrated PuO2.
states for O on the surface of both samples, because a

minimum of four peaks was required to fit the data. It is

very likely, however, that other indistinguishable O

peaks are part of this manifold. Different chemical states

can have similar binding energies that cannot be re-

solved under these conditions. The only peak that was

best fit with a single chemical state assigned to it is the

one at 529.5 eV, for lattice dioxide. The other three

peaks seen at higher binding energies (about 531, 532

and 533 eV) have less certain assignments. The binding

energy values for O as lattice hydroxide have been re-

ported at around 531 eV in a variety of metal hydrox-

ides, including Mg(OH)2 and Pu(OH)4. The rise in

intensity that was observed at about 532 eV after 1010 L

H2O exposure suggests that adsorbed H2O and hydroxyl

groups in a variety of configurations are implicated in

this binding energy range. Adsorbed H2O typically has

the greatest binding energy shift, to about 533 eV.

A closer examination of the distribution of intensities

in the three fitted curves shows distinct differences be-

tween the PuO2 and PuO2þx samples, particularly in the

spectra measured at 100 and 200 �C. The peak at 532 eV

dominates the standard high-fired PuO2, while the peak

at 531 eV is more prominent in PuO2þx. The nature of

the process used to produce PuO2þx tends to remove C

from the surface, so intensities in the O 1s region due to

any CAO bonding are lower. This process also probably
Binding Energy (eV) 
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PuO2+x

600˚C

200˚C

100˚C

529.5 eV 

532.1 eV 

530.8 eV 

rom the thermal dehydration of hydrated PuO2 compared to the

nance of the hydroxide feature at about 531 eV for PuO2þx and
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results in extreme surface hydroxylation (compared to

‘normal’ PuO2) so the hydroxide peak (531 eV) could be

very intense. The PuO2 sample that was simply exposed

to high humidity contains approximately twice as much

surface C, a significant fraction of which is in carboxyl

bonds, resulting in the intense peak at about 532 eV. The

peak at about 533 eV is attributed to adsorbed H2O and

CAO bonds.

3.8. Surface layer thickness estimates

In a storage scenario, gas can be generated by the

recombinative desorption of hydroxyl groups to form

water which can then be converted to gas. The

hydroxylated surface layer thickness of these materials

can be used as a rough indication of their gas generation

capacity. For the PuO2 samples exposed at room tem-

perature to H2O vapor, an escape depth analysis

assuming 2.5 nm inelastic mean free path [22] and based

on the attenuation and line shape fits of the O 1s spectra

estimates that the hydroxylated layer thickness is on the

order of 3 nm atop the PuO2 substrate. This estimate

was based on a simple model for these powders that

assumes a hydrated layer atop the oxide layer, expo-

nential attenuation of the oxide and hydroxide intensi-

ties and a photoelectron take-off angle of 45�.
Uncertainties associated with this estimate are mainly

due the assumption of a homogenous overlayer and the
525530535540
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Fig. 7. Pu(OH)4 comparison. O 1s and Pu 4f regions for hydrated PuO

lattice oxide feature for Pu(OH)4, (2) greater intensity for CAO bo

hydroxide feature for PuO2þx.
use of an average take-off angle. Samples with a similar

hydroxide to oxide ratio may also have a thicker, but

less homogeneous hydroxide-containing layer. Other

work [23] suggests that for less than about five mono-

layers of H2O (1.0–1.5 nm) hydrogen generation should

be negligible Untreated, the hydroxylated surface layers

observed for this sample (about 3 nm thick) may cause

gas generation problems during storage. The powders

will be heated to 950 �C before being sealed in steel

containers, thus removing the surface H2O and decom-

posing hydroxyls. Exposure to H2O vapor after heating

must be minimized, or the samples will quickly rehy-

drate, as shown in the section on 242PuO2.

3.9. Comparison with Pu(OH)4

Curve fitting data from the Pu(OH)4 powder is

shown in Fig. 7, along with a comparison of the curve

fits that were done for PuO2 and PuO2þx. The corre-

sponding Pu 4f7=2 XPS data in Fig. 7 illustrates the

differences observed in the chemical state of Pu in those

materials. The Pu 4f7=2 spectrum for Pu(OH)4 shows a

rather narrow peak, indicating a single chemical state.

The O 1s region is not as broad as for the other mate-

rials, but still encompasses at least three different

chemical states. As observed for the oxides, there are

significant contributions from hydroxyl groups on the

surface in a variety of configurations, as well as surface
420425430435
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Humidity treated
 PuO2

 PuO2+x

Pu(OH)4
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2, PuO2þx, and Pu(OH)4. Differences to note are (1) lack of the

nding for the oxide and hydroxide, and (3) dominance of the
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oxy-carbon species. The curve at 530.8 eV is from O

bound as lattice hydroxide. Atomic concentration esti-

mates for Pu and O support this conclusion. The atomic

ratio for Pu:O based on the total area under the Pu 4f7=2
peak and the area under the fitted curve at 530.8 eV is

about 1:4. Note that there is no intensity for O as

dioxide in this spectrum. The fitted curve at 531.9 eV is

probably due to a combination of surface hydroxides

and oxy-carbon species, and the curve at high binding

energy is due to adsorbed H2O and CAO bonds. As

expected, those two peaks (531.9 and 533.3 eV) are less

intense in the O 1s region for PuO2þx because of the

lower levels of C on that sample.

The most intense peak in the O 1s region for PuO2þx
is at 530.8 eV, the peak assigned to lattice hydroxide for

Pu(OH)4, and identified as surface hydroxide for PuO2.

This means that the PuO2þx has a surface that is pre-

dominantly Pu(OH)4 and/or that O is in another elec-

tron-withdrawing environment that causes the same

binding energy shift. One possibility is that O is bound

to a Pu atom in a higher oxidation state – (V) or (VI)

instead of (IV). The rather broad features seen in the Pu

4f7=2 peaks for both PuO2 and PuO2þx could encompass

several different chemical states: dioxide at 425.5 eV,

hydroxide at 426.6 eV and this postulated higher Pu

oxidation state at about 427.2 eV. This higher state is

more prominent in PuO2þx than in PuO2, but spectra
420430440450
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Unreacted
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Fig. 8. Core level differences for PuO2 and PuO2þx. Pu 4f binding en

satellite intensity is diminished, both suggesting oxidation states greate

of hydroxylation for the PuO2þx and more surface CAO bonding for
from both compounds span the same binding energy

range and thus may have the same basic components.

The asymmetry of the peaks is an indication of the rel-

ative amounts of dioxide, hydroxide, and Pu(V) (or

Pu(VI)) on the surface and near the surface. Atoms in

the lattice can contribute to the intensity, depending on

the thickness of the hydroxylated surface layers. The

relative intensities of the Pu 4f7=2 and its associated sa-

tellite, which is most prominent for Pu(IV) can be used

to estimate the oxidation state purity of the surface

material. Intensity ratios of the satellite to the main peak

of the PuO2þx were compared to known peak-to-satellite

ratios derived from standard high-fired Pu(IV) material.

The results indicated that there was about 10% more

intensity in the main peak than would be predicted from

the satellite. Since the added intensity to the main peak

is on the high-binding-energy side (as discussed above)

the implication is that some of the Pu is present in a

higher oxidation state. Indications of the presence of

higher oxidation states in PuO2þx are illustrated in Fig.

8. Differences in the Pu 4f and O 1s core levels between

the reacted PuO2þx compared to the unreacted PuO2

material are: (1) lower intensity of the satellite peaks

relative to the main Pu 4f peaks, (2) higher overall

binding energy for the Pu 4f lines, and (3) lower overall

binding energy for the O 1s region. Observation (1)

indicates Pu oxidation states other than +4 are present.
Binding Energy (eV) 

524529534539

O 1s Region 

PuO2+x

Unreacted PuO2 

lattice 
oxygen - 529.5  eV   

ergies are shifted about 1.5 eV higher for the PuO2þx, and the

r than +4. O 1s differences can be attributed to a greater degree

PuO2.
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Observation (2) signifies that these other oxidation states

are higher than +4. Observation (3) is due to the pre-

ponderance of hydroxyl groups relative to other

O-containing species.

XPS results for most Pu oxides show a rather broad

distribution of binding energies in the Pu 4f region that

would be consistent with different chemical states as well

as a smaller fraction (about 10%) of Pu(V) in the mainly

Pu(IV) matrix. These results are consistent with the X-

ray absorption near edge structure (XANES) and X-ray

absorption fine structure (XAFS) work reported by

Conradson et al. [24]. A variety of Pu–O distances were

observed in that study consistent with the formation of

hydroxyls and Pu@O bonds throughout the material as

well as on the surface. Some fraction of the Pu was

present in the +5 state, so PuO2þx should probably be

considered a Pu(IV/V) mixture. The authors also noted a

direct relationship between the number of oxo atoms

and humidity exposure.

3.10. PuO2CO3

Higher oxidation states of Pu can be easily identified

by XPS when they are predominant. Fig. 9 shows XPS

data from the Pu 4f region for PuO2CO3, a Pu(VI)

compound in the as-received condition and after

decomposing to a Pu(IV) compound. It is likely that

exposure to the reducing environment of high vacuum
Fig. 9. Pu(VI) to Pu(IV) decomposition. Pu 4f spectra obtained

from PuO2CO3 showing changes in the surface chemistry after

decomposing to a PuIV oxy-hydroxide compound. Peak bind-

ing energies shift to lower energies from 428.8 eV for the ori-

ginal Pu(VI) compound to 426.7 eV, and shake-up satellites

appear, indicating reduction to Pu(IV).
(2 · 10�9 Torr) has had this effect, although no com-

parison with a control compound was made. The as-

received Pu 4f7=2 binding energy of 428.8 eV and spectral

line shape corresponds to what is expected for a Pu(VI)

compound. There are no distinct satellites associated

with the main peaks. The compound decomposed, as

demonstrated by main peaks and shake-up satellites

with both energies and relative intensities consistent with

Pu(IV) hydroxide. A low intensity shoulder on the high-

binding-energy side of the Pu 4f7=2 peak remains from

the original Pu(VI) carbonate. The spectrum of this

decomposition product can serve as an example of a

mixed valence Pu compound. None of the spectra of

oxide and oxyhydroxide samples analyzed in this study

displayed such a prominent Pu(VI) oxidation state fea-

ture, which suggests that either the Pu(VI) fraction was

below the detection limit, or more likely, they are mix-

tures of Pu(IV) and Pu(V) rather than Pu(IV/VI).
4. Conclusions

Thermal dehydration experiments of Pu oxides that

were prepared and treated under a variety of conditions,

coupled with analysis of standard compounds has led to

a better understanding of the PuO2 surface. Surface

hydroxylation occurs rapidly at very low H2O vapor

exposure; thus, care must be taken to minimize this

exposure of samples intended for long-term storage. At

room temperature, the hydroxylated layer can be about

3 nm thick. The surface hydroxides are tenacious and

resist thermal decomposition up to 590 �C. Important

factors influencing surface chemistry are processing

conditions (thermal treatment, in particular) and specific

activity. Active sites for the reaction of H2O and other

small molecules can be renewed by thermal energy or by

effects of radiation. Other properties such as surface

area, particle size and particle morphology, although not

specifically addressed in this study, are also expected to

be important.

PuO2þx shows evidence of extensive hydroxylation

and spectroscopic features that are consistent with

higher Pu oxidation states, and suggestive of Pu(V).

Curve fitting of the Pu 4f levels indicate that about 10%

of the Pu could be in this higher oxidation state. Pu

oxide that has been exposed to air will display the

complex surface chemistry demonstrated by the hyper-

stoichimetric Pu oxide, including a small fraction of

oxidation states greater than (IV).

High-fired PuO2 (heated at 900 �C or higher for

hours or longer) has been shown to be more highly or-

dered and more stoichiometric (purely Pu(IV), thus

more difficult to dissolve than low-fired material [25].

The higher degree of surface hydroxylation observed for

PuO2þx powders may effectively increase apparent Pu

solubility because hydrated PuO2 (PuO2ÆH2O or
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Pu(OH)4) has a higher free energy than stoichiometric

high-fired PuO2 and is therefore more soluble and prone

to surface corrosion. A review of the solubility of tet-

ravalent actinides found greater solubility for amor-

phous PuO2 than for crystalline PuO2 in acidic solutions

[26]. It has been asserted that PuO2þx is both thermo-

dynamically more stable and more soluble than PuO2

[1]. However, if the solid has a lower free energy, then it

will be relatively more stable in the solid state and more

stable with respect to dissolution compared with the

higher energy compound. Observed increases in solu-

bility could be due to the presence of Pu(IV) colloidal

material, which can remain suspended for years, yielding

higher apparent solution concentrations. Although

inorganic Pu(V) compounds generally have higher sol-

ubility products than inorganic Pu(IV) compounds in

the same class, the effect that a small fraction of Pu(V)

ions in the solid have on overall PuO2 solubility is not

likely to be significant. Any Pu(V) that is solubilized

may not remain in that state. Oxidation states of cations

in solution are influenced more by solution conditions

such as Eh and pH than by their form in the solid [27].

The information presented herein advances the

interpretation of XPS spectra for unknown Pu surface

species. Pu adsorbed from water on mineral surfaces is

often observed by XPS in the +4 state with peak posi-

tions and line shapes corresponding to those observed

for the humid-air-exposed PuO2 and Pu(OH)4 samples

[28]. The XPS spectra observed on air-exposed Pu metal

also share many of the same features – shake-up satel-

lites characteristic of Pu(IV) and broad peaks that

indicate multiple chemical states for both Pu and O. Pu

4f binding energies and curve fitting of the O 1s region

for these samples has provided a more solid basis for

understanding Pu oxide surface chemistry.
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