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Abstract

The occurrence and binding energies of the U, U>" and U*' bands in the U 4f;/, peak of 19 uranyl minerals of different
composition and structure were measured by XPS. The results suggest that these minerals can be divided into the following four
groups: (1) Uranyl-hydroxy-hydrate compounds with no or monovalent interstitial cations; (2) Uranyl-hydroxy-hydrate miner-
als with divalent interstitial cations; (3) Uranyl-oxysalt minerals with (70,,) groups (7 = Si, P, and C) in which all equatorial
O-atoms of the uranyl-polyhedra are shared with (70,,) groups; (4) Uranyl-oxysalt minerals with (70,,) groups (7= S and
Se), in which some equatorial O-atoms are shared only between uranyl polyhedra. The average binding energies of the
U®"and U*" bands shift to lower values with (1) incorporation of divalent cations and (2) increase in the Lewis basicity of the
anion group bonded to U. The first observation is a consequence of an increase in the bond-valence transfer from the interstitial
species (cations, H,O) groups to the O-atoms of the uranyl-groups, which results in an electron transfer from O to U®*. The sec-
ond trend correlates with an increase in the covalency of the U—O bonds with increase in Lewis basicity of the anion group, which
results in a shift of the electron density from O to U. The presence of U*" on the surface of uranyl minerals can be detected by the
shape of the U 4f;/, peak, and the occurrence of the U 5f peak and satellite peaks belonging to the U 4fs/, peak. The presence of
U*" in some of the uranyl minerals and synthetics examined may be related to the conditions during their formation. A charge-
balance mechanism is proposed for the incorporation of lower-valence U in the structure of uranyl minerals. Exposure of a Na-
substituted metaschoepite crystalin air and to Ultra-High Vacuum results in dehydration of its surface structure associated with a
shift of the U®" bands to higher binding energies. The latter observation indicates a shift in electron density from U to O, which
must be related to structural changes inside the upper surface layers of Na-substituted metaschoepite.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION ar fuel in a moist, oxidizing environment similar to the
proposed repository at Yucca Mountain (Wronkiewicz
et al., 1992, 1996; Finn et al., 1996; Finch et al., 1999).

Many of the radionuclides released from spent nuclear

Uranyl-minerals are important in understanding
water-rock interactions in U-deposits, and form as

products of the oxidation of U mine and mill tailings
(Frondel 1958; Finch and Ewing, 1992; Finch and
Murakami 1999). They are prominent alteration phases
in laboratory experiments involving UO, and spent nucle-
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fuel alteration in a geological repository may be incorpo-
rated into uranyl minerals (Burns et al., 1997a, 2004;
Burns and Li 2002; Chen et al., 1999, 2000; Douglas et
al., 2005). Hence the stability of uranyl minerals and geo-
chemical processes at the mineral-water interface (e.g.
dissolution and/or precipitation) may impact the release
of radionuclides to the environment.

Surface processes such as dissolution or precipitation
can be examined using techniques such as Atomic Force
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Microscopy (AFM) and X-ray Photoelectron Spectroscopy
(XPS). However, interpretation of XPS spectra from sur-
faces of uranyl minerals requires a thorough understanding
of the spectra. Here, we examine XPS spectra of a series of
uranyl minerals of different composition and structure and
try to understand what information can be extracted from
the resultant spectra.

The U 4f peaks are the strongest and most resolved
peaks in the XPS spectrum of U (e.g. Teterin et al.,
1981). The U 4f peaks are commonly used to analyze the
valence of U on the surface of materials, and, due to their
intensity, play an important role in the characterization of
adsorbed aqueous uranium species on the surface of miner-
als (Drot et al., 1998; Froideval et al., 2003; Ilton et al.,
2005, 2007; Scott et al., 2005). In the latter context, uranyl
minerals are commonly used as reference material for peak
shape and full-width at half-maximum (FWHM) of the U%"
band in the U 4f peaks (e.g. Ilton et al., 2005 and Froideval
etal., 2003). The chemical shift of the U 4f peaks due to the
valence of U has been extensively described in the literature,
but the effect of surface composition and structure on the
chemical shift of these peaks has not been systematically
explored over a broad class of uranyl minerals.

The development of new generations of XPS spectrom-
eters with detectors of higher sensitivities, smaller apertures
and charge-compensation systems allow measurements of
well-resolved high-resolution XPS spectra from single crys-
tals of non-conductors with diameters below 30 pm. In this
paper, we will use this capability to examine the effects of
the composition and structure of the chemical shift of
U®", U and U*" bands in the U 4f7/, peaks of uranyl
minerals. Furthermore, we will discuss possible incorpora-
tion mechanisms for U*" into the structure of uranyl min-
erals that contain U with a formal valence of 6+. We will
use the word band to indicate a specific fitted component
of the envelope of the U 4f peak or of its satellite peak,
and we use the word species to indicate U atoms of a spe-
cific valence or U-atoms with the same valence but in struc-
turally distinct environments.

1.1. Previous XPS studies of uranyl minerals and natural and
synthetic uranates

Amayri et al. (2005a,b) examined the XPS spectra of the
uranyl  carbonate minerals andersonite, Na,Ca
(H20)6[(UO,)(CO3)3], liebigite, Cay(H20)10[(UO2)(CO3)s]
bayleyite, Mgy(H,0);5[(UO,)(COs);], and swartzite, CaMg
(H20)15[(UO,)(COs)3], and of synthetic Srp[(UO,)(CO3)
(H,O)g and Ba,[(UO,)(CO3);](H,0)¢. They presented the
U 4f spectrum and satellite peaks, and the kinetic energy of
the U 6ps, electrons assigned to peaks in the valence band.
Teterin et al. (1981) and Froideval et al. (2003) reported
XPS data on metaschoepite or a lower-hydrated modifica-
tion of schoepite. Here, Teterin et al. (1981) gave detailed
information for the spectra of the valences and inner U 6p,
US5d, U Sp, U4f, U4d, O2sand O Iselectrons of the mineral.
There are numerous XPS investigations for natural and syn-
thetic uranates such as simple UOy compounds (e.g. Veal et
al., 1975; Teterin etal., 1981, Allen and Holmes 1987, Sunder,
1996, Santos et al., 2004), alkali and alkaline-earth uranates

(Allen et al., 1978; Bera et al., 1998), and Cs uranates
(Van den Berghe et al., 2000). XPS spectra for coffinite
U(SiOy),_(OH),, and synthetic U(IV)-phosphate were re-
ported by Teterin et al. (2000) and Drot et al. (1998), respectively.

2. EXPERIMENTAL METHODS
2.1. Samples

Table 1 lists the uranyl minerals and synthetic com-
pounds with their ideal chemical composition, the average
coordination number of U in the structure, the experimen-
tal setting (pass-energy/spot size), the peak-shape function
and parameters used in the peak fitting process, the
observed binding energies and the FWHM of the different
bands in the U 4f;,, peak. Most minerals were obtained
from the William W. Pinch collection at the Canadian
Museum of Nature, and from the collection of Gilbert
Gauthier. All mineral samples are originally from the
Shinkolobwe Mine, Democratic Republic of Congo. Zippe-
ite and magnesium-zippeite were synthesized according to
the method of Burns et al. (2003), and becquerelite and
Na-substituted metaschoepite were synthesized according
to the procedure of Burns and Li (2002) and Klingensmith
et al. (2007), respectively. Synthetic a- and B-[UO,(OH),]
were grown under hydrothermal conditions at 120 °C for
3 days with a molar ratio of 1:2.5 of uranyl acetate and dis-
tilled water. Large single crystals of synthetic liebigite were
prepared through evaporation of a 50-mmol L™}
(UO,)(NO3),, 100 mmol L™' CaCl, and 150 mmol L™
Na,CO; solution. All synthetic samples were washed
rapidly in distilled water and dried in air. Samples were
identified either with a Bruker P4 diffractometer fitted with
an APEX CCD detector using Mo-Ka radiation or with a
Philips PW3830 diffractometer using Cu-Ko radiation and
the general chemical composition of a mineral sample was
verified with a survey scan (0-1100eV) in the XPS. Due
to the lack of material, the samples of ianthinite,
[U**5(U0,)404(OH)4(H,0),J(H,0)s and  (dehydrated)
wyartite were only identified with survey scans in the
XPS. Wyartite Ca[U>"(UQ,)»(CO5)04OH](H,0); easily
dehydrates to dehydrated wyartite, Ca[U>(UO,),
(CO3)04(OH](H,0); in air (Clark, 1960); thus XPS spectra
in an Ultra High Vacuum were likely taken from a surface
with a composition similar to dehydrated wyartite.

2.2. XPS measurements

The XPS spectra presented in this paper were taken as
part of an ongoing investigation of the dissolution of uranyl
minerals using Atomic Force Microscopy (AFM), Scanning
Electron Microscopy (SEM) and Optical Microscopy (e.g.
Schindler et al., 2006a,b, 2007a,b). For XPS measurements
of untreated samples, single crystals were cleaved in air and
immediately transferred to the XPS. The corresponding
XPS spectra were used as references to characterize the
XPS spectra of the treated basal surfaces. XPS spectra for
single crystals of Na-substituted metaschoepite, metaschoe-
pite, zippeite, magnesium-zippeite and wyartite were taken
from non-freshly cleaved surfaces, because the thickness



Table 1
Examined uranyl-compounds, their ideal chemical composition, their origin, experimental setting (analyser pass energy and spot size), type of peak shape function, binding energies, full width at
half maximum (FWHM) and proportion (%) of their bands in the U 4f;/, peak.

Compound and reference to structure determination Origin Pass energy/ Ut (+0.1) FWHM U2 FWHM Ut FWHM U** FWHM
spot size/peak (%) (%) (%) (%)
shape function
Uranium minerals containing U™ in their structure
Uranninite [1] UO, Shinkolobwe 160/55 (SY 70) 382.0, 1.65, 14 — 381.2, 1.65, 53 380.3, 1.65, 33
Brannerite [2] (U,Ca,Ce)(Ti,Fe)Oq Shinkolobwe 160/55 (SY 70) 382.1, 1.35, 16 381.4, 1.35, 58 380.6, 1.35, 26
Tanthinite [3] [U*"5(U0,)406(OH)4(H,0)4)(H-0)s Shinkolobwe 160/55 (SY 70) 381.7, 1.35, 79 380.7, 1.35, 21
Uranyl-hydroxy-hydrate minerals with divalent interstitial cations
Becquerelite, [4] Ca(H,0)s[(("'UO,)s04(0OH)s] Synthetic ~ 160/55 (AS 381.1, 1.48, 100 — —
72,1.25)
Becquerelite, [4] Ca(H,0)s[(('UO,)s04(OH)s] Shinkolobwe 160/55 (AS70,2.7) 381.3, 1.48, 100 — —
Billietite, [5] Ba(H,0)7[("'U05)04(OH);] Shinkolobwe 40/110 (AS70,0.95) 381.5, 1.54, 100 — —
Fourmarierite, [6] Pb;_(H,0)4[("'U0,)¢03_>(OH)42.] Shinkolobwe 160/55 (AS65,1.15) 381.4, 1.62, 100 — —
Curite, [7] Pby(H,0),[(1*73U0,),04(OH);]» Shinkolobwe 160/55 AS(77,1.20) 381.6, 1.40, 100 — —
Masuyite, [8] Pb(H,0);[(?U0,);05(0OH),] Shinkolobwe 160/55 AS(70,1.0) 381.1, 1.47, 100 — —
Uranyl-hydroxy-hydrate compounds with none or monovalent interstitial cations
o-[BIUO,(10H),], [9] Synthetic 40/110 AS(60,1)  382.2, 1.28, 95 — 380.7, 1.28, 5
B-[TUO,(OH),], [10] Synthetic 160/55 SY(50) 382.3, 1.30, 96 — 380.5, 1.30, 4
Metaschoepite, [11] [(UO,)4O(OH)s](H,0)s Shinkolobwe 160/55 AS(60,1)  382.0, 1.75, 71 381.4, 1.75, 26 380.4, 1.75, 3
Na-substituted metaschoepite, [12] Na1,x[([7]U02)402,X(OH)5+X] (H,0), Synthetic 160/55 SY(70) 382.1, 1.3, 68 381.3, 1.3, 25 380.5, 1.3, 7
untreated
+HCI, pH 2, 2 min Synthetic 160/55 SY(70) 382.1, 1.3, 62 381.3, 1.3, 22 380.3, 1.3, 16
-+6 months on air Synthetic 160/55 SY(70) 382.2, 1.3, 49 381.9, 1.3, 42 380.3,1.3,9
+1 week UHV + 10 h X-rays Synthetic 160/55 SY(70) 382.6, 1.3, 46 382.1, 1.3, 42 380.7, 1.3, 12
Uranyl-oxy-salt minerals in which all equatorial O-atoms are shared with (TO,) groups
Liebigite, [13] Cay[(UO,)(CO;3);1(H,0)14 Synthetic 40/110 SY(80) 381.9, 1.26, 95 — 380.2, 1.26, 5
Uranophane, [14] Ca(H,0)5[("'U0,)(SiO3(OH) 1], Shinkolobwe 80/55 SY(50) 382.1, 1.20, 81 — 380.4, 1.20, 19
Uranophane-B, [15] Ca(H,0)s[(("?UO,)(SiO5(OH)], Shinkolobwe SY(70) 160/55 382.0, 1.2, 95 — 380.4,1.2,5
Soddyite, [16] [(UO,),(SiO4)(H,0),] Shinkolobwe SY(70) 160/55 382.0, 1.4, 90 380.2, 1.4, 10
Metatorbernite, [17] Cu(H,0)s[(*UO,)(PO4) ] ? 40/110 AS(60,1)  381.9, 1.31, 100 — —
Uranyl-oxy-salt minerals in which some equatorial O-atoms are exclusively shared between (UO,0;) polyhedra
Zippeite, [18] K3(H,0)s[("'U0,)4(S04),05(0OH)] Synthetic  160/55 AS(85,1.2) 381.7, 1.71, 100 — —
Magnesium-zippeite, [18] Mg(H,0); 5[(7"'U05)»(S04)05] Synthetic 160/55 AS(85,1.2) 381.6, 1.57, 92 — 380.5, 1.57, 8
Marthozite, [19] Cu(H,0)s[('U0O,)3(Se05),0,] ? 80/110 AS(53,0.83) 381.5, 1.63, 100 — —
Dehydrated Wyartite, [20] Ca[U>*(UO,)»(CO5)O4OH)](H,0) Shinkolobwe 160/55 SY 70 381.7, 1.45, 100
Dehydrated Wyartite, [20] Ca[U>*(UO,)5(CO5)O4OH)] (H,0); Shinkolobwe 160/55 SY 70 381.7, 1.45, 88 380.2, 1.45, 12

[1] Goldschmidt and Thomassen (1923); [2] Szymanski and Scott (1982), [3] Burns et al. (1997b), [4] Burns and Li (2002), [5] Finch et al. (2006), [6] Piret (1985), [7] Li and Burns (2000) [8] Burns
and Hanchar (1999), [9] Taylor (1971), [10], Taylor and Bannister (1972), [11] Weller et al. (2000), [12] Klingensmith et al. (2007) [13] Mereiter 1982, [14] Ginderow (1988), [15] Viswanathan and

Harneit (1986), [16] Demartin et al. (1992), [17] Locock and Burns (2003), [18] Burns et al. (2003), [19] Cooper and Hawthorne (2001), [20] Hawthorne et al. (2006).
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of their crystals did not allow cleaving parallel to the basal
face. However, these crystals were washed in distilled water
and dried in a N, air stream before transfer into the XPS
chamber.

It is important to emphasize here that all XPS data were
measured exclusively on the surface of single crystals,
because previous published data on the XPS spectra of ura-
nyl compounds (see above) were taken from finely dispersed
powdered samples. Advantages of single crystals are the
amount of material required (an important issue if one
works with rare mineral samples such as metaschoepite or
billietite) and the known identity, orientation and quality
of the samples. Furthermore, the XPS can be combined
with AFM examination, and data on the relief and chemi-
cal composition of a surface can be obtained.

Spectra of the U 4f, 6p and 5f electrons were taken with a
Kratos Axis Ultra X-ray Photoelectron Spectrometer (XPS)
with a magnetic-confinement charge-compensation system.
Advantages of this system with regard to insulators (e.g. ura-
nyl minerals) have been described in detail by Nesbitt et al.
(2004). Spectra were collected in high-resolution scans using
monochromatic Al-Ka radiation (1486.6 V) and the charge-
compensation system. Spectra for the U 4f(370-410 eV) and
6p and 5f (—5 to 25 eV) electrons were recorded using 20
sweeps and scan rates per sweep of 80 s and 300 ms, respec-
tively. The spectra of crystals with an average lateral dimen-
sion below 100 um (on the basal surface) were recorded with
a constant analyser pass-energy of 160 eV and a spot size of
55 pum, and spectra of crystals with an average lateral dimen-
sion above 100 pm were collected with a pass energy of 40 eV
and a spot size of 110 pm.

To avoid contributions from photoelectrons emitted from
the sample holder, each crystal was centered in the spot of the
aperture by imaging emitted U 4f electrons from its surface.
Theelectrostatic sample charging (that remained after charge
compensation) was corrected by adjusting the binding energy
of the 1s photoelectrons of adventitious carbon on the sample
surface to 285 eV (Wagner et al., 1979).

3. THE U 4f SPECTRA

The U 4f;, and 4fs;, peaks occur around 380 and
390 eV, respectively. The spin—orbit interaction separates
these two levels by around 10.9 eV for uranium minerals
(Fig. 1). The U 4f;,, peak position may vary as dictated
by the crystal structure, the influence of which is due to
the nearest-neighbour ions.

Shake-up satellites are small peaks that are produced by
photoelectrons that have lost part of their initial energy to
a valence-band electron. When a core-level electron is
expelled, an electrostatic potential is experienced by the
valence electrons. They are excited to a higher empty orbital
or are knocked off to the continuum almost at the same time.
The energy difference between the ground state and the high-
er orbital defines the difference in position between the satel-
lite peak and the photoelectron peak. The position of the
satellite peak also depends on the valence of the element
and the type and number of its nearest-neighbour ions. A
recent and more detailed discussion on the satellites peaks
of the U 4f spectrum can be found in Ilton et al. (2007).

For uranium, both U 4f core-level peaks show satellites at
higher binding energies: 6-7 eV for U**, 7.8-8.5 eV for U>"
and 4 and 10 eV for U%" (e.g. Keller and Jorgensen, 1975;
Teterin et al., 1981; Bera et al., 1998; Van den Berghe et al.,
2000; Santos et al., 2004; Ilton et al., 2007). Some of the sat-
ellites of the U 4f;/, peak are buried in the intense U 4f5/, peak
or may appear as a shoulder, which may lead to incorrect
interpretation regarding the occurrence and fractions of the
different bands. Hence, satellites of the U 4f;/, peak and the
U 4f5/, peak are normally not considered for spectral inter-
pretation, and one instead uses the satellites of the U 4fs,
peaks and the shape of the U 4f;, peak for the determination
of the U, U>* and U** bands.

Previously reported binding energies for U®", U and
U*" in the U 4f;, peak of mixed-valent U-compounds vary
with the chemical composition of the compounds exam-
ined. However, separations between the bands are similar
for many compounds and have average values of 0.9 eV
for UT™-U>" and 0.6eV for U-U*" (e.g. Bera et al.,
1998; Santos et al., 2004).

3.1. Peak function and asymmetry of the U 4f;,, spectrum

Fitting functions commonly use a mixture of a Gaussian
and Lorentzian functions. The software Vision 2.26 (2006)
uses a Gaussian and Lorentzian function developed by
Sherwood (1990):

F(x) = peakheight / [1 FM(x—x,) //ﬂ
exp{(l M) [(ln2)(x—xo)2] //32} (1)

Here, x, is the peak centre, f§ is the parameter that con-
trols the FWHM-value and M is the Gaussian/Lorentzian
mixing ratio.

The region after a XPS peak is dominated by extrinsic
effects such as losses experienced by the photoelectron dur-
ing the transport to the exposed surface (Castle, 2002).
These losses result in a sharp rise in the background at
the peak, which can be corrected using proposed back-
ground corrections by Shirley (1972) or Tougaard (1996).
The region close to and including the peak is dominated
by intrinsic effects, such as losses associated with the con-
comitant excitation of an outer electron during photoioni-
zation of the core. These losses can result in asymmetric
peak shapes and sloping backgrounds at the higher binding
energy side, which can be often found in XPS spectra of
transition elements (Doniach and Sunjic, 1970; Castle and
Salvi, 2001). Software packages such as Vision 2.26 (2006)
contain an asymmetric tail function that attempts to
approximate asymmetric photoelectron peaks at the higher
binding energy side. This asymmetric tail function (AS 1, 2)
contains two parameters: the first parameter defines the
Gaussian—-Lorentzian peak shape and the second parameter
is the exponential parameter ET used in the exponential
part of the tail function T developed by Sherwood (1990)

T = exp(—Dx ET) (2)

where, Dx is the separation from the peak centre.
The peak function at the lower binding-energy side is
chosen to have no tail and can be represented by Eq. (1)
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Fig. 1. (a) The U 4f5;, and U 4f;, regions of the XPS spectra for a uraninite crystal from Shinkolobwe, Republic of Congo. (b and c) Satellite
peaks in the region after the U 4f5/, peak (left) and proportion of the bands in the U 4f;/, spectra (right) from the spectrum above (b) and from
an ianthinite crystal (c). The vertical and horizontal lines show the anticipated satellite peaks for U*", U™ and U®".

whereas the peak function at the higher binding-energy side
contains the additional parameter 7. The overall FWHM-
value of a fitted peak depends among other experimental
factors on the Gaussian—Lorentzian peak-shape ratio and
the exponential factor ET in the tail function T (Sherwood,
1990); i.e. the higher the Lorentzian character and the smal-
ler ET, the higher the resulting FWHM-value.

3.2. Analyzer resolution and variation in binding energies

The analyzer resolutions for different pass energies and
spot sizes were determined using the Ag 3ds; line spectrum.
Furthermore, C 1s and U 4f;/, spectra of metatorbernite,
Cu(H,0)4[((®"UO,)(PO,)]» were taken at different pass ener-
gies and spot sizes in order to compare their resolution with
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those of the Ag 3ds; line spectra. Table 2 lists FWHM-val-
ues of the Ad 3ds, spectra and binding energies and
FWHM values of the C 1s and U 4f;, spectra for three dif-
ferent experimental settings.

The U 4f;, spectra have an asymmetric tail at the higher
binding-energy side, demanding the fitting of the spectra
with an asymmetric peak-tail function. However, the U
4f;,, spectra were also fitted without asymmetric peak-
shape function in order to compare FWHM-values from
fittings with different peak-shape functions.

Inspection of the FWHM-values for the Ag 3ds;,, C 1s
and U 4f;, spectra shows that (a) differences in resolution
between the settings 40/110 and 160/55 are smaller in the
case of metatorbernite than for metallic Ag and (b) peak fit-
tings with an asymmetric peak tail function result in larger
FWHM-values than with a simple Gaussian—Lorentzian
peak shape function (Table 2). The latter observation is
only true for small exponential factors (ET) in the tail func-
tions, whereas larger factors of ET do not significantly
increase the FWHM-value in comparison to a Gaussian—
Lorentzian peak shape function.

The estimated standard deviation for the binding energy
of an U 4f;/, peak is £0.1 eV, which is the sum of standard
deviations from the peak fittings of the U 4f;, and C Is
spectra at different experimental settings (Table 2). The lat-
ter spectrum is used for calibration of the U 4f;, spectrum
(see above) and its standard deviation (£0.02 eV) is deter-
mined on the basis of multiple fittings of its envelope.

3.3. Peak fitting

Shirley background corrections (Shirley, 1972) and a
Gaussian—Lorentzian peak shape (70 4+20% Lorentzian)
were used to fit all U 4f;, spectra. In the case of an asym-
metric spectrum, an additional asymmetric tail function
(AS 1, 2) was included in the fitting process (Vision 2.2.6,
2006). The exponential factor, ET in the tail function varied
from 0.85 (for prominent asymmetric tails) to 3.1 (for
nearly symmetrical peaks).

We considered in the peak fitting process the change in
FWHM-value of U®" with pass energy, spot size and the
applied peak-shape function (Gaussian-Lorentzian peak
ratio and the exponential factor ET) and therefore did
not constrain FWHM-values to specific ranges. However,
we used the FWHM-values of torbernite for the different
experimental settings and peak shape functions as a guide
for the peak fitting of other U 4f spectra. Different bands

Table 2

under the same U 4f;/, envelope were fitted with identical
FWHM-values and peak-shape functions.

3.4. Satellite peaks and the spectra of U 6ps,, valence band
and U 5f

The U 4f spectrum of uraninite (UO,) is suited to
describe the occurrence and location of satellite peaks
because the oxidized surface of the mineral normally con-
tains U in the valences 4+, 5+ and 6+ (Sunder et al.,
1996). Fig. 1a shows the U 4f spectrum of a uraninite crys-
tal in which we indicated typical distances between satellite
peaks and the bands of U®" (4 and 10 eV), U™ (~8 eV) and
U*" (6.6 eV). The spectrum indicates a strong satellite peak
8.1 eV apart from the major band in the U 4fs/, peak, indi-
cating that Ut is the dominant species on the surface.
Fig. 1b shows a higher magnification of the spectrum in
the range 394405 eV. Closer inspection of this spectrum
shows the occurrence of small satellite peaks corresponding
to U*" (6.6 eV) and U®" (10 eV) whereas no satellite peak is
resolved around 4 eV. The U 4f;/, peak was then fitted into
U, U and U*" bands (FWHM = 1.65¢V) with
separations of 0.8 eV (U°"-U>") and 0.9 eV (UST-U*"),
in accordance with literature values for mixed-valent
UST-U*-U*" uranates (see above).

Fig. 1c shows the U 4f;, spectrum and the satellite
peaks of ianthinite, [U*"5(UO,)4,04(OH)4(H,0)4](H>0)s
(Burns et al., 1997b). The U 4f;, spectrum contains a
prominent U®" band which is separated by 1.0 eV from
a band at the lower binding energy side. This separation
agrees with reported values for separations of U®' and
U bands (see above). Inspection of the satellite peaks
shows the occurrence of peaks at 4 and 10eV from the
U®" band and a small satellite peak 8.4eV apart from
the U™ band, in accordance with the observed bands
in the U 4f;,, peak.

Assignment of U*" and U™ valences is more difficult for
spectra taken from small crystals. Small crystals of uranyl
minerals commonly produced XPS spectra with a low signal
to noise ratio, which makes it difficult to resolve the satellite
peaks for U, US" and U*". Furthermore, the proportion of
the U** and U bands are in general very low in the envelope
of the U 4f;,, spectra of uranyl minerals. Hence, their corre-
sponding satellite peaks were almost always not resolved and
could not be used as an unequivocal proof for the occurrence
of U™ and U*". In those cases, we used the separation of the
bands in the U 4f;/, envelope and the ratio of intensities be-

FWHM values for Ag 3ds/, of metallic silver and binding energies with estimated standard deviations and FWHM-values for the C 1s and U
4f;, spectra of metatorbernite at different experimental settings and for peak fittings using a Gaussian-Lorentzian peak shape (G/L) or an

asymmetric peak shape function AS(60, 1).

Pass energy/ Ag 3ds;; G/L C1s(eV) G/L FWHM U 4f;,, AS(60,1) FWHM (eV) FWHM symmetric G/L
spot size peakFWHM peak (eV) (eV) AS(60,1) peak (eV)
40/110 0.68 282.54 1.15 381.88 1.31 1.14
160/55 1.11 281.58 1.34 382.02 1.62 1.43
160/110 1.63 281.86 1.55 381.96 2.04 1.83
Std: 4+0.02* <381.96>
Std: £0.08

# Based on multiple fittings at different experimental settings.
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tween the U 5f peak and the O2p peak in the valence bands as
indicators.

Fig. 2a—c show U 4f;/, spectra and spectra taken close to
the Fermi level from crystals of uraninite, brannerite,
(U,Ca,Ce)(Ti,Fe)Os and Na-substituted metaschoepite,
Nal,x[([7]U02)402,x(OH)5+x]. The area close to the Fermi
level can be divided into three distinct parts:

(1) the U 6ps/, peak in the range of 16-20 eV,
(2) the U 5f peak at ~1.5eV and
(3) the O 2p peak at 3-8 eV.

In compounds where uranium is hexavalent, the U 5f le-
vel is empty and the XPS spectra accordingly show no peak
(Veal et al., 1975; Teterin et al., 1981). The intensity of the
U 5f line in the XPS spectra of the uranium oxides is pro-
portional to the number of 5f electrons with anti-bonding
characters (U** and U have electronic configurations of
5f, and 5fj, respectively). Teterin et al. (1981) showed for
UO, compounds that, the intensity of the U 5f line de-
creases as O increases. The valence band is due to domi-
nantly O 2p orbitals that have bonding character with the
U 5f orbitals. Ilton et al. (2007) showed that an increase
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in the proportions of U™ and U*" result in an increase
in the ratio between the intensities of the U 5f peak and
the O 2p peak as a consequence of the decrease in the num-
ber of uranyl bonds and an increase in the number of 5f
electrons with anti-bonding character.

The U 6ps/, peak splits with the reduction in symmetry
(Veal et al., 1975) of the uranium polyhedra from a cubic
coordination in UO, (Goldschmidt and Thomassen, 1923)
to a distorted octahedral coordination with longer equato-
rial U—O and shorter uranyl-bonds in e.g. y-UO;
(Loopstra et al., 1977). This reduction in symmetry leads
to the asymmetry of the electrical field surrounding the cen-
tral uranium ion and the resulting splitting of the U 6p3/,
peak can be used to determine the equatorial U—O bond
length (Veal et al., 1975; Nefedov et al., 1996). Note that,
a reduction in symmetry can be also the result of a phase
transition and that the splitting of the U 6p;/, peak does
not necessarily indicate the presence of U*" and U°" in
the structure of a U*" mineral.

Fig. 2a shows the proportions of the U®", U™ and U**
bands in the U 4f;/, peak, the splitting of the U 6p5/, peak,
and the ratio between the intensities of the U 5f peak and
the O 2p peak for an oxidized surface of uraninite. We

Valence
lUGpm band O2p USf
1

Intensity (CPS)

T
20 16 12 8 4
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Fig. 2. XPS spectra showing the proportion of bands in the U 4f;/, peaks and the electronic levels within 22 eV of the Fermi level for (a)
uraninite with U*", U>" and U®", (b) brannerite and (c) Na-substituted metaschoepite with two different U®" bands. The different levels and
bands are labelled and their locations are indicated with grey-shaded vertical bars. The thickness of the grey-shaded vertical bars indicates the
variation in binding energy between identical bands in both spectra. The crystal-field splitting of the U 6p;/, level is indicated with arrows (see

text for details).
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can now compare these observed features in the spectra of
uraninite with the corresponding spectra of brannerite and
metaschoepite for which satellite peaks of U*" (brannerite)
and U**+ U®" (metaschoepite) are not resolved in the U 4f
spectrum. The U 4f;/, spectrum of brannerite resembles the
spectrum of uraninite and contains a prominent band at
381.4 eV and smaller bands at 382.1 and 380.6 eV. Hence,
one would expect similar spectra of U 6psz/,, O 2p and U
5f for brannerite. However this is not the case (Fig. 1b):
The splitting of the U 6p;/, peak is more enhanced and
the ratio between the intensities of U 5f and the O 2p is
much smaller in comparison to the spectrum of uraninite.
Hence, the prominent band in the U 4f;;, peak must be as-
signed to a U®" component, indicating the occurrence of
two U®" species in different structural environments. The
band at 380.6 eV is 0.8 eV from the prominent U** bands
at 381.4 and 7.8eV from a satellite peak at 388.4eV
(Fig. 2b). Both distances agree with reported US"-U>*
and U’t-satellite peak distances and thus, the band at
380.6 eV must be assigned to U°". In the case of Na-substi-
tuted metaschoepite, the U 6ps/, peak shows a large split-
ting and the ratio between the U 5f and the O 2p peak is
extremely low (Fig. 2¢), indicating that the bands at 382.1
and 381.3 eV (Table 1) must be assigned to U™ species.
The band at 380.6eV is 0.7 eV and 1.5eV apart from the
US" bands at 381.3 and 382.1 eV, respectively. These dis-
tances agree with reported U*"™—U" and U®"™—U*" dis-
tances in U 4f;, spectra and thus, a specific valence
cannot be assigned to the band at 380.6 eV.

We can summarize that U 6ps/, and U 5f spectra help to
determine the ratio between U®* and (U°* + U*") bands in
the U 4f;, envelope, but they do not show whether small
proportions of either U°* or U** are present on the surface
of a uranyl-mineral.

3.5. Effect of Ultra-High Vacuum and an X-ray beam on the
surface of uranyl minerals

Allen and Holmes (1987), Wersin et al. (1994) and
Schueneman et al. (2003) showed that an Ultra-High Vac-
uum (UHV) can slowly reduce U®* to U™ and U*". Allen
and Holmes (1987) showed that in the case of a-UQO;,
reduction of U®" is most likely the product of the combina-
tion of UHV and bombardment with X-rays, and that the
degree of reduction increases with the time the sample is
in the spectrometer (0.5-8.0 h). Ilton et al. (2007) studied
in detail the beam-induced reduction of U®" in adsorbed
U-species and/or a precipitated uranyl-hydroxy-hydrate
on the surface of annite, an iron-rich trioctahedral mica.
They monitored the U 4f, U 5f and the satellite peaks of
the U 4f peaks during a 26 h experiment and observed a
continuous reduction of U*" to U>" and U*".

The uranyl minerals examined here were in the spectrom-
eter between 12 and 72 h. Hence, it was necessary to test if
reduction of U®" on the surface of the uranyl minerals occurs
over this timeframe. We tested billietite Ba(H,0);
[(("'U0,)604(OH)g], a uranyl mineral without any U*" and
U components in the U 4f;, envelope. We stored a crystal
of billietite in the XPS instrument at 10™'° torr for 1 week
and subsequently exposed the sample to X-rays for 10 h.

Comparison of the U 4f;,, spectra taken before and after
the treatment showed no change in the envelope of billietite.
This observation differs from the beam/UHYV induced reduc-
tion observed in the cited studies above.

4. RESULTS

The chemical shifts of the U and U*" bands in the U
4f;,, peak of the uranyl minerals are between 381.0-382.3
and 380.2-380.7 ¢V, respectively. Closer inspection of
Table 1 indicates that the bands of the U 4f;,, peaks occur
at similar positions for uranyl minerals of similar composi-
tion and/or structure.

Uranyl minerals are commonly classified according to
the degree of polymerization of their structural units
(framework, sheet, chain, cluster, isolated polyhedron)
and on the topology of their sheets of polymerized ura-
nyl-polyhedra (Burns et al., 1996, Burns 1999, 2005). The
uranyl-minerals examined here may be divided into the fol-
lowing four groups on the basis of their structure and chem-
ical composition:

(1) Uranyl-hydroxy-hydrate compounds with no inter-
stitial cations or monovalent interstitial cations;

(2) Uranyl-hydroxy-hydrate minerals with divalent inter-
stitial cations;

(3) Uranyl-oxysalt minerals with (70,,) groups (7 = Si,
P and C) in which all equatorial O-atoms of the ura-
nyl polyhedra are shared with (70, groups;

(4) Uranyl-oxysalt minerals with (70,) groups (T =S
and Se) in which some equatorial O-atoms are shared
only between uranyl polyhedra.

Chemical shifts and the occurrence of U>" and U**
bands will be now discussed for each group and then com-
pared with observations of natural and synthetic uranates.

4.1. Uranyl-hydroxy-hydrate compounds with no or
monovalent interstitial cations

In the U 4f;/, peaks of this group, the U®" bands occur
at 382.00-382.3 ¢V with an average value of <382.1>¢eV,
(Table 1 and Fig. 3). Here, the observed binding energies
of 382.05 and 382.0 eV for U°" in Na-substituted metasc-
hoepite and metaschoepite agree well with the reported
binding energy of 382.0 eV for U®" in synthetic metaschoe-
pite (Froideval et al., 2003).

In the spectra of a-[FTUO,(OH),] and B-['UO(OH),], a
second band occurs between 380.5 and 380.7 eV. This band
is separated from the U®" band by 1.5 and 1.8 eV; in accord
with values reported for distances between U™ and U*"
bands (see above).

Additional bands occur at 381.4 and 381.3 eV in the U 4f
spectra of metaschoepite and Na-substituted metaschoepite,
respectively. As shown above for Na-substituted metaschoe-
pite, the ratio between the intensities of U 5f peak and the va-
lence band clearly indicate for both minerals that these bands
represent a second U%" species (see below). The occurrence of
two U bands and the absence of satellite peaks for U>* and
U*" in the U 4f spectra made it impossible to assign a valence
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Fig. 3. The U 4f;, spectra for uranyl-hydroxy-hydrate minerals
with or without monovalent interstitial cations. The location of the

U®" and U*' bands and their variations in binding energies
indicated with vertical grey-shaded bars.

to the band at 380.5-380.7 eV. However, spectra taken from
a Na-substituted metaschoepite crystal, which has been trea-
ted with an HCI solution of pH 2 and exposed to air for
6 months, suggest that the latter band belongs to a U*" spe-
cies (see below for details).

The polymorphs a- and B-[(UO;)(OH),] contain U in
[8] and [6]-coordination, respectively (Fig. 3 and Table
1). Similar binding energies of the U®" band in the spectra
of each compound indicate that the coordination number
of U does not affect the chemical shift of the U 4f;/, peak.

4.2. Uranyl-hydroxy-hydrate minerals with divalent
interstitial cations

The U®" band in the U 4f;/, peaks of these minerals
occurs between 381.0 and 381.6 eV with an average value
of <381.3> eV (Table 1 and Fig. 4). There was no indica-
tion of U>* or U*" in the U 4f and 5f spectra. In addition,
almost all U 4f;/, peaks have an unsymmetrical shape to the
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Fig. 4. The U 4f;), spectra for uranyl-hydroxy-hydrate minerals
with divalent interstitial cations; location of the bands and their
variations in binding energies are indicated with vertical grey-
shaded bars.

higher-energy side and their spectra were fitted with the
asymmetric peak shape function (Table 1).



2480 M. Schindler et al./ Geochimica et Cosmochimica Acta 73 (2009) 2471-2487

4.3. Uranyl oxysalt minerals in which all equatorial O-atoms
are shared with (70,

The binding energies for U™ and U*" in minerals of this
group range from 381.9 to 382.2eV and from 380.2 to
380.4 eV with average values of <382.0> and <380.4> eV,
respectively (Table 1 and Fig. 5). The average separation
between both bands is <1.6> eV, which agrees with the val-
ues reported for mixed-valent U-compounds (see above).
The binding energies for U and U*" are similar to those
observed for the uranyl-hydroxy-hydrates with or without
monovalent interstitial cations.

The spectrum for soddyite was assigned to this group,
although one equatorial ligand in the uranyl-polyhedra is
a (H,0) group. However, the uranyl-polyhedra share four
out of the five equatorial ligands with silica tetrahedra
and the equatorial H,O group is not shared with another
uranyl-polyhedra. Furthermore, (H,O) has a similar Lewis
base strength as (CO)*~ and (SiO4)*~ (see below).

The observed binding energy of 381.9 eV in synthetic lie-
bigite agrees with the previous reported value of 381.8 eV
(Amayri et al., 2005a).

4.4. Uranyl-oxy salt minerals in which some equatorial
O-atoms are shared only between uranyl polyhedra

The binding energies for U®" in the U 4f;, peak of these
minerals are between 381.5 and 381.7 ¢V with an average
value of <381.6> eV (Fig. 6 and Table 1). The U 4f enve-
lope of Mg-zippeite clearly shows a shoulder on the lower
binding energy side and an additional band had to be
included in the fitting process. This band is 1.1 eV apart
from the U®" band, suggesting the presence of a small frac-
tion of U, A satellite peak associated with such a small
proportion of U>" would be not resolved in the U 4fs,
spectrum, in accord with our observations.

Interesting are the spectra of (dehydrated) wyartite
which contain U®" in its structure and which oxidizes
quickly in air (Gauthier et al., 1989). Fig. 6d shows the U
4f7/, spectrum of a non-freshly cleaved sample of (dehy-
drated) wyartite, which indicates that the surface contains
exclusively U, A spectrum of a freshly-cleaved sample
of (dehydrated) wyartite contains an additional band at
380.2 eV (Fig. 6e). This band is 1.5eV apart from the
U®", which indicates the presence of U*' rather than
U>". This observation however does not necessarily imply
that, the structure of (dehydrated) wyartite contains U*"
rather than U°". It simply indicates that all of the U>*
has been oxidized on the surface of the mineral and that
the presence of U*" may indicate a disproportionation of
U>". The time between cleaving the crystal and its transfer
to the vacuum chamber of the XPS was approximately one
minute, suggesting very rapid oxidation (or disproportion-
ation) of U°" on the freshly cleaved surface. This rapid oxi-
dation of U™ on the surface of wyartite seems inconsistent
with the presence of U on the surface of uraninite, ianth-
inite and brannerite (see above). However, the kinetics of
oxidation will depend on the structural environment of
the corresponding cation and anion. For uraninite, ianthi-
nite and brannerite, the structural environments of U™
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Fig. 5. The U 4f;, spectra for uranyl-oxy-salt minerals with (70,
groups (7= Si, P, and C) in which all equatorial O-atoms of the
uranyl-polyhedra are shared with (70,) groups (Note that the
structure of soddyite contains a non-shared H,O group as an
equatorial ligand in the uranyl-polyhedra); location of the bands
and their variations in binding energies are indicated with vertical
grey-shaded bars.

are very different from that in wyartite. In the wyartite
structure, U>" shares an edge with a (COs) triangle,
whereas on the surfaces of uraninite, ianthinite and branne-
rite, U>* does not bond to any complex anion.
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5. DISCUSSION

We are now in the position to compare the observed
binding energies of the bands in the U 4f;/, peaks of the
uranyl minerals with those in uranates. The binding ener-
gies for U™ in a-, B-, y- and 8-UOj; are in the range

382.0-382.1 ¢V (Allen and Holmes 1993) and the binding
energy for U*" in UO; is in the range 379.9-380.4 ¢V (on
the basis of the C 1s peak at 285eV; Bera et al., 1998;
Van den Berghe et al., 2000; Schueneman et al., 2003).
The average separation between both peaks is <1.7> eV,
in accord with the observation of Allen and Holmes
(1993). For alkali and alkaline-earth MUO, compounds
(M =Na, Li, Rb, TI*, Sr, and Ba), Bera et al. (1998)
reported binding energies for U*Y, U°" and U*' in the
range 381.4-381.9, 380.8-380.9 and 380.0-380.4 ¢V, respec-
tively. The average separations between the peaks are
0.9 eV for U*-U”" and 0.6 eV for U U*".

Comparison of the binding energies between uranyl min-
erals and uranates indicates that the presence of alkali and
alkaline-earth cations shifts the U®" band to lower binding
energy; i.e. from <382.0> eV for the polymorphs of UO; to
<381.7> eV for MUO, compounds, and from <382.1> eV
for uranyl-hydroxy-hydrates with zero or small amounts
of monovalent interstitial cations to <381.3> eV for the
uranyl-hydroxy-hydrate minerals with divalent interstitial
cations. The explanation of this shift is not trivial and we
will therefore focus first on the observed shift of the U 4f
peak for minerals with divalent cations.

5.1. Binding-energies of the U 4f spectra for minerals with
divalent cations

Uranyl minerals with divalent interstitial cations are
(1) uranyl-hydroxy-hydrates, (2) uranyl oxysalts contain-
ing only (70,) oxyanions, and (3) uranyl oxysalts con-
taining both (70,) oxyanions and O-atoms bridging
uranyl polyhedra. The different average binding energies
of the minerals of these groups indicate that the coordi-
nation environment of the equatorial O-atoms has a sig-
nificant effect on the binding energy of the U 4f electrons.
The O atoms in the first group occur as OH groups or
0> in the second group as part of the (70,) groups,
and in the third group either as part of the (70,,) groups
or as O®~ or OH™ (as in zippeite).

The (OH)~, O*~ and (70,,) groups can be distinguished
by their Lewis basicity, which is a measure of their electro-
philic strength; i.e. their ability to accept electrons. Brown
(2002) lists the Lewis basicities of the complex oxyanions
(Si04)*~, (PO,)*~, (CO5)*~ and (SO,4)*~ as 0.33, 0.25, 0.22
and 0.17 vu, respectively. These values were calculated
using an average coordination number of [4] for the
O-atoms of these anion groups in inorganic structures.
Brown (2002) also showed that the coordination of an indi-
vidual O-atom varies over a large range and that no
characteristic Lewis basicity can be assigned to an individ-
ual O-atom. However, the coordination numbers of O in O*~
or (OH) groups in the equatorial plane of polymerized uranyl
polyhedra vary only between [3] and [4]. Using the latter
coordination number, the Lewis basicities of the O*>~ and
(OH) groups are 0.50 and 0.40 vu, respectively.

The XPS results given here show that the U** band of
the U 4f;/, peak shifts to higher-energy with a decrease in
Lewis basicity of the anion group; i.e. from 381.3 eV for
OH/O?~ groups to 381.6eV for O>7/(T0,) groups to
382.0 eV for (70, groups. Fig. 7 shows that the binding
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Fig. 7. The binding energy of the U®" band in the U 4f;), peak
versus the average Lewis basicity of the anion groups in the
structural unit of uranyl minerals with divalent cations; data for
uranyl oxysalts with (70,) groups are shown as squares, for
oxysalts with (70,,) groups and O®~ or (OH) groups as triangles,
and for uranyl-hydroxy-hydrates as circles.

energies of the U™ bands in U 4f5, peaks of minerals with
divalent cations inversely correlate with the corresponding
average Lewis basicities of the anion groups in the struc-
tural unit. This general trend results from the increase in
covalency of the U—O bond with increasing Lewis basicity
of the anion group. An increase in covalency of the equato-
rial bond results in a shift in electron density from O to U,
which increases the electron density around U and thus
decreases the binding energy of the photoelectrons.

5.2. Binding-energy shift in the U 4f;, spectra of uranyl-
hydroxy-hydrate minerals

We described above the shift in binding-energy of the
U®" band from <382.1> eV for uranyl-hydroxy-hydrates
with zero or small amounts of monovalent interstitial
cations to <381.3>eV for the uranyl-hydroxy-hydrate
minerals with divalent interstitial cations. Uranyl-hydro-
xy-hydrates with divalent cations have a higher number
of stronger equatorial Lewis base O>~ than uranyl-hydro-
xy-hydrates with zero or small amounts of monovalent
interstitial cations. Hence, there must be a shift to higher
binding-energies with an increasing number of the weaker
Lewis Base (OH) . However, this shift will be small in
comparison to the shift of the U®" band from uranyl-hy-
droxy-hydrates with divalent cations (<381.3>) to uranyl-
oxy-salt minerals in which all equatorial O-atoms are
shared with (70,,) (<382.0>). Hence, the higher number
of (OH) groups in the polymerized sheets of uranyl-polyhe-
dra of the uranyl-hydroxy-hydrates with zero or small
amounts of monovalent interstitial cations cannot solely
explain the shift in binding energy from <381.3> to
<382.1>eV.

In uranyl-hydroxy-hydrates with divalent interstitial
cations, the latter cations bond either to O-atoms of
the uranyl-groups or they bond to (H,O) groups in the
interlayer. These (H,O) groups distribute the bond-va-
lence from the interstitial cations and from (OH) groups
of the structural unit throughout the interlayer to

O-atoms of wuranyl-groups. In uranyl-hydroxy-hydrate
minerals without interstitial cations, the bond-valence
emanated solely by the (OH) groups of the structural unit
must be transferred to O-atoms of the uranyl-groups.
Hence, the bond-valence sum accepted by the O-atoms
of the uranyl-groups is smaller in uranyl-hydroxy-hydrate
minerals without interstitial cations than in those with
divalent cations.

Consider the uranyl-hydroxy-hydrate minerals metasc-
hoepite, [(UO,);0(OH)sJ(H>0)s and the endmember com-
position of fourmarierite, Pb(H,0)4[("'UO,)s05(OH)4].
Both minerals have sheets of polymerized uranyl-polyhedra
with the same topology and they contain similar numbers
of (H,0) groups. However, fourmarierite has a higher num-
ber of the stronger Lewis Base O>~ and there is a greater
transfer in bond-valence from the interstitial species Pb
and H,O to the O-atoms of the uranyl-groups. Closer
examination of the structure of fourmarierite and metasc-
hoepite shows that the greater transfer in bond-valence to
O-atoms of the uranyl-groups results in an increase in the
average bond-length of the uranyl-ion from <1.78 A> in
metaschoepite to <1.82 A> in fourmarierite (with one Pb
per formula unit, Li and Burns, 2000). These average
bond-lengths correspond to bond-valences of 1.68 and
1.55 vu, respectively. This shows that an increase in the
accepted bond-valence by the O-atoms of the uranyl-groups
decreases the covalency of the uranyl-bond. One might
expect a decrease in the electron density around U®" with
decreasing covalency of the uranyl-bond, similar to what
we have concluded for the equatorial bonds (see above),
however, this is not the case for the uranyl-bond.

There has been many reports and reviews on the elec-
tronic structure of the uranyl-bond (e.g. Denning 2007
and references therein). The following four molecular orbi-
tals are involved in the bonding between U and O: 3oy,
36y, Ing and 2m,, which suggests a notional U—O bond
of the order of three (Denning, 2007). Experimental and
theoretical studies show that an increase in bond-length
of the U=0 bond and thus a decrease in covalency are
the result of the excitation of bonding electrons from
30, or 2m, to non-bonding U 5f orbitals (Denning
2007). Hence, an increase in the bond-length of U=O
from metaschoepite to fourmarierite corresponds to an in-
crease in the electron density around U®*, explaining the
lower binding energy of the U 4f electrons in fourmarierite
than metaschoepite.

The following trends support the inverse correlation
between the length of the uranyl-bond and the binding
energy of the U 4f electrons for uranyl-hydroxy-hydrates:

(1) The length of the uranyl-bond increases from 1.65 to
1.78 A for uranyl-hydroxy-hydrate minerals with no
or monovalent interstitial cations (U®" band at
382.0-382.3¢eV) to 1.79-1.83 A for uranyl-hydroxy-
hydrate minerals with divalent interstitial cations
(U®" band at 381.0-381.6 eV).

(2) The lowest average U=O bond-length (1.65 A)
occurs in B-['UO2(OH)2] with a U®" band at
382.3 eV and the highest average bond-length (1.83
A) occurs in masuyite with a U®" band at 381.1 eV.
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The inverse correlation between the binding energy of
the U®" band and the length of the uranyl-bond does not
necessarily apply, if one considers two uranyl-hydroxy-hy-
drate minerals with divalent cations and with polymerized
sheets of different composition and topology. For example,
the average bond-lengths of the uranyl-bond in becquerelite
and fourmarierite are 1.79 and 1.82 A, whereas the binding
energies of the U®* bands are <381.2> (synthetic and nat-
ural becquerelite) and 381.4 (fourmarierite), respectively.
However, actual bond-lengths of the uranyl-bonds on sur-
faces may differ from those of bulk structures and therefore
differences between average bond-lengths of uranyl-bonds
may be larger or smaller on the surfaces of the correspond-
ing minerals. This may be especially true for uranyl-hydro-
xy-hydrate minerals, which can loose significant amounts of
(H,O) groups in Ultra-High Vacuum (Schindler et al.,
2009).

We can summarize that the Lewis basicity of the
equatorial ligands O*~ and (OH) and the accepted
bond-valence by the O-atoms of the uranyl bonds are
two structural parameters that explain the differences in
binding energies between uranyl-hydroxy-hydrates. Other
potential factors could be structural factors such as the
coordination number of U, the number of adjacent ura-
nyl-polyhedra, surface features such as roughness (i.e.
number of underbonded O-atoms) and hydrated or dehy-
drated surface layers.

5.3. U components in uranyl-hydroxy-hydrate minerals
without divalent cations

As described above, the U 4f spectra of metaschoepite
and Na-substituted metaschoepite contain a second U®"
band. This band occurs at a similar binding energy as
the U®" bands in the U 4f spectra of uranyl-hydroxy-hy-
drate minerals with divalent cations. To understand the
occurrence of this band, we must consider the following
facts:

(1) This band has not been reported for the U 4f spec-
trum of the metaschoepite powder-sample measured
by Froideval et al. (2003).

(2) The corresponding crystals of metaschoepite and Na-
substituted metaschoepite were too small for the
preparation of a freshly cleaved surface and rather
were washed with distilled water in order to remove
any dust particles;

(3) Metaschoepite can either dehydrate to “dehydrated
schoepite” or hydrate to schoepite (Finch et al,
1998). Note that dehydration or hydration processes
of Na-substituted metaschoepite have not yet been
explored.

(4) The U 4f spectra of a- and B-UO,(OH), do not con-
tain this band;

(5) Both UO,(OH), phases can neither loose nor gain
(H,0) groups during heating or being exposed to
water (Finch et al., 1998).

These facts suggest that the two U®" bands in the U 4f
spectra of metaschoepite and Na-substituted metaschoepite

represent U species in structural environments of different
hydration states. Different hydration states have not been
observed for o- and B-UO,(OH),, which would explain
the absence of two U®" bands in their U 4f spectra.

We conducted various experiments on the crystals of
Na-substituted metaschoepite, because we initially assigned
the band at 381.3-381.4 eV to U>" and we wanted to test if
this band was a result of the Ultra-High Vacuum or bom-
bardment of X-rays. We are now in the position to evaluate
the results of these experiments under the perspective that
different hydration states on the surface of the mineral
might be the reason for two U®" bands in the U 4f;/, spec-
trum. Furthermore, we can use the results of the experi-
ments to gain some more information on the possible
valence of the band at 380.5eV.

In the first experiment, we tried to remove the upper sur-
face layers of the Na-substituted metaschoepite through
etching of the single crystal in a 5-ml HCI solution of pH
2 for 2 min. Subsequent XPS examination shows small in-
creases in the U®" band at 381.3eV and the band at
380.3-380.5eV (Fig. 8a and b and Table 1). Second, we
kept the Na-substituted metaschoepite crystal for 6 months
in air. The XPS spectrum taken their after shows the ab-
sence of the small U®" band at 381.3 eV, the occurrence
of two large U®" bands at 381.9 and 382.2 eV (Table 1)
and a small fraction of the band at 380.3-380.5eV
(Fig. 8c). Third, we stored the crystal in the XPS instrument
at 107" torr for 1week and subsequently exposed the
sample to X-rays for 10 h. The U 4f;/, spectra taken before
and after the treatment show a shift of all bands to higher
binding energies (Fig. 8d and Table 1).

There are several observations that indicate that the
band at 380.3-380.5 eV corresponds to U **:

(a) The species is very stable during treatment with
acidic solutions and 6-month exposure in air, which,
from our experience, does not apply to U";

(b) The corresponding band is 1.6eV apart from the
strongest U®" band in the untreated sample and it
is 1.6 and 1.4 eV apart from any U®" band in the
spectra taken after 6 months exposure in air and after
long exposures to UHV and X-rays, respectively.

Finch et al. (1996) studied the effect of X-rays on single
crystals of schoepite. They showed that single crystal trans-
form into a polycrystalline powder, involving a change in
the appearance from translucent yellow to opaque yellow.
Studies of the unit-cell parameters after exposure to X-rays
showed a decrease in one of the unit-cell dimensions, which
Finch et al. (1996) interpreted as transformation of schoe-
pite into metaschoepite.

For Na-substituted metaschoepite, we also observed a
change in the crystals appearance from translucent to opaque
indicating that the UHV and bombardment by X-rays caused
dehydration at the surface of the mineral. Simultaneous to
the change in appearance occur a shift of all U-bands to high-
er binding energies and the disappearance of the small U*
band at 381.3 eV (see above). These observations must be
associated to the dehydration of the upper surface layers of
Na-substituted metaschoepite, suggesting that the small
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Fig. 8. The U 4f;/, spectra for the same Na-substituted metasc-
hoepite crystal after different types of treatment; the location of the
U®" and U*" bands are indicated with vertical grey-shaded bars
and the types of treatment are listed on the right-hand side. The
thickness of the grey-shaded vertical bar indicates the variation in
binding energy of the bands in the U 4f5/, spectra.

US" band at 381.3 eV represents a higher hydrated U" spe-
cies on the surface of the mineral (see also above). The reason
for the shift in binding energies of the U-bands (i.e. a shift in
electron density from U to O) must be related to structural
changes inside the upper surface layers. These structural
changes may be related again to a decrease in the U=0O
bond-length as a result of a decrease in the number of
accepted bonds by the O-atoms of the uranyl-group.

5.4. Origin of U*" and possible substitution mechanisms for U®*
With the exception of ianthinite, [U*,(UO,),06(OH)4

(H,0)4](H>O) (Burns et al., 1997b) wyartite, Ca(H,0);
[U>*(UO,)»(CO3)(04)(OH)] (Burns and Finch, 1999) and

dehydrated wyartite, Ca(CO5)[U’"(UO,),04O0H)(H,0);
(Hawthorne et al., 2006), uranyl minerals contain U with a
formal valence of 6+. The incorporation of lower-valent
radionuclides such as Np®>" and Pu*" into the structure of
uranyl minerals is possible, but is presumably limited due
by local charge-balance requirements (Burns et al., 1997a,
2004; Chen et al., 1999, 2000; Burns and Li 2002; Douglas
et al., 2005; Burns and Klingensmith, 2006). The following
question arises: how is it possible that the surfaces of some
of the minerals examined contain small amounts of U** spe-
cies? This could result from the conditions during formation
of the uranyl minerals and compounds. For example, Finch
and Ewing (1992) showed that uranyl minerals such as urano-
phane form as alteration products on the surface of uraninite,
UO,. At the mineral-water interface of such a U*" mineral,
the activity of U*" is higher than in cases where uranyl min-
erals form at a larger distance from the primary U**-mineral.
Hence, one might expect that uranyl minerals formed on the
surface of U** minerals always incorporate a certain amount
of U*" into their structures. Another possibility is that crys-
tals nucleate around uraninite precursors and therefore still
contain small inclusions of uraninite crystals. The latter case
might be especially true for minerals such as ianthinite,
uranophane and schoepite, which are common oxidation
products of uraninite (Finch and Ewing, 1992).

The incorporation of U** into the structural unit may be
charge-balanced by (1) protonation of equatorial O-atoms
of uranyl polyhedra, (2) protonation of two apical O-atoms
bonding to U**, and (3) incorporation of interstitial cations
(M) in the interlayer:

US—0—2U°%" 4 2e~ 4+ 2H"

— 2U"—OH—U*"—OH—2U*" (1)
0=U®"=0 4 +2¢~ +2H" — HO—U*"—OH (2)
M—0=U*"=0 +¢ 4 2M"*

— Mt—0—U""—0—2M" (3)

where UST—0—2U°" is an equatorial O-atom bonding to
three U®", O=U®"=0 is a uranyl-group, HO—U*"—OH
is a group of two apical OH groups bonding to U*" and
M—O0—U*"—0—2M" is a group of two apical O atoms
bonding to U*" and three M cations.

There is also the possibility of the incorporation of U*"
into the interstitial complex, which would require deproto-
nation of the equatorial OH-groups. In the case of a uranyl
mineral with a divalent interstitial cation, the incorporation
could be charge-balanced in the following way:

M2+_ [U6+_(OH)2—U6+} N U4+_[U6+_02_U6+] (4)

where, [U6+—(OH)2—U6+] and [U®"—0,—U®"] represent
the structural unit, and M>" and U*" represent the intersti-
tial cations. Each of these charge-balancing mechanisms
requires a modified structural environment around the
incorporated lower-valent cation. The structural modifica-
tions may be limited, depending on the structure type of
the corresponding mineral. However, there are fewer limita-
tions of the incorporation of a lower-valent cation on a



XPS spectra of uranyl minerals. I: U 4f 2485

surface, because in this environment charge balance can
occur through protonation or deprotonation of underbond-
ed O-atoms along terraces, steps and kinks.

6. CONCLUSIONS

XPS examination of the binding energies of the U 4f;/,
peak in uranyl minerals of different structures and chemical
compositions showed that the presence of alkaline-earth
cations in the interlayer and the coordination environment
of equatorial O-atoms in the uranyl-polyhedra have a sig-
nificant effect on the chemical shift of the U 4f peak. In
the XPS spectra of uranyl minerals containing divalent cat-
ions, the U 4f peak shifts to higher binding energy with a
decrease in the Lewis basicity of the equatorial oxy-groups;
i.e. from O’ and OH to oxy-anions such as (SiO4)*",
(CO5)>~, (PO4)*™ and (SO4)*". In the spectra of uranyl-hy-
droxy-hydrate minerals with and without divalent intersti-
tial cations, the bands shift to lower binding energies with
lengthening of the uranyl bonds as result of an increase in
bond-valence transfer from interstitial species to the O-
atoms of the uranyl group.

The XPS spectra of uranyl minerals and synthetic com-
pounds show the presence of U*", which may be the result
of (1) a high activity of U*" during the growth of the uranyl
mineral and (2) the incorporation of uraninite crystals dur-
ing growth. U 4f spectra of metaschoepite and Na-substi-
tuted metaschoepite contain two U®" bands. The
exposure of a Na-substituted metaschoepite crystal in air
for 6 months and 1 week under UHV suggests that the
smaller U®" band at the lower binding energy side corre-
sponds to a higher hydrated species on the surface of Na-
substituted metaschoepite.
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