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bstract

Mixed valent PuO2+x(s, hyd) = (PuV)2x(PuIV)1−2xO2+x(s, hyd) is formed by the reaction of hydrous Pu(IV) oxyhydroxide precipitates, PuO2(s,
yd), with oxygen. The standard molar Gibbs energy of formation is calculated from the Pu(IV) and Pu(V) concentrations at 20–25 ◦C in equilibrium
ith PuO2+x(s, hyd) which may be written formally as (PuO2.5)2x(PuO2)1−2x(s, hyd) where x < 0.1:

fG
◦
m(PuO2+x(s, hyd)) = {2x(−971.2 ± 5.4) + (1 − 2x)(−965.5 ± 4.0)} (kJ/mol).

This value is only slightly more negative than �fG
◦
m(PuO2(s, hyd)) = −965.5 ± 4.0 kJ/mol. The formation of PuO2+x(s, hyd) with x > 0.25, e.g.

ure Pu(V) oxide, PuO2.5(s, hyd), is rather questionable.
Anhydrous crystalline Pu(IV) dioxide (�fG

◦
m(PuO2(cr)) = −998.1 ± 1.0 kJ/mol) is not oxidised by O2(g) unless the presence of water creates

surface layer of hydrous oxide. (The standard molar Gibbs energy for surface hydration is negative while �rG
◦
m for the hydration of the bulk

rystalline phase is positive.) Assuming analogous differences between the �fG
◦ values of AnO3(cr) and An(VI) oxyhydroxides or similar
m

tabilization energies for analogous mixed valent compounds of U, Np and Pu, the known thermodynamic data for An(IV, V, VI) oxides and
xyhydroxides are used to estimate the following standard molar Gibbs energies of formation at 25 ◦C: �fG

◦
m(PuO2.25(cr)) = −995 ± 3 kJ/mol,

fG
◦
m(PuO2.5(cr)) = −987 ± 10 kJ/mol, and �fG

◦
m(PuO3(cr)) = −952 ± 10 kJ/mol. These compounds are less stable than PuO2(cr).

2007 Elsevier B.V. All rights reserved.
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. Introduction

During the last years the formation and thermodynamics of
uO2+x(s) have been discussed very controversially in the lit-
rature. The formation of PuO2+x(s) has been reported first by
aschke et al. [1–4] who claimed that PuO2(s) is oxidised by

iquid water or water vapour according to the reaction:

uO2(s) + xH2O → PuO2+x(s) + xH2(g) (1)

In the presence of both water and oxygen they proposed a
ater-catalyzed oxidation mechanism [2,3] with the net reac-
ion:

uO2(s) + x
2O2(g) → PuO2+x(s) (2)
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Theoretical studies cast doubts on the stability of PuO2+x(s)
5,6] and a recent attempt to oxidise PuO2(cr) with water vapour
under strict exclusion of oxygen) at 315 ◦C failed [7]. On the
ther hand, EXAFS and XPS studies [8,9] provide clear evidence
or the formation of hydrous PuO2+x(s, hyd) which has been
haracterized as partially oxidised mixed valent oxyhydroxide
PuV)2x(PuIV)1−2xO2+x−n(OH)2n(s, hyd). The maximum value
f x observed by Haschke et al. [1–4] is x = 0.27 (approxi-
ately equal to PuO2.25(s) = (1/4)Pu4O9(s)) but they supposed

hat PuO2.5(s) = (1/2)Pu2O5(s) should be most stable [2–4].
oreover, Haschke et al. [3] claimed that PuO2+x(s) is more

table than PuO2(s) and that the measured Pu concentrations
nd oxidation state distributions do not represent equilibrium
hermodynamics but kinetically controlled steady-state concen-
rations resulting from the leaching of Pu(V) fractions and

ubsequent disproportionation reactions.

In a recent paper [10] we have analyzed solubility stud-
es with PuO2(s, hyd) in solutions without complexing ligands
carbonate, phosphate and silicate, etc.). Comparing total Pu

mailto:neck@ine.fzk.de
dx.doi.org/10.1016/j.jallcom.2007.01.159
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Fig. 1. Solubility of PuO2+x(s, hyd) = at pH 1–13 and I < 0.5 M (20–25 ◦C);
experimental solubility data after ultrafiltration: [Pu]tot (predominantly Pu(V))
under air [13–15] (open symbols) or under Ar containing less than 10 ppm
O2 [10] (filled symbols) and Pu(IV) concentrations (crosses) determined by
spectroscopy or solvent extraction. The calculated Pu(IV) concentration is
based on the solubility product of PuO2(s, hyd) and the Pu(IV) hydrolysis
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oncentrations, oxidation state distributions and simultane-
usly measured redox potentials under air (at pH < 8) and
nder Ar (with only traces of O2 present) strongly indicates
hat O2 is scavenged by solid PuO2(s, hyd) yielding mixed
alent PuO2+x(s, hyd) = (PuV)2x(PuIV)1−2xO2+x(s, hyd). Both
he experimental Pu(IV) and Pu(V) concentrations and the mea-
ured redox potentials can be explained in terms of equilibrium
hermodynamics [10]. In the present paper the thermodynamic
ata derived for PuO2+x(s, hyd) from experimental solubil-
ty data are discussed in comparison with known standard
olar Gibbs energies of pure and mixed valent anhydrous

xides and hydrous oxyhydroxides of uranium, neptunium
nd plutonium in the oxidation states An(IV), An(V), and
n(VI).

. Solubility control by PuO2+x(s, hyd)

As discussed in recent reviews of the solubility of tetrava-
ent actinides [11,12] the available solubility data for AnO2(cr)
ith An = Th, U, Np and Pu strongly indicate that the solubil-

ty is not controlled by the thermodynamically stable crystalline
ioxides AnO2(cr) but by small fractions of small amorphous
articles included in the bulk crystalline solids or by amorphous
ydrated surface layers. The measured An(IV) concentrations
re similar to those determined with (metastable) oxyhydrox-
des, AnO2(s, hyd), prepared by precipitation from solution. The
olubility of Pu(IV) oxide or oxyhydroxide is further compli-
ated by redox reactions. The total Pu concentration (log [Pu]tot)
easured in solubility studies with Pu(IV) hydrous oxide pre-

ipitates at pH > 3 is dominated by Pu(V) for both studies under
ir (Rai et al. [13–15]) and studies under Ar atmosphere con-
aining only traces of oxygen [10,16,17] (Fig. 1). The studies
nder air and Ar led to very similar Pu(V) concentrations and
edox potentials in these suspensions. A profound analysis of
he experimental data in these studies [10] has shown that the
u(V) concentrations and pe values are not consistent with the
quilibria

uO2(s, hyd) ⇔ PuO2
+ + e− (3)

r

uO2(s, hyd) + 1
4 O2(g) + H+ ⇔ PuO2

+ + 1
2 H2O (4)

The experimental data can only be explained if oxygen is
cavenged by the abundantly present solid phase PuO2(s, hyd)
ielding PuO2+x(s, hyd) [10]:

uO2(s, hyd) + x
2 O2 → PuO2+x(s, hyd) (5)

he fraction of Pu(V) in PuO2+x(s, hyd)) can be calculated from
he constant concentration at pH < 3 where the rather small frac-
ion of oxidised Pu is completely dissolved and from the total Pu
nventory in the samples initially present in the solid precipitates
10]. This is about 0.5% (x = 0.003) in our recent study under

r (<10 ppm O2) where the constant level of dissolved Pu(V) at
H < 4 corresponds to the amount of Pu(VI) in the initial Pu(IV)
tock solution from which the solid phase was precipitated [10].
he solids in the studies of Rai et al. [14,15] contain 10–12%

T
t
i
P

onstants selected in [11,19]. The calculated Pu(V) concentration is based on
og K◦

sp = −14.0 ± 0.8 and the hydrolysis constants selected in [18,19] for the
nalogous Np(V) species NpO2(OH)(aq) and NpO2(OH)2

−.

u(V) (x = 0.05–0.06) which corresponds to the amount of oxy-
en in their samples exposed to air and then kept in closed vials,
.e., to the sum of [O2]aq = 2.5 × 10−4 M at pO2(g) = 0.2 bar and

2(g) in the gas phase above the solution [10].
Mixed valent PuO2+x(s, hyd) = (PuV)2x(PuIV)1−2xO2+x(s,

yd) may be written formally as (PuO2.5)2x(PuO2)1−2x(s, hyd)
n equilibrium with both Pu(V) and Pu(IV) in solution (Fig. 1):

PuO2+x(s, hyd) + (2 − 3x)H2O(l)

⇔ 2xPuO2
+ + (1 − 2x)Pu4+ + (4 − 6x)OH− (6)

Since PuO2
+ and Pu4+ ions and their hydroxide complexes

o not undergo reversible redox reactions, their equilibrium con-
entrations can be described separately by the solubility products
or the formal fractions of PuO2.5(s, hyd) and PuO2(s, hyd) in
uO2+x(s, hyd):

sp(PuO2.5 in PuO2+x(s, hyd)) = [PuO2
+][OH−] (7)

sp(PuO2 in PuO2+x(s, hyd)) = [Pu4+][OH−]4 (8)

ith

log Ksp(PuO2+x(s, hyd))

= 2x log Ksp(PuO2.5 in PuO2+x(s, hyd))

+ (1 − 2x) log Ksp(PuO2 in PuO2+x(s, hyd)) (9)
he standard molar Gibbs energy can be calculated from
he solubility constants at zero ionic strength. log K◦

sp(PuO2.5
n PuO2+x(s, hyd)) = −14.0 ± 0.8 [10] and log K◦

sp(PuO2 in
uO2+x(s, hyd)) ≈ log K◦

sp(PuO2(s, hyd)) = −58.33 ± 0.52 [19]
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Fig. 2. Normalized standard molar Gibbs energies of formation of crystalline
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ccording to

�fG
◦
m(PuO2.5(s, hyd))

= RT ln K◦
sp(PuO2.5(s, hyd)) + �fG

◦
m(PuO2

+)

+�fG
◦
m(OH−) − 0.5�fG

◦
m(H2O(l)) (10)

nd

�fG
◦
m(PuO2(s, hyd))

= RT ln K◦
sp(PuO2(s, hyd)) + �fG

◦
m(Pu4+)

+4�fG
◦
m(OH−) − 2�fG

◦
m(H2O(l)) (11)

ith �fG
◦
m(PuO2

+) = −852.65 ± 2.87 kJ/mol, �fG
◦
m(Pu4+) =

477.99 ± 2.70 kJ/mol,�fG
◦
m(OH−) = −157.22 ± 0.07 kJ/mol,

nd �fG
◦
m(H2O(l)) = −237.14 ± 0.04 kJ/mol [19]. Hence the

tandard molar Gibbs energy of formation of PuO2+x(s, hyd) is
iven by

�fG
◦
m(PuO2+x(s, hyd))

= 2x�fG
◦
m(PuO2.5(s, hyd)) + (1 − 2x)�fG

◦
m(PuO2(s, hyd))

= {2x (−971.2 ± 5.4) + (1 − 2x)(−965.5 ± 4.0)} (kJ/mol)

(12)

or PuO2+x(s, hyd)) with x < 0.1 present in the solubility studies
iscussed above. It is only slightly lower than �fG

◦
m(PuO2(s,

yd)) = −965.5 ± 4.0 kJ/mol.
It has to be emphasized that amorphous or slightly crys-

alline hydrous oxides or oxyhydroxides like PuO2(s, hyd) or
uO2+x(s, hyd) formed in aqueous solution are not well defined
ompounds. They are inhomogeneous with regard to the degree
f hydration and crystallite size. Hence their thermodynamic
roperties can vary with time of ageing and with the solution
onditions affecting the recrystallization kinetics [19]. The sol-
bility constants and �fG

◦
m values must therefore be considered

s average values. On the other hand, these are the compounds
elevant for aqueous systems and the storage of nuclear waste.
articularly in the case of highly active Pu wastes �-radiation
amage leads to the amorphization of crystalline compounds.

. Discussion of thermodynamic data for PuO2+x(s, hyd)
nd PuO2+x(cr) in comparison with known data for
xides and oxyhydroxides of uranium and neptunium

In the following sections, the thermodynamic data derived
or hydrous PuO2+x(s, hyd) from experimental solubility data
nd those for possible anhydrous crystalline compounds like
uO2.25(cr) = (1/4)Pu4O9(cr), PuO2.5(cr) = (1/2)Pu2O5(cr), and
uO3(cr) are discussed by comparing known standard molar
ibbs energies of formation �fG

◦
m (298.15 K) of pure and mixed

alent anhydrous oxides and hydrous oxyhydroxides of uranium,
eptunium and plutonium in the oxidation states An(IV), An(V)

nd An(VI). The �fG

◦
m values derived from solubility con-

tants for hydrous An(IV) and An(V) oxyhydroxides correspond
o the formula AnO2+x(s, hyd), i.e., the contribution of H2O

olecules is not included in the values for �fG
◦
m(AnO2+x(s,

(

n(IV, V, VI) oxides AnO2+x(cr) and actinyl(VI) oxyhydroxides AnO3(cr, hyd)
s a function of x; known data (filled symbols) selected in the NEA-TDB [19]
nd estimated values for unknown Np and Pu oxides (open symbols).

yd)). For better comparison, the �fG
◦
m values derived from

hermochemical or solubility data for the crystalline An(VI)
xyhydroxides with the formula AnO2O1−n/2(OH)n·yH2O(cr)
re normalized to values referring to the formula AnO3(cr,
yd) by subtracting (n/2 + y) �fG

◦
m(H2O(l)), e.g., the value of

fG
◦
m(PuO2(OH)2·H2O(cr)) = −1442.4 kJ/mol [19] ((n/2 + y) =

) is transformed into �fG
◦
m(PuO3(cr, hyd)) = −968.1 kJ/mol.

.1. Standard molar Gibbs energies of formation of
rystalline An(IV–V–VI) oxides and actinyl(VI)
xyhydroxides �fG

◦
m(AnO2+x(cr), 298.15 K)

The standard molar Gibbs energies of formation
fG

◦
m(AnO2+x(cr), 298.15 K) selected in the NEA-

DB [19] from experimental (thermochemical) data for
nhydrous crystalline U(IV–V–VI) oxides, NpO2(cr),
pO2.5(cr) = (1/2)Np2O5(cr) and PuO2(cr) are shown in
ig. 2 (filled squares). The normalized values for the
ctinyl(VI) oxyhydroxides AnO3(s, hyd) of U(VI) (schoepite,
etaschoepite), Np(VI) and Pu(VI) (filled circles) were

erived from the selected solubility constants [19]. Fig. 2 also
ncludes estimated �fG

◦
m values for NpO3(cr), PuO3(cr), and

uO2.5(cr) = (1/2)Pu2O5(cr) (open squares). These estimates for
he unknown Np and Pu oxides are based on the two following
ssumptions:
1) The difference between the standard molar Gibbs energies
of formation of the known neptunyl(VI) and plutonyl(VI)
oxyhydroxides and the (unknown) anhydrous trioxides,
NpO3(cr) and PuO3(cr), is assumed to be similar as for



d Com

(

e
A

A

i
m
o
b

a
G
m
i
m
w
t
�

a

a

P

t
m
e
w
w

3
h
�

i
T
c
A
T
e
−
0
t
u
�

N

h
o
[
i
f
a
N

T
S

S

A

H

5

V. Neck et al. / Journal of Alloys an

the analogous U(VI) compounds: �fG
◦
m(UO3(cr, hyd),

schoepite) − �fG
◦
m(�−UO3(cr)) = −16.5 ± 2.1 kJ/mol

[19].
2) Mixed valent An(IV–V) and An(IV–VI) oxides are

more stable than corresponding mixtures of the
pure An(IV) and An(V) or An(VI) oxides (e.g.: 1/3
�fG

◦
m(U3O8(cr)) − {2/3�fG

◦
m(UO3(cr)) + 1/3�fG

◦
m(UO2

(cr))}= −15.4 kJ/mol). In Fig. 2, this stabilization effect
is illustrated by the deviation of �fG

◦
m for a mixed valent

oxide from the dotted straight line between the �fG
◦
m

values of the pure An(IV) and An(VI) oxides. It should
be noted that the stabilization of mixed valent An(IV–V)
oxides compared to mixtures of AnO2(cr) and AnO2.5(cr)
is less than 50% of that in An(IV–VI) oxides. We may
assume that the stabilisation energy for mixed valent oxides
is approximately the same for analogous compounds of U,
Np and Pu as illustrated by analogous deviations between
the solid and dotted lines in Fig. 2.

The data in Fig. 2 clearly show that the standard molar Gibbs
nergy �rG

◦
m for the oxidation of dry crystalline An(IV) dioxide

nO2(cr) with oxygen (�fG
◦
m(O2(g)) = 0),

nO2(cr) + x
2 O2(g) → AnO2+x(cr) (13)

s negative for U and positive for Np and Pu. These simple ther-
odynamic considerations are consistent with the experimental

bservations that dry NpO2(cr) and PuO2(cr) are not oxidised
y O2(g) (c.f., [18], p. 121 and Haschke et al. [1–3]).

The close analogy between the known data for Np
nd Pu compounds (Fig. 2) and also the standard molar
ibbs energies calculated for PuO2+x(s, hyd) and esti-
ated for PuO2.25(cr), PuO2.5(cr) and PuO3(cr) (Table 1)

ndicate that the standard molar Gibbs energies of for-
ation reported by Haschke and Allen [4] for PuO2+x(s)

ith x = 0.05–0.5 are considerably in error. For instance

he values of �fG
◦
m(PuO2.25(s)) = −1080 kJ/mol and

fG
◦
m(PuO2.5(s)) = −1146 kJ/mol [4] are too negative by

bout 85 and 159 kJ/mol, respectively. They are calculated

g
c
o
m

able 1
tandard molar Gibbs energies of formation �fG

◦
m of Pu(IV, V, VI) oxides and oxyh

olid

nhydrous crystalline oxides
PuO2(cr)
PuO2.25(cr) = 1/4 Pu4O9(cr)
PuO2.5(cr) = 1/2 Pu2O5(cr)
PuO3(cr)

ydrous oxides/oxyhydroxidesb

PuO2(s, hyd)
PuO2+x(s, hyd) with x < 0.1 = (PuO2.5)2x(PuO2)1−2x(s, hyd)
PuO2.25(s, hyd)
PuO2.5(s, hyd)
“PuO3(s, hyd)” = PuO2(OH)2·H2O(s)

a Estimated from known data for pure and mixed valent An(IV, V, VI) oxides and o
b Calculated from experimental solubility constants using �fG

◦
m (Pu4+), �fG

◦
m (Pu

c Pure PuO2.5(s, hyd) is assumed to be less stable than the formal value for the PuO
–10 kJ/mol.
pounds 444–445 (2007) 464–469 467

ssuming that PuO2(s) is oxidised by water according to

uO2(s) + xH2O → PuO2+x(s) + xH2(g) (14)

The observed formation of H2(g) [1] cannot be explained by
he thermodynamics of reaction (14) (�rG

◦
m > x200 kJ/mol), it

ust be caused by other mechanisms (e.g., induced by radiolysis
ffects). However, Haschke et al. [1–3] recognized very well that
ater plays an important role for the formation of PuO2+x(s) that
ill be discussed in the following section.

.2. Standard molar Gibbs energies of formation of
ydrous Np(IV–V) and Pu(IV–V) oxides
fG

◦
m(AnO2+x(s,hyd), 298.15 K)

The normalized values of �fG
◦
m(AnO2+x(s, hyd)) are shown

n Fig. 3 for the hydrous oxides/oxyhydroxides of Np and Pu.
he data for PuO2+x(s, hyd) with x = 0.003, 0.05 and 0.06 are
alculated with Eqs. (10)–(12) from the solubility studies under
r with traces of oxygen [10] and under air [14,15], respectively.
he values for Np are calculated in an analogous way from the
xperimental solubility constants for NpO2(am, hyd) (log K◦

sp =
56.7 ± 0.5 [11,19]), and NpO2.5(s, hyd) (log K◦

sp = −11.4 ±
.4 [20] and −10.1 ± 0.2 [21]), i.e., from solids in con-
act with or formed in aqueous solution. Auxiliary data
sed for calculation (�fG

◦
m(Np4+) = −491.8 ± ± 5.6 kJ/mol,

fG
◦
m(NpO2

+) = −907.8 ± 5.6 kJ/mol) were taken from the
EA-TDB [18,19].
The standard molar Gibbs energies of formation of An(IV)

ydrous oxides are considerably less negative than those
f the corresponding anhydrous crystalline An(IV) dioxides
11,12,19]. The difference of about 40 ± 10 kJ/mol, correspond-
ng to 7 log-units in the solubility constants, is due to effects
rom hydration and crystallinity (particle or crystallite size)
s shown for ThO2(s) [12]. For the pentavalent actinides, e.g.
p(V), the difference between the standard molar Gibbs ener-

ies of hydrous oxides used in solubility studies and anhydrous
rystalline oxides is much smaller. The hydrous actinyl(VI)
xyhydroxides formed in aqueous solution like schoepite or
etaschoepite are usually crystalline and even more stable than

ydroxides at 25 ◦C

�fG
◦
m (kJ/mol)

−998.1 ± 1.0 [19]
−995 ± 3a

−987 ± 10a

−952 ± 10a

−965.5 ± 4.0 [19]
2x (−971.2 ± 5.4) + (1–2x) (−965.5 ± 4.0)
≥−968.4 ± 4.7
>−971.2 ± 5.4 (−965 ± 7)c

−968.1 ± 6.4 [19]

xyhydroxides of An = U, Np and Pu (see text).
O2

+) and auxiliary data from the NEA-TDB [19].

2.5(s, hyd) fraction in the mixed valent compound PuO2+x(s, hyd), typically by
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ig. 3. Normalized standard molar Gibbs energies of formation of hydrous
p(IV–V) and Pu(IV–V) oxides AnO2+x(s, hyd) as a function of x in comparison
ith the data for the anhydrous crystalline oxides AnO2+x(cr) from Fig. 2.

nhydrous AnO3(cr):

�fG
◦
m(AnO2(am, hyd)) − �fG

◦
m(AnO2(cr)) = 40 ± 10 kJ/mol

(for An = Th, U, Np, Pu),

�fG
◦
m(NpO2.5(s, hyd)) − �fG

◦
m(NpO2.5(cr)) = 8 ± 5 kJ/mol,

�fG
◦
m(UO3(cr, hyd), schoepite) − �fG

◦
m(�-UO3(cr))

= −16.5 ± 2.1 kJ/mol

This trend leads to important consequences for the reaction

nO2(s, hyd) + x
2 O2(g) → AnO2+x(s, hyd) (15)

The standard molar Gibbs energy �rG
◦
m for the oxidation

f hydrous UO2(am, hyd)) with oxygen is strongly nega-
ive up to x = 1 (�fG

◦
m(UO2(am, hyd)) = −995.5 ± 6.0 kJ/mol,
fG
◦
m(UO3(s, hyd), schoepite) = −1162.2 ± 1.7 kJ/mol [19]).

n the case of uranium the same holds also for dry UO2(cr)
c.f., Fig. 2). However, contrary to the slightly positive stan-
ard Gibbs energy for the oxidation of dry NpO2(cr), �rG

◦
m

[

pounds 444–445 (2007) 464–469

or reaction (15) is negative for hydrous NpO2(am, hyd), up to
= 0.5 (c.f., Fig. 3a). For hydrous Pu oxide (Fig. 3b), the value
f �rG

◦
m is close to zero. As discussed in Section 2, �rG

◦
m

s slightly negative for x < 0.1 (and possibly up to x = = 0.25)
hereas �rG

◦
m for x > 0.25 is expected to be equal to zero

r slightly positive, if we take into account that the value of
fG

◦
m = −971.2 ± 5.4 kJ/mol calculated for PuO2.5(s, hyd) as a

mall fraction of PuO2+x(s, hyd) (c.f., Eq. (10)), includes a stabi-
ization energy of about 5–10 kJ/mol compared to pure PuO2.5(s,
yd). Therefore PuO2+x(s, hyd) is probably not stable beyond
alues of x > 0.25.

. Conclusions

Pu(IV) hydrous oxide, PuO2(s, hyd), is oxidized by O2 to
ixed valent PuO2+x(s, hyd) = (PuV)2x(PuIV)1−2xO2+x(s, hyd).
he standard molar Gibbs energy of formation, calculated

rom the Pu(V) and Pu(IV) concentrations in equilibrium with
uO2+x(s, hyd) for x = 0.003 [10] and x = 0.05–0.06 [14,15], is
lightly more negative than that of PuO2(s, hyd). Anhydrous
rystalline dioxides AnO2(cr) are considerably more stable
han the corresponding An(IV) hydrous oxides/oxyhydroxides.
uO2(cr) cannot be oxidised by O2(g) in the absence of H2O(l)
r H2O(g) that is required to obtain a surface layer of hydrous
xide. The standard molar Gibbs energy for the hydration of
he bulk PuO2(cr) is of course positive, but �rG

◦
m for surface

ydration is negative [22]. Hence in the presence of both water
nd oxygen, PuO2(s) is partially oxidized to PuO2+x(s) by reac-
ion (2) as reported by Haschke et al. [2,3]. However, contrary
o the proposed water catalyzed mechanism [2,3], the calcu-
ations in the present paper show that the role of water can be
xplained in terms of thermodynamics. The oxidation of PuO2(s)
y reaction (1) with water and the extremely high stability of
uO2+x(s) also claimed by Haschke et al. [1–4] can be ruled out.
he standard molar Gibbs energy for the oxidation of tetrava-

ent actinide oxides and oxyhydroxides increases in the order
(IV) � Np(IV) < Pu(IV).
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