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0

ABSTRACT

Sodium, magnesium, and zinc insertion compounds formed by
a-U02.9 , U 3 08, Y-U0 3 , and 6-U0 3 at room-temperature were prepared. The
products were characterized by powder X-ray diffraction, infrared
spectroscopy, atomic absorption spectroscopy, titrometry, and elemental
analysis. These studies led to the general conclusion that although the host
metal oxide structure is maintained; sodium, magnesium, and zinc insert to 0

only a small extent.

Insertion compounds were also made by coulometric titration using
non-aqueous cells of the type A(s) I A+(sol) I UOn(s). Open-circuit
measurements of the cells at various x-values enabled the free energies of 0
insertion to be calculated, which were then used in a simple model to
estimate site binding energies for A. The chemical diffusion coefficients for
sodium, magnesium, and zinc determined by the pulse-current method were
found to be much lower than those reported for lithium.

0

Cyclic voltammetry in aqueous electrolyte of uranium oxides
mechanically transferred to a graphite electrode enabled the reduction of
these solids to be studied over a wide time domain. The results support a
mechanism of a U(VI) to U(V) electron transfer coupled to cation diffusion to
form a topochemical insertion compound at the solid electrode-electrolyte 0

interface. Data are consistent with available knowledge and the work
suggests that voltammetric studies on mechanically transferred solids my
provide a convenient method for studying the mechanism of formation of
insertion compounds.

The magnetic properties of the uranium oxides and their insertion
compounds were studied in order to obtain information about their electronic
structure. Magnetic susceptometry was found to be a suitable diagnostic tool
for analyzing electron transfer in insertion compounds. Measurements of
Xmol over a wide temperature range were fitted with the Langevin-Debye 0

relation (Xmol = C.I' + A) and the parameters C and A used in two theoretical
models based upon the U(V) crystal-field to predict electronic properties.

fi
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CHAFTER 1 INTRODUCTION

1.1 BAITERY RESEARCH

Electrochemical energy systems have numerous applications in both the commercial

and military sectors of society. They have permeated our lifestyles to the point where we can

no longer function without them. Batteries can be found inside the human body

(pacemakers), in the depths of the oceans (submarines), at the edge of the solar system

(Voyager), and under the hood of a car to name just a few examples of their applications. 0

Electrical power without the need for fossil fuels, falling water, fission or fusion is what

batteries represent. Power available at the flip of a switch for the portable society of today.

Given the vital role batteries play, one can appreciate the importance of research into 0

understanding and improving them. Unfortunately, the trend by manufacturers has been

not to seek an in-depth understanding of the chemical behavior of these systems. Rather

they have focused upon engineering solutions to problems of a fundamental chemical nature.

Their approach has been quite successful, but the lack of a fundamental understanding of

the chemistry has made improvements in the technology slow and difficult. It is a goal of

this research project to provide some of this necessary, fundamental understanding. 0

The direction of battery technology over the years has been towards the development

of higher energy density couples possessing longer lifetimes. Manufacturers of systems

utilizing batteries have demanded greater energy capacity for longer periods of time in 0

smaller packages. A primary example of this is the spacecraft industry where batteries are

used as energy storage devices. Early satellites required power outputs of less than 100

watts. Compare this value with the 1 to 2 kilowatts for current satellites and the 10 tu 100

kilowatts for future satellites and one begins to understand the magnitude of the power

output hurdle. This increased power requirement is coupled to minimal increases in battery

weight which can currently comprise 10 - 15% of the satellite's total weight. This number

could easily grow to 50% at the higher power levels. And to complicate matters, battery

lifetime must be extended to prolong the useful life of spacecraft costing upwards of $1

billion! The task facing battery scientists and engineers is truly formidable.

Iq



Chapt.!r I 2ntroduction

1.2 INSERTION ELECTRODES

Batteries can be divided into classes along a number of lines with chemical

reversibility being the most common. Primary batteries, like Zn-MnO 2, Zn-HgO, and Li-SO2

undergo a single discharge and are disposable. The chemical reactions occurring in these

batteries are irreversible, making regeneration of the initial reactants impossible. Secondary

batteries differ from primaries in that they are capable of being recharged to nearly 10 0%/o of

their initial capacity. This charge-discharge process, referred to as cycling, can be carried

out in the range of tens to thousands of cycles depending upon the system (1). Some common

batteries in this category include Pb-Pb0 2 , Ni-Cd, and Ag-Zn.

Batteries can also be categorized by the types of chemical reactions that occur at the

cathode (2). In the reaction in equation 1.1, the crystalline structure of copper (II) chloride is

irreversibly altered during cell discharge to form two new compounds.

CuCI2 + 2Li - 2LiCl + Cu (1.1)

Topochemical insertion reactions, on the other hand, result in the product possessing a close * *
structural resemblance to its parent (3). A molecule or ion can enter the structure of the host

material with little distortion of the crystal lattice. The general reaction for insertion of a

mobile guest species (A) into a crystalline host lattice (Host) is

xA + Host - AHost. (1.2)

A number of transition-metal sulfides and oxides, in which the metal occurs in a high

oxidation state, have open covalent structures and are capable of incorporating alkali and

other electropositive metals under mild conditions. In 1959 Rudorff and Sick (4,5) first

reported the formation of intercalation conpounds between alkali-metals and layered metal

dichalcogenides. Early work focused upon TiS2 which has the characteristic arrangement of

the transition-metal atoms sandwiched between two hexagonal close-packed chaicogen

layers. Available sites for guest atoms are of the same symmetry as those of the host

transition metal - octahedral or tetrahedral. Titanium disulfide has served as an excellent

test vehicle, but it has been superseded by compounds with higher energy densities and

flatter discharge profiles (6). Gabano (7) has surveyed the technology and summarized the
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primary candidates for a high energy rechargeable battery utilizing lithium as the anode.

Transition-metal oxides, like V20 5, are at the top of the list. 0

Transition-metal oxides were initially thought to undergo oxygen abstraction,

yielding lithium oxide and reducing the oxidation state of the metal, as in the following two

examples (2):

V20 5 + 2i- Li 20 + V20 4  E'c.c = 2.4 V (1.3)

MoO3 + 2Li- L20 + MoO 2  E',Ac = 2.2 V (1.4)

Measured potentials, however, are 3.5 V and 2.8 V respectively for these two cells. Once it

was recognized that many transition-metal oxides had layers between which intercalation

could occur (8), then the idea of ternary-phase formation by topochernical reaction became

plausible. Now it is accepted that the reactions which occur in the previous examples are 0

V20 5 + x.i -- Li.V 20 5  (1.5)

MoO3 + xLi --* LixMoO3 (1. 6)

where x-values refer to a single phase of variable composition or to two-phase mixtures of *

fixed composition (9).

The metal oxides examined in this project fall into two broad categories: those with a

two-d.L-ensional layered structure and those with the three-dimensional tunnel network

(10). A good example of a pure layered structure is MoO3, shown in Figure 1.1. The layers

consist of vertex sharing chains of MoO 6 octahedra sharing two adjacent edges. Layers are

stacked in a staggered arrangement and are bonded to one another through weak van der

Waals forces. These weak forces give the structure great flexibility in accommodating even

large polyatomnic ions like coboltocene.

In contrast to the flexible layered structure is the rigid tunnel network represented •

in Figure 1.2 by ReO 3. Vertex sharing chains of ReO6 octahedra are linked at their corners

to form a three-dimensional array of square tunnels. These structures are fairly rigid and

can generally accommodate only small atoms such as Li and H. 0

0
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A,

U)
0

Figure 1.1 Layered structure of MoO 3

Figure 1.2 Tunnel structure of ReO3  
0

1.3 URANIUM-OXYGEN SYSTEM

Although they are not considered as feasible insertion cathode materials due to their
0

high cost and high molecular weight, the uranium oxides do possess a considerable variety of

structures aaa oxidation states which make their study useful. The partial, binary phase

diagram in Figure 1.3 shows that the uranium-oxygen system is quite complex There exists
0

between U0 2 and U0 3 a number of different phases including UO 2,y, U40 9, U30 7, U30,
and U0 2 9 . The phases of most interest in this work, U0 3 and U30, ar both polymorphic

and exhibit narrow ranges of non-stoichiometry. The existence of such a wide range of

oxidation states from U(VI) to U(IV) identifies these compounds as potential candidates for

insertion electrodes.

i0
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1500 F.U
U02,y + p-U0 8

UU02.y

"" 1000 - 74409 -U30

-I- U09-

P-U•O9 * U30e P-U30s r- U03

500 - 4J0g -

E

"0 1P U1'O'• lr--- ,- oo

0 U02 .4y.U0 9 au 01i
,I I! I 0

2.0 2.2 2-4 2,6 2.8 3.0
0/U ratio

Figure 1.3 Partial phase diagram of the uranium-o•ygen system

Work performed by Hawke (11) demonstrated the capability of all the U0 3

polymorphs to react with H2 in the presence of a noble-metal catalyst to form H.UO3. This

success with hydrogen was extended by Lawrence (12) to the U30 8 phase. Alkali-metal

insertion has also been accomplished using lithium and sodium. Lithium ternary phases of

U30 8 , (E-UO 3 , 6-U0 3, and Y-U0 3 were made by both chemical and electrochemical means

(13,14,15). Sodium insertion into these same phases was performed by chemical means

(12,16). Attempts a+ inserting magnesium have been less successful. Fleetwood (17) was

able to insert magnesium into a-U 30 8 to an apparent x-value of 0.44 by chemical means and

0.05 by electrochemical means. Kiang (18) reached an apparent x-value of 0.4 for 8-U0 3

using a Grignard reagent. However, significant amounts of organic matter were also co-

inserted with magnesium into the crystal structure.

Six polymorphs of uranium trioxide, with designations a, [, T, 6, high pressure, and

amorphous are known to exist. Pure individual phases are difficult to synthesize due to the

proximity of their heats of formation (19). Another phase of interest which contains U(VI)
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and U(V) is a-U 3 0 8 . Structural comparisons of the U(VI) compounds with their W, Mo, and

Re counterparts show the uranium oxides to be more complex generally. Reasons for this 0

greater complexity stem from the larger size of the U(VI) cation which can attain

coordination numbers greater than si. These compounds also are under the influence of the

strong uranyl group, UO2
2 ", present in all but one of the U0 3 allotropes as a distinctive 0

linear [O=U=O] 2 ÷ moiety.

The electronic structure of the uranium oxides is based largely upon the 5f, 6d, 7 s,

and 7p orbitals of uranium and the oxygen 2s and 2p orbitals. A tentative energy level

scheme for an isolated uranyl ion (20) is shown in Figure 1.4. The relative energies of the 5f

and 6d orbitals shown in Figure 1.4 were deduced from electronic spectra and magnetic

measurements of U(IV) compounds. Separation between the two levels increases with 0

uranium's oxidation state, and therefore reduction of U(VI) to U(V) results in the filling of a

5f orbital.

It is well known that the 5f electrons which characterize the optical and magnetic 0

properties of the actinides ex..nd much further beyond the core than the 4f electrons in the

lanthanides. As a consequence the crystal-field perturbation is of comparable magnitude to

spin-orbit coupling and electronic repulsion interactions. Theoretical treatments of a single 6

5f electron in both axial (21-23) and octahedral (24-26) crystal fields show X, the spin-orbit

coupling constant, is roughly 2,000 cmnl in magnitude and A, the crystal field energy, is in

the range 2,000 - 45,000 cm"1. These studies are discussed in more detail in Chapter 6. S

Studies of the electrical properties (27,28) suggest the uranium oxides are n-type

semi-conductors with electrical conductivities of about 10-80 - m 1 at room temperature.

The intrinsic band gap (AE) for U0 3 polymorphs is in the range 2.52 - 2.68 eV (20,325 - •

21,616 cm-1) and the activation energy (Es) for U30 8 is 1.10 eV (8,872 cm'l). A theoretical

model developed by Sigh and Karkhanavala (29) for U30 8 proposes the 5f electrons exist as

small polarons i.e. closely associated with uranium ions and move by a phonon-activated 0

hopping mechanism. Electrons introduced into the uranium oxide during insertion

A - Aj" + e'u (1.7)

should behave similarly. S
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Uranium Crystal Molecular Outygon
Orhital, Reid Orbitalb Orbitals

Shtting

•, SO&

fi

]2]2p

6P 6

b• .• .... ...........-- ...

____- a.

.2.

I .!--'---

a I

.....a.... ."-,KKK

Figure 1.4 Tentative energy level scheme for the uranyl ion

1.3.1 Y-UO3

One of the most complex structures of the uranium-oxygen system belongs to that of 0

Y-U03, shown in Figure 1.6. There are two crystallographically distinct uranium atoms

designated U(1) and U(2). U(2) atoms lie within octahedra which are canted in a staggered

arangenment. Thewe octahedra share edge to form chains running parallel to the a- and c- 41

ameo and perpendicular to one another at varying displacements along the b-axis. linking

these chains together into a three-dimensional network are the eight-coordiated U(1)

atoms. Eight oxygen@ are arranged about U(1) atoms in a distorted dodecahedral, geometry 0

(30).

•1 I II I lll i l~lli IIIII
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Alkali-metal insertion into y-UO 3 has been limited to the lithium ion using both

chemical and electrochemical methods (31). Four narrow, single-phase regions exist for

values of z < 1 (Figure 1.6). Chemical lithiation has produced the y-Li0 .33UO3 and

y-Lio.55UO 3 while y-Lio.67UO 3 was made electrochemically. Unit-cell dimensions for each of

these compounds are listed in Table 1.1. lcations of the lithium ions are probably at the

two tetrahedral interstitial sites denoted in Figure 1.5.

z - 0 plane

U I
o U (2)

0 Tetraheoral interstitial sites

Figure 1.5 Structure of y-UO3

Table 1.1 Unit-cell dimensions of insertion compounds of y-U0 3 (32)

Compound A) b( c(k) Reference

y-UO3  6.890(2) 19.942(12) 6.985(12) 30
y-Li0 .33UO3  6.895(3) 19.949(14) 6.885(12) 14
y-Li0.56UO 3  6.902(5) 19.918(27) 6.971(17) 13
Y-Lio.67UO3  6.961(24) 19.857(66) 6.595(62) 31

The enthalpy of insertion for y-LiU0 .UO 3 was measured by solution calorimetry and

found to be -310 kJ mol-I per mole of LA at 298.15K (13). This compound appears to be

metastable an the enthalpy for disproportionation according to the reaction: 0
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y-Li0U.,UO3(s) -. 0.225Li2UO4(s) + 0.225U 3 0gs) + O.1LiUO 3(s) (1.8)

is -5 kJ mol"1. 0

3.0

2.5

E/V

20

1-5

1.0 t . I i L

0.0 0.1 0.2 0-3 0.4 05 0-6 0-7 08 0.9

x in LiU03

Figure 1.6 Equilibrium discharge curve for lithium insertion into Y-U0 3
at approximately 25'C in 1 M LiBF4 in propylene carbonatel,2-

dimethoxyethane

1.3.2 5-U0 3

In contrast to ly-UO 3, the structure of 6-U0 3 is quite simple (Figure 1.7) and assumes

the classic ReO3 structure consisting of vertex sharing U0 6 octahedra (33). The uranyl

group is absent. The three-dimensional network contains numerous four-sided channels

available as insertion sites.

Lithium, sodium, and magnesium have been inserted into 5-U0 3 with the unit-cell

dimensions given in Table 1.2. Dickens et al. (14,16) found that lithium forms a solid

solution 5-Li.UO3 for x-values less than 1.0. The compound b-Lio.69UO 3 was prepared using

Lil and its unit-cell dimension shows a contraction upon insertion. Ball (32) concludes this

contraction is due to a distortion d the oxygen sublattice which provides lithium with

square-planar coordination (Figure 1.8).

S- 'ii i l i[I I [ [ I III II lil ill . .. . . il i 0
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3

0 Uranium

0 Oxygen

Figure 1.7 Unit cell of 6-U3O

Table 1.2 Unit-cell dimensions of insertion compounds of 5-U0 3 (32) 0

Compound afi Reference

6-U03 4.145(5) 33
5-Lio.69UO3  3.904(20) 13
5-Na0 .31U0 3  4.165(3) 31
6-Na0.54UO 3  4.179(16) 15 0

O-Mg0.0UO63 4.144 18
6-Mg 0.07U03 4.152 18
5-M90.3oUO 3  4.147 18
b-Mg0.40 U0 3  4.150 18

The enthalpy change for the disproportionation of b-Li0.69UO3 at ambient

temperature is -3 WJ mol 1, indicating metastability. An insertion enthalpy of -320 kJ mol"1

per mole of 11 is approximately the same as the free energy of insertion, thus providing more

evidence for small entropy changes occurring during topochemical reactions (13).

Sodium insertion into 5-U03 results in the cubic host in NaUO3 assuming a distorted

perovskite-like structure with the U0 6 octahedra canted (34). Unlike lithium, sodium 0

expands the unit-cell as it occupies the center sites. Unit-cell dimensions for 6-Nao.31UO3

and 5-Na0.54UO3 are listed in Table 1.2.

Kiang (18) used both EtMgBr and MgI2 'Et2O to synthesize b-Mg1 UO3 (x = 0.05, 0.07, 0

0.30, 0.40). A significant amount of organic matter is also inserted using the Grignard

reagent while the ether complex renders a maximum x-value of only 0.07.
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I

-60

Figure 1.8 Possible structure for 8-U.UO3 showing the
distortion of the U0 6 octahedra caused by lithium

insertion

1.3.3 a-U 30 8

Figure 1.9 shows the unit-cell of a-U 30 8 with its layers of edge sharing U0 5

pentagons interconnected through O-U-Q linkages. The basic unit-cell is orthorhombic

(pseudo-hexagonal) (35). A phase transition occurs at 210"C resulting in a'-U30 8 (36).

* 4

CS

I 0

Figure 1.9 Unit-cell of cz-U30 8 . (Uranium atoms are shown in black)

Ambient-temperature studies of lithium and sodium insertion into ct-U g0s have been

performed by Dickens eA al. (15,37). Chemical insertion using Wi yields the pure phase

a-LU.8U 3O 8 according to the reaction

00W AVAUI*3L TO =T DOES NO M=IC F=Lr ET umuz
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a-U30 8 (s) + 0.88LiI(sol) - a-Li0.ssU 3Ogs) + 0.4412(sol). (1.9)

Electrochemical measurements show four single phase regions for a-Li1 U30 8 with the

following values for x:

Phase 1: 0.78 < x < 0.87
Phase 11: 1.20 < x < 1.26 0
Phase I11: 1.56 < x < 1.65
Phase IV: 1.95 < x < 2.07.

These four phases correspond to the sloping regions of the discharge curve in Figure 1.10.

3.6

3.2

28 0
"'•2.. •-• a- Liz U308

S2.0-

1.6

1.2 I.. ..... I I l I I I

0.0 0.3 0-6 0.9 1.2 1.5 1-8 2-1
x in Liz U30 8 0

Figure 1.10 Equilibrium discharge curve for lithium insertion into
a-U 30 8 at - 25"C in 1M LiBF4 in propylene carbonate/1,2-

dimethoxyethane

Lithium insertion into a-U 30 8 causes very little change in the parent oxide crystal 0

structure according to powder X-ray diffraction. As evident from the refined lattice

parameters given in Table 1.3, insertion must occur between the pentagonal layers, causing

a slight increase in the c-parameter. Sodium inserts in the same manner, but its larger ionic 0

radius causes a greater increase in the unit-cell dimensions. Neutron diffraction studies by

Dickens and Powell (38) show that in Lio. 88U30 8 lithium occupies interstitial sites

surrounded by oxygens in a distorted, trigonal bipyramidal geometry (Figure 1.11). 0

Computer simulation studies by Ball and Dickens (39) for lithium agree with the neutron

diffraction data. Sodium, on the other hand, is predicted to reside in larger, interstitial sites

with a nine-coordinate arrangement of oxygen atoms (Figure 1. 11). 0
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Table 1.3 Unit-cell dimensions of insertion compounds of a-U 30 8 (32)

Cmnound a) b(A O() Reference 0

a-U 30 8  6.715(2) 11.968(4) 4.143(1) 13 4
a-LiU0 U3 0 8  6.727(5) 11.953(3) 4.188(2) 13
a-NalgU30 8  6.875(4) 12.630(9) 4.267(7) 15

Good agreement for the heat of lithium insertion into a-U30 8 exists between solution

calorimetry measurements (AH = -298 kJ mol 1 per mole Li) and electrochemical

measurements of voltage versus composition. The closeness of AH and AG values is again

compatible with the small entropy change associated with many solid-state reactions (13).

0 "
I 0

Figure 1.11 Positions of lithium (A) wid -Jium (B) in a-U 30 8

1.3.4 a-UO8 ,x

The structure of a-UO31 , (0 -1 z 0.11) is very similar to that of a-U 30 8 with

approximately 12% of the uranium atoms removed (41). Consequently, as shown in Figure

1.12, about 25% of the oxygen atoms within the pillars are doubly bound to a uranium atom.

Hawke (11) observed in the infrared spectrum of a-UO3 the characteristic stretching S

frequencies associated with the uranyl grouping. Zachariasen (42) had reported previously

the unit-cell of a-UO3 as hexagonal with the dimensions given in Table 1.4.
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Lithium, sodium, and hydrogen have all been inserted into a-U0 3 (Table 1.4) at both 6
ambient and elevated temperatures by chemical and/or electrochemical means (11-16,43)

with little structural change. The vacant uranium sites appear to be the most favorable for

initial alkali-metal insertion with a capacity equivalent to x -0.15. These sites are

exclusively occupied by Na in the high-temperature compound ct-Nao.15UO3 as is evident

from the absence of the uranyl peaks in the infrared spectrum (16,44). However, the uranyl

absorption band is present in a-Nao.24UO 3 prepared at ambient temperature, suggesting

that not all uranium vacancies are filled under the conditions of preparation (16). Hydrogen

insertion results in a disappearance of uranyl stretching bands at 931 cm"1 and 890 cm-1 (44)

which indicates the reduction in oxygen bond order from two to one upon the formation of

hydroxyl groups or -OH2 groups. Hawke's (11) powder X-ray diffraction study of a-Dl.17UO3

further supports this mode of hydrogen attachment.

(* o

0
2.08 2.08

U S

1 .64

remoyal uranyl
z U ~ 5.03 bond

of U atom 
0

00 1.64

Figure 1.12 Formation of uranyl bonds in a-UO3 through the random
removal of uranium atoms from a-U 30 8 (bond lengths in A)

ILS
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Table 1.4 Unit-cell dimensions of insertion compounds of a-U0 3 (32)

Comnound sda) b(A) A) Reference 0

a-U0 3  3.971 3.971 4.170 42
a-Li0 .91 UO3  3.965(4) 3.965(4) 4.185(4) 14
a-Nao.15UO,4 3.962(2) 3.962(2) 4.170(2) 44
a-Nao.24UO 3  3.961 3.961 4.150 16
a-Na0 .59UO3 3.997(6) 3.997(6) 4.223(8) 15
a-H 0 .35UO3 3.948 3.948 4.127 11
a-H 1 .17UO3  3.944 3.944 4.127 43

1.3.5 LUiO 5

U308 is the structural archetype for a number of mixed uraniun/transition-metal

oxides (UMO5 ) such as UVO5, LliO5, and USbO 5 which have in common pillared-layer

structures consisting of planes of edge-sharing UOn and MOm polyhedra connected by metal-

oxygen chains. Figure 1.13 shows the arrangement of the U0 5 pentagons and MO 6

octahedra within a single layer. Layers can stack in either registry to form monometallic M-

O-M-O and U-0-U-0 chains (e.g. UVO5) or be displaced to form a heterometallic M-O-U-O-M

chain (e.g. USbO5 and IU1iO 5). The unit cell in all cases is orthorhombic or pseudo-

orthorhombic (45,46).

A v

Figure 1.13 The structure of UTiO5

i I l IIII I III I I I II I II I I I II I III I II III iI l l ll0
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Chemical insertion into UL0 5 includes the ions LiA, Na+, H+, Mg2 ÷, and Zn 2+ with

U(VI), and not Ti(IV), being reduced upon insertion (45,47). Table 1.5 lists the lattice

parameters of the unit-cells.

Table 1.5 Unit-cell dimensions of insertion compounds of UTIO5(45)

Comnoumd a(A) bwA) 0(A
UiO5  7.35 6.29 15.56
Li.OU'LMO 5  7.43 6.41 16.00
Mg0.4UMi5 7.383 6.35 15.71
Na0.j0UTiO 5  7.49 6.38 18.25
Zno.OUTLi 5  7.38 6.31 15.67
H.9UTiO 5  7.46 6.48 15.74 0

1.4 PURPOSE OF THIS WORK 0

The purposes of this work are:

1. To identify reagents suitable for the chemical insertion of Na', Mg2+, and Zn 2 ÷ into

various polymorphs of uranium oxides at ambient temperature and to characterize the *
insertion compounds formed using standard analytical methods;

2. To develop and use non-aqueous electrochemical systems for the chronopotentiometric

insertion of monovalent (e.g. Na÷) and divalent (e.g. Mg2÷ and Zn 2÷) metal cations into

uranium oxides and mixed uranium oxides, and with these systems measure thermodynamic

and kinetic properties of the insertion process;

3. To investigate mechanistic aspects of the insertion process for uranium oxides using cyclic 0

voltammetry; and

4. To examine the magnetic properties of uranium oxides and their insertion compounds in

the temperature range 6 K - 300 K in order to obtain information about their electronic

structure and the changes associated with insertion.

I~lI Ill ll II I I I I ili I I I II II ' " - I II - ,0
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CHAPTER 2 PREPARATION AND CHARACTERIZATION OF

COMPOUNDS

2.1 ANALYTICAL METHODS USED FOR CHARACTERIZATION

The principal analytical techniques used to characterize compounds were powder X-ray

diffraction, atomic absorption spectroscopy, titrometry, infrared spectroscopy, and elemental

analysis.

2.1.1 POWDER X-RAY DIFFRACTION

A Philips vertical diffractometer consisting of an AMR 3-202 focusing monochromator, a

PW 1964X0 scintillation detector (incorporating a Nal crystal and photomultiplier) and a

PW 1390 channel control unit with a CuKa radiation source was used to obtain powder X-ray

diffractograms of all materials. Patterns were used to check the purity of the parent oxides

which could, in turn, be used for comparison with the corresponding insertion compounds. * 0
Potassium chloride (BDH, AnalaR) was added to each sample as a standarcL

Recorded spacing values were adjusted according to a linear regression equation derived

from the standard. Data were refined using a computer program (1) that uses an iterative

least-squares procedure to minimize the expression:

M = (sini2@ob - sini2 Oca. 2 . (2. 1)

2.1.2 ATOMIC ABSORPTION SPECTROSCOPY

Atomic absorption spectroscopy was used to verify the amount of the inserted metal

present in the host metal oxide. Electrodes were washed in propylene carbonate (Aldrich)

and tetrahydrofuran (Aldrich) to remove any trace of the electrolyte and then dissolved in a

hot solution of 34% HNO 3. The Analytical Services Department of the ICL performed the

analysis using a Perkin-Elmer Model 5000 AA Spectrophotometer.

2.1.3 TITROMETRY

Titrometry provided another means of measuring the degree of insertion into the

host uranium oxide. 3amples of a known mass between 50 and 10 0 mg were dissolved in an

aqueous solution of acidified 0.02M K2Cr 2O 7. The dichromate ion oxidizes the reduced metal
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to the +6 state as itself reduces to Cr3÷. The amount of Cr072" remaining is determined by

back titration with 0.05M (NH4)2Fe(SO4)2 which reacts according to the followiag equation: 0

Cr2 O72"(aq) + 6Fe2 ÷(aq) + 14H+(aq) '-+ 2Cr3÷(aq) + 6Fe3÷(aq) + 7H20. (2.2)

The difference between the initial and final dichromate ion concentrations was used to

calculate the mean oxidation state of the host metal ion. 9

2.1.4 INFRARED SPECTROSCOPY

Infrared absorption spectroscopy was used to compare insertion compounds with

their parent metal oxides. Spectra were recorded on a Pblaris Fourier transform infrared •

spectrophotometer (400 - 4000 cm-1). Samples were pressed into thin windows using cesium

iodide (BDH, Spectrosol) in excess as the support.

2.1.5 ELEMENTAL ANALYSIS •

Analyses for the elements carbon, hydrogen, and nitrogen were necessary to verify

the solvent had not been incorporated with the insertion process. The Analytical Services

Department of the ICL made these measurements using a Hewlett-Packard model 185 C-H- •

N Analyzer.

2.2 PREPARATION OF COMPOUNDS

The compounds Y-U0 3, 6-U03, a-UO31 , and a-U30 8 were prepared from uranyl 0

nitrate hexahydrate. Figure 3.1 summarizes the various preparative routes for the starting

materials.

2.2.1 T-Uo3 0

Uranyl nitrate hexahydrate (BDH, AnalaR) was placed inside an alumina boat on top

of which was set, in an inverted position, a second alumina boat. This vessel was put into a

tube furnace through which oxygen flowed and heated according to the temperature profile 0

shown in Figure 2.2. The placement of the second alumina boat on top of the first was

necessary to maintain the surface temperature at a level high enough to preclude the

formation of a-U0 3 . Extended periods of heating at 200"(' and 250'C were essential for the 0

evolution of H20 and NO2 respectively. Although the r- is. s are not fully understood, this

heating profile helps to ensure the sample does not b,' ... taminated with other U0 3

I0
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polymorpha. The powder X-ray diffraction pattern (Appendix A) of the bright yellow solid

closely matches that Loopstra et al. (2) give for Y-UO 3.

Preparative Routes
0

thermal U0 2 (NO 3)2 .6H2 0
decompoihn5%H0

D" O •0cU04.2H 2 0 OOC
hydro-120C 5200C

(-I0 3.H2 0 ot-U0 3  U3 0 8
375 0CI CsLoLy
c-UO3  o(U3 0 8

Figure 2.1 Preparative routes for uranium oxides

2.2.2 5-UO3

This brick-red solid was made by first placing Y-U0 3 into a Princeton Applied

Research Corporation 50 ml acid bomb with excess water and heating it at 220"C for 96

hours. The pale yellow solid recovered after repeated washing with H20 and centrifuging

was P-UO3 - H2 0 (3,4). This intermediate was then heated under flowing nitrogen in an

alumina boat at a temperature of 375"C for 72 hours to obtain 5-U0 3. The powder X-ray

diffraction pattern consisted of weak broad peaks, as was reported by Penny (5). The pattern

(Appendix A) was indexed on a cubic unit cell which agreed with that of Wait (6) for 5-U0 3.

2.2.3 a-UO3., and a-U30 8

The preparation of a-UO3.. and a-U 3 0 8 began by heating 100 ml of 0.5 M uranyl

nitrate hexahydrate in 0.1 M HNO3 to 90"C and adding dropwise 15 ml of 10% H20 2 while

continuously stirring the solution. Upon completion of peroxide addition, the solution was

maintained at 90"C for one hour. After cooling the precipitate was filtered and repeatedly

washed with H20 to remove any nitrate ion impurities. This intermediate, U0 4. 2H20, was

subsequently heated to 520"C in air for 2-8 hours to produce cz-U0 3., with an actual

Bill I
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stoichiometry in the range UOZW2.9 6 . Additional heating at 720'C in air for 16 hours

produced cc-U 30 8 . The final products were tan (a-UO3x) and dark green powder (a-U30&) 0

which had powder X-ray diffraction patterns (Appendix A) in agreement with Greaves and

Fender (7) and Loopstra (8) respectively.

450

400

350

300•

Figure 2.2 Heating profile for the preparation of y-U0 3

2500

2.2.4 UTiO5

Preparation of Uf~iO 5 (9) begins by hydrolyzing n-propyl titanate (Aldrich) with

excess water to form a white gelatinous precipitate which dissolves in 2 M H2 S0 4 to give

Ti(IV) (aq). Titanium concentration was checked by atomic absorption before adding

UO2(NO3 )2.6H2 0 to bring the U:Ti ratio to 1:1. Concentrated NH3 was added in excess to

precipitate uranium and titanium hydroxides. The precipitate was filtered, washed with

00

dilute NH3 and H2 0, and dried for 12 hours at 120"C. The solid was ground to a fine powder

and heated in air for 24 hours at each of the following temperatures: 300"C, 400"C, 500"C,

600"C, and 750"C. This stepwise heating was necessary to prevent the formation of U3 08 .

Powder X-ray diffraction (Appendix A) confirmed the product to be that reported by Bobo

(10).

00

Fiur 2.2 Heain proil form th prearaio Of Yl-nU3

exes wate to form nin i wnite gelainou rciiae whc disle n2MI20 ogv

Tif na) 71 u cocnrto wa chce by atmi abopto beor adding
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2.3 PREPARATION OF INSERTION COMPOUNDS

Chemically reduced compounds containing lithium, magnesium, and zinc (see 0

Appendix A for powder X-ray diffraction patterns) were prepared by either of the following

two general methods using standard Schlenk line techniques (see Figure 2.3). In the first

method, a known amount of the oxide (UO,), approximately one gram, was placed in a 0

nitrogen-filled Schlenk tube containing 50 ml of either hexane or heptane. The alkanes were

previously dried over type 3A molecular sieve for at least 1 month. The appropriate amount

of 1.6 M n-butyllithium in hexane (Aldrich), 1.07 M dibutylmagnesium in heptane (Alfa), or •

1.0 M diethylzinc in hexane (Aldrich) was then added to the tube using a syringe. Under

constant stirring the reactions

xC4 H 9Li + UOn - LixUOn + x/2C8H, 8  (2.3) 0

x(C4 H 9)2Mg + UOn -4 MgxUOn + xC8H, 8  (2.4)

x(C2H 5)2Zn + UOn -4 ZnxUOn + xC 4 Hl 0  (2.5)

were allowed to proceed from I to 14 days. The product was washed several times with 0

alkane, dried under dynamic vacuum, and stored in a vacuum desiccator.

R 0

II gi "' I

"BI'1 0, 0 I, r

?=P 2 Way tnps

tap

Figure 2.3 Apparatus used for ambient-temperature insertion reactions

.A I S
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4
A second method used for insertion was to grind together the appropriate amounts of

lithium iodide (Aldrich), magnesium iodide ether complex (Alfa), or zinc iodide (Aldrich) and

the oxide and add this mixture to a Schlenk tube containing 50 ml of carbon tetrachloride

(BDH). The CC14 had previously been refluxed over P20 5 for several hours and then
0

distilled. As the reaction progressed with continual stirring the solution became purple,

indicating iodine was formed in the general reaction for metal (M) insertion

xMly(sol) + UOn(s) -. M.UOn(s) + xy/212(sol). (2.6)

After at least 48 hours the product was then washed repeatedly with CC14 and diethyl ether

(BDH, dried over type 3A molecular sieve) to remove the iodine and any unreacted metal

iodide. The solid was dried under dynamic vacuum and stored in a vacuum desiccator.

Sodium insertion was done by reacting the oxide directly with excess sodium metal

dissolved in ammonia (11) inside a Princeton Applied Research high-pressure bomb (Figure

2.4). Sodium and the metal oxide were loaded into the bomb inside a glove box and then

attached to a vacuum line. The bomb was cooled to -78oc in a bath of dry ice and acetone

and ammonia introduced until the pressure remained constant at 110 psi. The tap to the

ammonia was closed and the vessel allowed to warm to room-temperature with continual

stirring over a period of 6 hours. Upon completion of the reaction the bomb was evacuated

and placed inside a glove box where the product was transferred to a Schlenk tube for

washing with 2-propanol (Fisons) to remove unreacted sodium. The solid was dried under

dynamic vacuum and stored in a vacuum desiccator.

2.4 CHARACTERIZATION OF INSERTION COMPOUNDS

Table 2.1 gives the refined lattice parameters of the uranium oxides and their

insertion compounds. The amount of carbon and hydrogen detected by elemental analysis in

the insertion compounds was less than 0.5 weight percent. Elemental analysis of sodium

insertion compounds failed to identify the presence of nitrogen, which suggests ammonia

does not co-insert with sodium. The x-values calculated from atomic absorption and

reducing-power titrations for lithium and sodium compounds agreed, but were dissimilar for

magnesium and zinc with the atomic absorption values significantly greater (see Table 2.2).
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Values obtained from the reducing-power titrations were deemed more accurate and are

those reported in Table 2.1.

The x-values for magnesium and zinc insertion show the maximum degree of

insertion is less than that of lithium and sodium. Low x-values for magnesium insertion into

a number of transition-metal oxides were also found by Gregory et al. (12) and Bruce et al.

(13,14). Given the very low x-values for y-UO 3 and 6-UO3, it is unlikely that insertion into

these compounds occurred at all. Magnetic measurements of U02.90 insertion compounds,

however, which will be discussed in Chapter 6, confirmed magnesium and zinc did insert to a

small extent.

simrrer

PTFE
liner stainlesM

steel

Figure 2.4 High-pressure bomb used for sodium insertion •

It is probable that the low degree of magnesium and zinc insertion is due to

thermodynamic and kinetic limitations of the reducing agents. In comparison to lithium,

both magnesium and zinc are more electronegative, making them weaker reducing agents for

the uranium oxides. The two-electron transfer further contributes to lower x-values.

Reaction rates are also slower due to the relatively lower mobility of the divalent cations in

Sllnmmmm mnmmm i0
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the solid host (more will be said about ionic mobility in Chapter 4). Longer reaction times

and elevated reaction temperatures had little effect upon increasing x-values, although they

may have indirectly contributed to the discrepancy between atomic absorption and titration

x-values. Higher temperatures and longer reaction times would enable the reagents to react

with contaminants (e.g. water, oxygen) to form insoluble impurities. Atomic absorption

would detect these metal containing impurities to yield artificially high x-values. Since the

titration only measures the change in oxidation state it is insensitive to the fully oxidized

impurities, and therefore gives a more accurate x-value. Initial x-values for magnesium

insertion into U30 8 (15) were subsequently found to be in error for this reason. It is now

concluded that magnesium does not insert readily, or at all, into U30 8 by chemical means.

Table 2.1 Unit-cell dimensions (in A) of uranium oxides and their insertion compounds 0

(uncertainty values given in parentheses).

CoDiound Svsemn a

Y-U0 3  orthorhombic 6.896(5) 19.934(17) 6.877(20)
-ULi 0. 81UO3  6.990(8) 19.856(69) 6.938(35) 0

Y-Mg 0.05 UO3  6.892(9) 19.982(32) 6.875(34)
y-Zno.04UO 3  6.896(2) 19.929(9) 6.902(10)

6-UO3  cubic 4.146(7)
6-Li0.69UO3  4.110(14)
6-Mg0 .0 3U0 3  4.154(7) 0
b-Zno.02UO 3  4.131(6)

U02.90  hexagonal 3.964(5) 4.172(9)
Li0.42 UO2.90  3.953(7) 4.169(8)
"Nao.35UO2 .96 3.948(11) 4.160(15)

4.010(38) 4.233(17) 0
Mg0.09UO2 .90  3.985(9) 4.163(13)
Z• 0 19UO2.90  3.890(6) 4.170(8)

U3 08  orthorhombic 6.710(3) 11.950(6) 4.138(2)
Li0.8 U308  6.788(14) 11.974(23) 4.193(5)
Na0 .3 1U30 8  6.720(2) 11.965(4) 4.150(2) 0

ULi0 5  orthorhombic 6.356(17) 7.364(10) 15.628(32)

"Two phases observed in X-ray diffraction pattern

SIllmml m I0
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Table 2.2 Comparison of x-values for magnesium and zinc insertion as determined by atomic
absorption and reducing-power titration

magnesium zinc
COmpound AAS titration AAS titration S
Y-U0 3  0.15 0.05 0.04
5-U0 3  0.08 0.03 0.16 0.02
UO2.90 0.26 0.09 0.37 0.19
U308  0.21 0 0.09 0

Additional support for retention of the parent structures is given by the similarity of

the infrared spectra (Figure 2.5 - 2.8) where peaks shifted only slightly after insertion. The

presence of the two uranyl peaks at approximately 920 cm"1 and 860 cm"1 in Zno.19 UO2 90

indicates that zinc does not preferentially fill the uranium vacancies which give rise to U=O.

Powell (16) reported this same finding for a-Nao.24UO 3 with excess sodium occupying

positions between layers. However, for Ui0.42 UO 2 90 and Na 0.35UOQ 96 these peaks are

replaced by a broad peak at 800 - 840 cm"1 and it is assumed the alkali-metal has occupied

the uranium vacancies.

SI I I I0
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Figure 2.6 I,,¢hmred spectra of a) b-UO3, b) b-Mg0.03UO3,
0) b-Zn.o,2U03, and d) 5-iAo.69UO3
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CHAPTER 3 ELECTROCHEMICAL CELL DEVELOPMENT

Chronopotentiometry is a very powerful technique for making insertion compounds 4'

and for obtaining structural, thermodynamic, and kinetic data. Systems studied using this

technique must fulfill a number of requirements, two of which are chemical stability and 0

reasonably rapid kinetics. This chapter discusses the development of the electrochemical

cells which enabled insertion to be successfully studied using chronopotentiometry.

3.1 AMBIENT-TEMPERATURE CELLS 0

3.1.1 SODIUM AND ZINC INSERTION

The cell used for ambient-temperature insertion is shown in Figure 3.1 (1). A PTFE

body houses two stainless steel spigots which maintain pressure on the electrodes as well as 0

provide electrical contacts. Several disks of glass mat (Whatman) soaked in electrolyte

separate the two electrodes. The working electrode consisted of 80 w/o metal oxide (- 50 mng),

10 w/o graphite (Koch), and 10 w/o PTFFE (BDH) ground together and pressed at 5 tons on to 0

stainless steel mesh 1 cm in diameter. The mesh was previously washed with 34% HNO3

and distilled H20. Counter electrodes were disks of sodium (Aldrich, 99.9%) or zinc (Aldrich,

99.9%). 0

The electrolyte for sodium cells was 0.4 M NaCIO 4 (Aldrich) dissolved in anhydrous

propylene carbonate (Aldrich). Zinc triflate (Aldrich) dissolved in a 1:5 mixture of anhydrous

propylene carbonate/dimethylsulfoxide (Aldrich) to a concentration of 0.2 M was used for zinc S

insertion. Solvents were used without further purification. Sodium perchlorate and zinc

triflate were dried under vacuum at 50"C and 150"C respectively for 24 hours.

The anodic and cathodic limits of all electrolytes were measured at 25 pA on graphite •

and stainless steel electrodes. The results are shown in Appendix B.

-A
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Electrodes PTFE Body

Separator

4--

Stainless steel spigots

Figure 3.1 Ambient-temperature cell

3.1.2 MAGNESIUM INSERTION

The true thermodynamic, equilibrium potential of any cell containing magnesium

cannot be measured directly due to the irreversible behavior of pure magnesium in aprotic

solvents (2,3). As Brown and McIntyre (4,5) point out, if the exchange current density (id for

magnesium is lower than that for other couples present (e.g. intrinsic impurities or

magnesium-solvent reaction products) the open-circuit potential will be a mixed,

nonthermodynamic value. Attempts to use pure magnesium as a reference electrode during

the course of the present work failed for this reason. However, the Mg(Hg) amalgam

electrode (with xMg - 10"3) possesses a higher standard reduction potential in water (E0 = -

1.980 V) than magnesium (E0 = -2.375 V) and is less reactive chemically. In addition, the io

value for Mg(Hg) should be greater than that for Mg since the amalgam is liquid at ambient-

temperature. Brown and McIntyre (5) were able to measure the standard potential of

Mg(HgYMg 2 ÷ in various organic solvents. Given their success, Mg(Hg) was examined further

in this work for its suitability as a reference electrode in an aprotic solvent.

Dilute magnesium amalgam was made following the method of Brown and McIntyre

(4). A magnesium disk (Johnson-Matthey, 99.999%) was discharged into a pool of twice-
distilled mercury (Johnson-Matthey) at a current density of 0.42 mA/cm 2 from a solution of 1

m MgCI2 (Fluka) in N,N-dimethylformamide (DMF, Aldrich). The mole fraction of

magnesium was determined by atomic absorption. Due to the reactivity of the amalgam with
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water, exclusion of moisture was critical. The salt was dried at 190C under dynamic

vacuum for 15 hours. DMF was dried over type 4A molecular sieve for at least one month

and then distilled under reduced pressure through a column containing molecular sieve. The

salt, solvent, and amalgam were stored in an argon filled glove box.

Figure 3.2 is the concentration cell used to verify Nernstian behavior of the amalgam

electrode. The potential of one amalgam electrode immersed in 0.105 M Mg(CIO4)2, DMF

was measured against a second amalgam electrode immersed in various concentrations of

Mg(CIO 4)2 in DMF. The liquid junction potential was minimized by connecting the two

solutions with a salt bridge containing 1 M tetraethylammonium perchlorate (TEAP) in

DMF. Equilibrium potential measurements were made after the solutions and electrodes

had been in contact for at least 2 hours. Magnesium perchlorate (Johnson-Matthey) was

dried in the same manner as MgCl 2. TEAP (Fluka) was dried in a vacuum desiccator at 40C

for 48 hours. All measurements were performed in an argon filled glove box at ambient-

temperature (- 23"C).

Platimn~m

Interconnect

atmalgrmn

I'I

nfl.
porosity

salt bridge
com~wrtment

Figure 3.2 Concentration cell used to determine the reversibility of the

magnesium amalgam electrode
II

A good reference electrode mur' be reversible and provide a stable voltage. For a

reversible Mg2 ÷/Mg(Hg) system, the equilibrium potential for a concentration cell without

liquid junction is given by
4
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E = -2.303RT/(2F) log[aM,2+1 aMOU*•2 /aM92+2 aMw(H)l], (3.1)

where the subscripts denote the two different halves of the cell. The activity of Mg2 + can be

approximated by its concentration assuming constant activity coefficients over the range of

concentrations used. The Mg2÷ concentration in one side of the cell is kept constant at 0.105

M while using an amalgam with the same magnesium activity in both sides of the cell 0

cancels the remaining terms. Substituting for R and F at 296 K, equation 3.1 becomes

E = constant + 0.029 log [Mg 2 ÷]. (3.2)

The expected slope for the graph E vs log [Mg 2 *] was observed as shown in Figure 3.3. 0

Agreement between the empirical and theoretical values provides support for the electrode's

correct thermodynamic behavior.

10, d2 - 20 mv

A -1

I.6

-.1.5 .1'.4 -1'.3 .1'2 .1.1 :1 0.9 08e 0i7 0d6 0.5 04 03 .2 0.1

Figure 3.3 Plot of log (Mg2 *] vs. potential for the concentration cell 0

A second requirement for a suitable reference is chemical stability in the electrolytic

medium. This requirement was particularly difficult due to the reactivity of the amalgam

with many common electrolyte solvents. The amalgam reacts with water, propylene 0

carbonate, and acetonitrile resulting in the depletion of Mg and a shift in its potential. No

reaction was observed with anhydrous DMF and its choice by Brown and McIntyre (5) as a

suitable solvent is confirmed in the present work. Equilibrium potential measurements of0

Mg(HgYMg1 U3 0 8 and Mg(Hg•MgxUO 2 9 cells at room temperature (see Chapter 4) showed a

drift of only ±2 mV over periods as long am 2 weeks. Where larger voltage drifts were

0071 AVAILAL TO DTIC D0E• hOT •EI$ht.IT P,' LLiY ALlILlL• ,.:: L,:-,. Jj0IO7
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observed it was found that Mg(OH) 2 had formed on the amalgam surface as a result of

contamination with water.

In order to calculate thermodynamic quantities for magnesium insertion from cell

voltages the potential of Mg(Hg) versus Mg must be known. The following equation derived

from the work of Mussini et al. (6,7,8) on dilute magnesium amalgams in water in a system

which provides for continual renewal of the electrode surface gives the potential of the cell

Mg/Mg(CI0 4)2(aqY.Mg(Hg) as

E298K = 0.395 - 0.668x% - 0.02 9 6 logxMg (3.3) 0

where xMg equals the mole fraction of magnesium in the amalgam. Although measured in

water, the cell potential is independent of the solvent and was calculated to be +0.460 V for

the electrode used here. Therefore, to all open-circuit voltages was added +0.460 V to obtain

the equilibrium potential of the cell Mg/Mg(CIO 4 )2(DMFWg.UOn. The error for not

working at exactly 298 K is estimated to be less than 3 mV.

Figure 3.4 shows the four-compartment cell used for the electrochemical insertion of

magnesium. The magnesium amalgam is contained within a Pyrex tube which is sealed at

one end with a fine porosity glass frit. This reference electrode is connected to the cell

through a Luggin capillary positioned approximately 3 mm from the working electrode 0

surface. The counter electrode, consisting of 1 mmn magnesium wire (Foote, 99.9%), is placed

inside its own compartment separated from the working electrode by a fine porosity glass

frit. Stainless steel rods provide the electrical connections to the working and counter 0

electrodes while platinum wire is used for connection to the reference electrode.

Approximately '5 ml of 0.5 M Mg(CI0 4)2 in DMF were required during testing which was

performed in an argon filled glove box. 0

3.2 ELEVATED TEMPERATURE CELL

Like magnesium, sodium is unstable in all organic solvents and is unsuitable as a

reference electrode for thermodynamic measurements. Sodium amalgam was found in this

work to be highly reactive as well. It was therefore necessary to isolate the sodium from the

electrolyte using the sodium ion conducting ceramic P"-alumina. Beta"-alumina can be

considered a substituted spinel Na 1 .1U( 1.. )g2Mg5Al2xzO 8 in which Mg2 ' and er LiW stabilize

t h l l I I ILl ll I I ll l llI IlI I l I l IIlI I I
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the P"-phase against decomposition to the less conductive P-phase (9). The high ionic

resistance of P"-alumina requires it be heated to about 150"C to achieve acceptable 0

conductivity. Since typical cell solvents (e.g. tetrahydrofuran, dimethoxyethane, DMSO) can

tolerate only small excursions above ambient temperature, alternative solvents had to be

evaluated for their suitability.

Lnntorcrflct

f1g•

Figure 3.4 Cell used for ambient-temperature magnesium insertion

Solvent selection presented a challenge due to the relatively high operating

temperature. According to Matsuda (10), a battery electrolyte must have a high relative

dielectric constant, a low viscosity, a high boiling point, and a low melting point.

Unfortunately, no single electrolyte solvent posseseso all of these characteristics over the

temperature range of study. Propylene carbonate appeared to be ideal with a liquidus range

of -49.2 - 241.7"C, a low viscosity of 2.53 cP, and a relative dielectric contat of 64.4.

However, it decomposes above 80"T, making it unsuitable for elevated temperature

measurements.

Two organic electrolyte@ based on sulfur wait looked at next. The first, sulfolane,

looked very attractive as can be seen from its physical properties at 30"C (11):

O0FY AVAILAJBLE TO DTIC DOES NOT PERMIT F=TL LEGIBLE REPRODUUInON
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melting point - 28.45"C
boiling and decomposition point - 285"C
density - 1.2625 g/ml
dynamic viscosity - 102.9 cP
relative dielectric constant - 43.3 0

The melting point is lowered below room temperature upon addition of the electrolyte salt,

although the viscosity remains high and conductivity low. Sulfolane is also chemically and

electrochemically stable towards lithium (10). Given that it met all the requirements for 0

operation in the temperature range of interest, sulfolane was examined as a possible solvent

for this portion of the study.

Commercial sulfolane is slightly acidic and contains the impurity 3-sulfolene. The 0

acidity presents a problem for lithium while the 3-sulfolene thermally decomposes above

100"C. Following the purification method of Coetzee (11), 250 ml of sulfolane (Aldrich) and 3

g of crushed NaOH (BDH) were continuously stirred in a fume hood at a temperature of 170- 0

180"C for 24 hours while bubbling N2 through the mixture. Flowing nitrogen is essential in

removing sulfur dioxide and butadiene, the decomposition products of 3-sulfolene. The

reddish-brown liquid was then mixed with 3 g of decolorizing charcoal and stirred for 6 hours 0

at a temperature of 30C. The mixture was filtered through a number 3 glass frit and the

filtrate vacuum distilled at 110"T over type 3A molecular sieve.

The purified sulfolane proved to be an unsuitable solvent as it decomposed and 0

turned dark brown in color within 24 hours at 150"C. The above purification was repeated

several times with the same end result. It was concluded that sulfolane is suitable as a high-

temperature solvent for only short periods. 0

A second promising high-temperature solvent used in testing was dimethylsulfone

(DMSO2). Like sulfolane, it readily dissolves inorganic salts, is chemically unreactive, and

has good high-temperature stability. Being a solid at room-temperature, it is easily purified 0

by recrystallization. It melts at 109C and boils at 240"C (12). Tremillon and co-workers

(13,14) and Pereira-Ramos (12,15-20) have done extensive testing of alkali- and alkaline-

earth metal insertion into transition-metal oxides using DMSO 2 at 150C. They have found 0

it has excellent thermal and chemical stability at elevated temperatures for extended

periods. DMSO 2 also has a weak solvation effect upon ions, and cations in particular. The

0
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absence of a large solvation sphere around the guest ion enables insertion to occur

unencumbered. In terms of conductivity, the value for 1 m LiC O4 in DMS0 2 at 150"C is

about 10 times greater than a propylene carbonate solution of the same concentration at

ambient temperature.

Dimethylsulfone (Aldrich) was purified following the method of Pereira-Ramos (12)

by recrystallizing it once from water and twice from anhydrous methanol (Aldrich). The

white crystals were air dried at 90"C for at least 48 hours and then dried in a vacuum

desiccator at 30"C for at least 12 hours. Water concentration under these conditions did not

exceed 0.005 mol*g (21). Purified DMS0 2 remained stable indefinitely at 150"C and was

therefore chosen as the solvent for elevated temperature use.

The cell developed for sodium insertion at elevated temperatures appears in Figure 6

3.5. The 0"-alumina is manufactured by Chloride Silent Power Limited. The ceramic tube

serves a secondary purpose in keeping the liquid sodium (Aldrich, 99.90/6) anode from

reacting with the 0.1 m DMS0/NaC0 4 electrolyte. The lower portion of the cell was placed

in a vertical tube furnace which was controlled by a Fuji model PYZ microcontroller with

solid-state relay to within ±1+C. The entire apparatus was contained within an argon filled

glove box.

PTFE top
stainless steel lead

t ssss__ stainless steel lead

Bets"-alumlna -
I0

Stainless steel
Sll-- -- Cmtbede

cpSodium _41-Cahd

Figure 3.5 High-temperature cell used for sodium insertion
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CHAPTER 4 CHRONOPOTENTIOMETRIC STUDY OF

CATION INSERTION

This chapter discusses the use of chronopotentiometry to obtqin phase,

thermodynamic, and kinetic information pertaining to the insertion of sodium, magnesium,

and zinc into polymorphs of uranium oxide.

4.1 THEORY

Chronopotentiometry is a convenient electrochemical technique for making and 0

studying insertion compounds. In a chronopotentiometry experiment the current flowing in

a cell is instantaneously stepped from zero to some value, thereby fixing the reaction rate.

Potential is monitored with time which can be equated to the extent of insertion, termed the

x-v.lue, using Faraday's law (1,2). Figures 1.6 and 1.10 in Chapter 1 are two examples of

chronopotentiometric discharge curves. Analysis of these curves provides valuable

information about the phases present as insertion occurs. Interruption of current flow at

various x-values allows the cell potential to relax to its equilibrium value which can be used

to calculate thermodynamic quantities. Departure from equilibrium under constant or

pulsed current flow provides the opportunity to gather kinetic data about the insertion

process using several available models.

4.1.1 THERMODYNAMIC STUDIES

The energies of formation of oxide insertion compounds can be determined by two

principal and complementary methods; calorimetric and electrochemical. In the calorimetric

approach, the enthalpy change Alha. for the reaction

A(s) + I/xMO.(s) -- I/4AMO.(s) (4.1)

is indirectly measured using a thermochemical cycle of intermediate reactions. This

quantity, combined with standard enthalpy data, enables AH'(A1 MOn(s)J to be determined.

In the electrochemical method, open-circuit voltages E(x) are measured for cells of

the type A(s)/A÷(soln)/MOn(s), x-values being obtained by coulometric titration. In a single

phase region of solid-solution formation, A - A(soln in AXMO,) and the thermodynamic



430

Chapter 4 Chronopotentiometric Study

quantity measured, AGA, is the partial molar free energy of solution, which is related to E(x)

by AGA = -zEF. For a range of x-values where two solid phases of fixed compositions A1MOn •

and AyMOn co-exist and are in equilibrium by the reaction

A(s) + (lAy-x))ArMOn .-* (IAy-x))AyMOn (4.2)

E is constant and AGA = -zFE. 0

For the reaction

xA(s) + MOa(s) -. A1MOn(s) (4.3)

the corresponding integral free energy change is given by the Gibbs-Duhem equation 0

AGx = ozFfoxE(x)dx (4.4)

The related integral entropy change AS. is given by

AS1 = zFfo08aE(xYoTdx (4.5) 0

and its evaluation by electrochemical means alone requires accurate measurement of the

uell's EMF temperature coefficient. Alternatively, ASX can be derived from a combination of

electrochemical and calorimetric measurements through the relation (3,4,5) *

AG. = AM1 - TASx. (4.6)

4.1.2 KINETIC STUDIES

4.1.2.1 Kinetic Properties of Solids •

Thermodynamic laws govern the behavior of electrochemical cells during

equilibrium, but it is kinetics which dictate their behavior when current is passed.

Movement of charged species determines the amount of current a cell is capable of sustaining 0

at a particular voltage. Regretfully, a cell is never able to maintain its equilibrium potential

due to the generation of forces opposing the passage of current. These forces manifest

themselves in what is referred to as polarization or overpotential. This voltage loss, as seen •

in Figure 4.1, is a function of current density and consists of three separate terms:

a = activation overpotential (charge-transfer limiting)

q, = concentration overpotential (mass-transfer limiting) 0

fo = Ohmic overpotential.

In this study, only q. and qc are of interest.
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Figure 4.1 The three components of polarization

Activation polarization is a measure of the ease of charge transfer between different

phases (6). In classic, solution electrochemistry, the transfer is between metal ions (Mn÷) in

the solid and solution phases.

Mn..od +-* Mn+solution + ne" (4.7)

The rates at which the forward (f) and reverse (r) reactions occur can be described using

transition-state theory, with the appropriate equations being-

rater = klajexpL-AG/RTJ (4.8)

rater = k2a 2exp[-AG)/R (4.9)

As expected, the rate of charge trander is directly proportional to the value of the rate

constant (k) and the activation free energy (AG).

A different case exists for charge transfer within the insertion electrode itself where

it is assumed that only two mobile species, one ionic and one electronic, exist. Electrons

must travel through the solid, active material in order for reduction to occur. The concern

now is not with the ionic conductivity of the electrolyte, but with the electrical and ionic

conductivity of the electrode.

Concentration polarization is due to the mass transport limitations of the ions. Ionic

movement is caused by any of a combination of electrical, gravitational, and concentration

gradients present in the system. Given that convective transport within a phase is minimal,

the total current density (i) for a given species (designated n) is given by (7):
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in = irng, + idiff = -(Yn(0/ax) - znqDn(aln an/aln cn)Xcn/Nx) (4.10) 4
where imigr = contribution to current from migration

idiff = contribution to current from diffusion 0
(Tn = specific electrical conductivity of species n
) = electrostatic potential

x = directional component
zn = charge number
q = elementary charge
Dn = self diffusion coefficient
an = activity
cn = concentration

The first term on the right hand side is the same as Ohm's law for the migration of species n

in the presence of an internal electrostatic field. The second term is related to Ficks' first 0

law of diffusion

Jn = "D(Cn/Nx) (4.11)

where Jn is the flux for species n under a concentration gradient and D is the chemical

diffusion coefficient.

In battery electrolytes, the solution phase is characterized by a very large

concentration of mobile ions; thus, concentration gradients must be small and ion transport 0

occurs predominantly through migration. Equation 4.10 can then be simplified to

in = -rn(O/(/)x). (4.12)

The situation is reversed, however, for the electrode phase where charge transport 0

takes place via the motion of electronic species. Internal electric fields are small, and

therefore ionic flux is due mainly to a local ionic concentration gradient within the solid

phase. Equation 4.10 can again be simplified by neglecting the first term on the right hand

side and assuming te. = 1:

in = -znqDn(aln an/aln cn)(acn/Dx). (4.13)

The term aln an/aln cn is the thermodynamic enhancement factor (W) which relates the

chemical diffusion coefficient (D) to the self diffusion coefficient (Dn) in the expression

D = WDn. (4.14)

W can be quite large (8-12) and is responsible for explaining ionic flux density values above 0

those solely predicted by a concentration gradient. It is empirically accessible from the

equation (7)

L0
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W = -[(znxF/Rl). dF_/dx] (4.15)

where x is the extent of insertion (i.e. x-value) and dE/dx is the slope of the equilibrium •

discharge curve at the x-value. The greatest enhancement in ionic motion will therefore

occur in regions where the discharge curve slopes greatly. dE/dx can also be used to

calculate the partial ionic conductivity (on) (13)

an = -znF(DnVm)d•(dE. (4.16)

4.1.2.2 Electrochemical Techniques for Determining Kinetic Properties of Solids

A number of different electrochemical techniques are available for studying the

kinetic properties of insertion compounds (8,14-24). As Weppner and Huggins (24) point out,

an important advantage of most of these techniques is the simultaneous measurement of

thermodynamic and kinetic quantities from cell voltage and current. Previous work by

Reynolds (25) on the kinetics of lithium insertion into MoO 3 compared the techniques of

Weppner and Huggins (8) and Basu and Worrell (17) and found them both to produce results

comparable to those from NMR measurements. However, the method of Basu and Worrell is *

independent of IR polarization, and it therefore was selected for use in the present work.

In the technique, a negligible amount of guest ion is introduced into the host from a

constant current pulse. The recovery rate of the cell voltage to its previous equilibrium value

is controlled by the guest ion's diffusion rate into the bulk cathode. Crank (26) gives Fick's

second law for an instantaneous source or sink of diffusing species in semi-infinite geometry

as 0

c- co = {iT/[AF(7cDt)L•}exp(-a 2/4Dt) (4.17)

where c = concentration of diffusing species
c. = initial uniform concentration of the species
A = area •
i= current pulse
T = pulse duration
a = distance from the planar source
D = chemical diffusion coefficient
t = time after conclusion of current pulse

The concentrataon terms may be replaced by voltage and noting that c = /Vm where Vm is 0

the molar volume, equation 4.17 becomes when a = 0

E- E0 = AE = [VmiT(dE/dx)1[FA(XDt)V2] (4.18)
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where E = voltage at time t
E. = initial equilibrium voltage.

A plot of AE vs. t-'2, such as the one for Mg1 U 30 8 shown in Figure 4.2, should be linear and

D may be calculated from the slope. The initial curvature is attributed to electrolyte effects

(17).

0.4 Mg0 .45U3O8

0.3-

w 0.2-

0.1

* 0

0.0 , I I I I

0.0 0.1 0.2 0.3 0.4 0.5

t-1/ 2 (s-112)

Figure 4.2 Current pulse measurement for Mg0 .4 5U 30 8

4.2 APPARATUS

The cells used for insertion reactions were described in Chapter 3. Measurements

were made using a microprocessor-controlled cell tester designed and built by the Electronic

Services Department of the ICL The unit consisted of a Rade ZS0 microprocessor controlling

8 solid-state constant current sources. A total of 8 cells can be tested simultaneously in a

Vacuum Atmospheres model DLOO1 glove box
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4.3 GALVANOMETRIC MEASUREMENTS

4.3.1 AMBIENT-TEMPERATURE INSERTION

4.3.1.1 Sodium

Figures 4.3 to 4.6 show the discharge and charge curves for cells containing sodium.

All cells exhibit high polarization attributed to the relatively large size of Na÷ (r = 0.95 A)

which hinders its insertion (27). Differences in the shapes of the discharge and charge

curves suggests sodium insertion is only partially reversible to x = 1.

The slope of the discharge curves of 6-U03, Y-UO 3 , and U 30 8 indicates solid-solution

formation for x < 1. Powder X-ray diffraction patterns of discharge products at x -1 showed

a single phase present for NaU3O 8 , while 5-NaUO 3 and y-NaUO 3 were poorly crystalline.

The results are consistent with the study of chemically prepared Na1 .29U30 8 which also

reported a single phase (28). Two interstitial sites are available in U 30 8 with the nine-

coordinate site being favored for sodium insertion (29).

U02.9 displays a plateau in the range 0.15 < x < 0.75 ' 1"• suggests the existence of

two phases in this region. The powder X-ray diffraction pattern of chemically prepared

Na0.35UO2.95 showed two phases isostructural with the parent oxide. Possible sites for

sodium occupation include the nine coordinate and those of the vacated uranium atoms.

A two-phase region exists for UTiO 5 at 0.04 < x < 0.58 which is consistent with the

single phase observed by Woodall (30) at the composition Nao.6ULiO 5 for the chemically

prepared compound.

Of the cell products discharged to x = 1, U0 2 .9 and U 30 8 showed a small increase in

the interlayer spacing along the c-axis (Table 4.1) while X-ray diffraction patterns for b-UO3,

Y-U0 3 , and UTiO5 were too poorly crystalline for refinement. X-ray diffraction patterns of

UTiO5 , Na0 .UTiO 5 , and NaUTiO5 in Figure 4.7 clearly show the destruction of the crystal

structure as insertion progresses, which presumably is attributable to sodium's relatively

large size.
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Figure 4.3 U029 at 25 pA in 0.4 M NaC1O4/propylene carbonate at 294 K
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Figure 4.4 U30g at 25 pA in 0.4 M NaCIO4/propylene carbonate at 294 K
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Figure 4.5 6-U03 and l-U03 at 25 pA in 0.4 M NaCIO 4/propylene carbonate at 294 K

4 294 K I

-. 3

z

1 2

.w

0* I I I

0.0 0.2 0.4 0.6 0.8 1.0

x-value in Na:UTiOs

Figure 4.6 UTiO5 at 25 pA in 0.4 M NaCIO41propylene carbonate at 294 K
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Figure 4.7 X-ray diffraction patterns for a) ULO 5, b) Na0 .6UMiO 5 and c) NaUTiO 5

4.3.1.2 Magnesium 0

Discharge-charge curves and open-circuit potentials for magnesium cells are

displayed in Figures 4.8 - 4.11. High polarization is again observed; however, the +2 charge

and not the size of Mg2÷ (r = 0.65 A) is believed to be the cause. Insertion into 6-UO 3 andy- "

U0 3 occurs to a minor extent while U02.9, U30& and LfMO5 form two phases in the ranges

0.07 < x < 0.27, 0.05 < x < 0.40, and 0.03 < x < 0.31 respectively. Calculations performed by

Ball (31) predict that magnesium occupies the same nine-coordinate sites as sodium. 0

The interlayer spacing showed little change upon insertion to low x-values (Table

4.1). In U30 8 cells discharged beyond x - 0.5 two additional peaks appeared in the X-ray

pattern at 20 = 28.385" and 32.888. These peaks match those of a f.c.c unit cell with a = 0

5.42 A. Kemmler-Sack and Rudorff (32) previously made a high-temperature fluorite phase

with the general formula MgyU,.yO 2 by reacting MgUO4 and U0 2. The unit-cell dimension

for this phase for 0 ! y ! 0.33 ranges from 5.468 A to 5.275 A. Inclusion of the unit-cell 0

dimension of the electrochemically prepared compound within this range suggests the

formation of a solid solution up to x - 0.5 with the formation of a fluorite phase of a

composition MgyU,.yO 2 at greater x-values. 0
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4The current was reversed in cells containing UO 9 , U30& and UTiO5 to determine

the reversibility of magnesium insertion. From the dissimilar shapes of the charge and 0

discharge curves, the redox process is only partially reversible. Similar behavior was

observed by Pereira-Ramos et al. (33) for MgxV 20 5.

4.3.1.3 Zinc 0

Given its +2 valency and proximity in size to magnesium, zinc (r = 0.74 A) insertion

was expected to mimic the alkaline-earth metals. Figures 4.12 to 4.14 show this to be the

case with the characteristic high polarization, low x-value, and irreversible behavior. U308 0

forms a solid solution with zinc for x < 0.2 while UO?9 and UTiO 5 each form two phases with

zinc in the range 0.03 < x < 0.15. As with magnesium, little change occurred in the

interlayer spacing upon insertion (Table 4.1). •

Table 4.1 c-lattice parameters of electrochemically prepared insertion compounds

compound cA
U02.90 4.172(9)

Mg0 .28UO2 .90 4.149(2)

Zno.2oUO2.90  4.129(2)
1Nal.0oUO go 4.253(5)
2 Nal00UO2 9o 4.262(2)

U30 8  4.138(2)

Mgo.62U 30 8  4.139(1)

Zno.20U 30 8  4.128(7)
1NaL.0U 30 8  4.186(3)
2 Nal.0oU 308 4.193(6)

UTiO5  15.628(32)

Mg0 .30UTiO 5  15.489(21)

Zno.3oUMi 5  15.490(35)

1294K
2 423 K

i ll l I I I I I I III I .. . II II I II
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Figure 4.8 UO. 9 at 25 pA in 0.5 M Mg(CIO 4)9DMF at 294 K 0
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Figure 4.9 U30 8 at 25 pA in 0.5 M Mg(CIO 4 )VDMF at 294 K
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Figure 4.10 b-U0 3 and Y-U0 3 at 25 pA in 0.5 M Mg(CIO4)yDMF at 294 K 0
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Figure 4.11 UTiO5 at 25 AA in 0.5 M Mg(CI0 4)2DMF at 294 K
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Figure 4.12 UOZ9 at 25 pA in 0.2 M zinc triflate/propylene carbonate, DMSO at 294 K 0
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Figure 4.13 U30 8 at 25 pA in 0.2 M zinc triflate/propylene carbonate, DMSO at 294 K
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Figure 4.14 Unfi0 5 at 25 pA in 0.2 M zinc triflate/propylene carbonate, DMSO at 294 K

4.3.2 ELEVATED TEMPERATURE

The discharge curves and open-circuit potentials for sodium insertion at 150 "C

(Figures 4.15 - 4.17) are very similar to those at ambient temperature. Polarization is again

high, but less than that at ambient temperature which is attributed to better kinetics at 150

"C. As before at ambient temperature, the c-lattice parameter shows a small increase with 0

sodium insertion for U02.9 and U30 8 while UTiO 5 becomes nearly amorphous.

4.4 THERMODYNAMIC MEASUREMENTS

The integral free energy of insertion (AG1 ) is plotted against x-value in Figures 4.18 - 0

4.20 and tabulated in Table 4.2 for sodium, magnesium, and zinc insertion into UOZg, U30&

and UTiO 5 . Calorimetric values for AM1 (34) are shown as separate data points for several

compounds. The close agreement between AG, and AHM reinforces the conclusion already 0

arrived at for other metal oxide insertion compounds (35,36) that the corresponding values of

the entropies of insertion are small. Errors of measurement precluded any quantitative

assessment of changes in this quantity as a function of structure. •
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Thermodynamic quantities for a number of metal oxide insertion compounds are

listed in Table 4.3. Assuming the A-O site binding energy varies little between the host

metal oxides for a given inserted element (3), the dominant factors in determining the

energetics of insertion would appear to be the ease of reduction of the metal within the host

and the electrostatic repulsion between the inserted ions which increases with insertion.

Table 4.2 Values for integral free energy of insertion
Compound x-value -AG (kJ mol-1) Compound x-value -AG, (kJ mol-1)

NaUO2 .9  0.03 9.4 MgxUO 2 .9  0.03 14.9 0
0.08 24.6 0.06 29.7
0.15 45.3 0.09 44.2
0.25 74.1 0.12 58.3
0.35 102.8 0.15 72.3
0.45 131.3 0.18 86.1
0.55 159.7 0.21 99.7 0

ZnxUO2 .9 0.03 6.9 0.24 112.9
0.05 10.9 0.27 125.5
0.07 14.7 NaxU 308 0.05 14.3
0.09 18.4 0.20 57.0
0.12 23.5 0.30 85.3
0.14 26.8 0.40 112.6 0
0.16 29.9 MgxU 30 8  0.02 10.1
0.18 33.0 0.05 24.3
0.20 35.9 0.08 38.0
0.22 38.5 0.10 47.1

Zn1 U30 8  0.03 6.1 0.12 56.2
0.05 9.8 0.16 74.2 0
0.07 13.2 0.20 92.2
0.09 16.5 0.24 110.0
0.11 19.6 0.27 123.1
0.13 22.7 0.30 136.1
0.15 25.8 0.33 149.1
0.17 28.8 0.36 162.0 0
0.19 31.9 0.39 174.7
0.21 34.9 0.42 187.5
0.24 39.4 0.45 200.0
0.27 43.8 0.60 260.4
0.30 48.2 0.65 280.0

MgxUTiO 5 0.02 9.8 ZnxUTiO 5  0.02 3.6 0
0.04 18.7 0.04 6.5
0.06 27.6 0.07 10.6
0.10 45.2 0.10 14.7
0.13 58.4 0.13 18.7
0.16 71.5 0.16 22.6
0.19 84.6 0.19 26.6 0
0.22 97.4 0.22 30.1
0.26 114.0 0.25 33.3
0.30 130.3 0.28 36.4
0.34 146.5 0.31 39.4

S. . . . I I I ll I I I I lll l ll II I I I ll i , . . . . . ,,
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Table 4.3 Enthalpies and free energies of insertion

Compound -AH,/z (kJ mol-1) -AG/x (kJ mol"1) Reference 0

Lio.22V 20 5  328±3 3
6-Li0.69UO3  320±3 3
7-Lio.55 UO3  310±5 3
Li.29UO2.67 298±4 3 0
Lio.40MoO3 277±4 3
h-Lio.4 4WO3 277±6 3

* a-Nao.15 UO3  391±8 28
"Na0.20V20 5  360±7 37
"NaMo6 0 17  310±10 37 0
5-Nao.54UO3 303±6 28
Na0.25UO2.9  296 this work
NaO.30U 3O8  284 this work
Na0.27WO3 251 38

M•g 0.2 1U02.9  475 this work 0
Mg0.2 0U3 0 8  461 this work
Mtg0 2 2 UI'iO5  442 this work

Zn0 .20UO2 .9  180 this work
Zn0.21U308 166 this work
zn0.22LU O 5  137 this work 0

'High-temperature phase

Ambient-temperature insertion compounds are generally metastable towards either

reconstitution to a stable high-temperature phase of the same composition or to 0

decomposition into a mixture of compounds which surround that particular composition in

the high-temperature ternary phase diagram (3). The compounds probably are metastable

towards decomposition (Table 4.4). 0

Table 4.4 Frae energies of decomposition

Reaction x-value AG (kJ mol[1)

Mg.UO2.g(a,s) = xMgUO4(s) + 1.57xU3 Og(s) + (1-5.7'x)UO 2.9(a,s) 0.15 +0.2±2

NaUO2.9(a,s) : jNa 2U20 7(s) + 0.86zU 3Og(s) + (1-3.57x)UO 2 .ta,s) 0.15 -3.8+2

NagU 3Og(s) = w2Na 2U20 7(s) + (1-x)U 3Ogs) + x/2U 409s) 0.20 +3.3±4

"Errors in AG are estimates taken from AH measurements

S.. ..... . l lll lll Ill I Il I ll I~ ll I I I -- I I -- 0
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A small decrease in site binding energies for sodium, magnesium, and zinc with the

degree of uranium reduction can be observed by plotting AGft/x vs. x-value (Figures 4.21 to

4.23). This trend was commented on previously by Dickens et al. (28). Estimates of site

binding energies can be obtained by using a thermochemical cycle (35). The standard molar

enthalpies of formation of binary- and ternary-metal oxides from gas-phase atoms vary

approximately lineafly with the metal's oxidatio- te (39), implying that the total binding

energy varies linearly with the metal's oxidation srate. Therefore, the site binding energy for

the guest can be calculated from the difference between enthalpies of formation of the binary

(MOy.sa) and ternary (Aa¶MOy) metal oxides at the same oxidation state of the metal

(Max'2"Y). As an example, the site binding energy of magnesium in U0 2.90 is calculated using

the following scheme:

x Mg(s) + U02.90 (s) = Mg1UO02 s(s) (4.19)

U(s) + 1.45 0 2(g) = UOg 0(s) (4.20)

uo2.W.(s) = U(s) + (2.90-x)/2 0 2(g) (4.21)

"x O(g) = x 02 (g) (4.22)

"x Mg(g) = x Mg(s) (4.23)

UO2.W,(s) + x Mg(g) + X 0(g) = Mg.UO09O(s) (4.24)

AH 24 = AH 19 + AH20 + AM 2 1 + A•22 + A- 2 3

where AH 2 1 is the hypothetical enthalpy of formation of U02.90. obtained from Figure 4.24.

Values for AH22 and AH 2 3 are calculated from data found in standard thermochemical tables

(40). The free energy of insertion (AG.) measured in this work was substituted for AH 19.

Table 4.5 lists the mean binding energies to oxygen for sodium, magnesium, and zinc

[B(AO)] as given by AH-24/i The values support the assumption that the A-0 site binding

energy for a given inscrted element varies little between metal oxides (3). The relative order

of these values is reasonable in comparison to AH,(per A) values for the formation of the

corresponding metal oxides from gaseous atoms in the reaction

A(g) + O(g) -. AO(s). (4.25)

A plot of B(AO) vs. Al-• (per A), r shown in Figure 4.25.
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Table 4.5 Estimation of site binding energies

Compound B(AO) (kJ mol"1)

Mg0 .24UOI.90 1003
Zno.18U0 2.90 660
Na0 5 UO2 .90  558
'a-Lio. 91 U0 3  646

MgO.20U02.67 962
Zno.08 UO2.67  685
Nao.13U02.67  582
2 Lio.29UOZ6 7  689

1Reference 41
2 Reference 35

4.5 KINETIC MEASUREMENTS

Kinetic values for Na÷, Mg 2 ÷, and Zn 2 + in single phase regions are listed in Table 4.6

along with values taken from the literature for these ions in other metal sulfide and ozide

systems. The general trend in solid-state mobility, based upon values for D, is

Li>>Na>Mg-Zn. A similar trend was predicted by Ball (31) in his calculations of the

activation energy of migration (Ea) for Li (E. = 0.7 eV), Na (Ea = 1.52 eV), and Mg (Ea = 1.25

eV) in U30 8 . Again, greater ionic size of sodium and the +2 charge of magnesium were cited

as reasons for their larger activation energies when compared to lithium. Ball also

calculated activation energies of migration in 5-U0 3 and found an even larger difference

between Li (E. = 0.69 eV), Na (E. = 3.81 eV), and Mg (Ea = 2.14 eV). This large difference

suggests Na and Mg insertion will be minimal, as was observed in this work.
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Table 4.6 Kinetic values of sodium, magnesium, zinc, and lithium in various metal onides
and sulfides

D Dn
Cell x-value (cm2s"1) (cm 2s"1) W (Q'lam'l) Reference

Na.UO2 .9  0.03 1.4E-11 6.OE-12 2.3 4.8E-8 this work
0.08 1.1E-11 1.7E-12 6.2 3.7E-8 this work 0

IgxUO2.9 0.03 3.7E-13 1.9E-13 2.0 2.2E-9 this work
ZnxUO 2.9  0.03 9.2E-13 1.4E-13 6.5 1.6E-9 this work

0.18 6.2E-12 1.4E-13 43.3 9.9E-9 this work
Na.U 30 8  0.30 1.2E-11 2.9E-13 41.9 1.3E-8 this work
Mg.U 30 8  0.02 8.1E-13 4.7E-13 1.7 1.4E-9 this work

0.24 1.3E-11 6.4E-13 20.2 2.3E-8 this work 0
0.45 1.5E-12 1.2E-13 13.0 7.8E-9 this work

Zn 1 U30 8  0.03 1.5E-12 1.6E-13 9.4 7.2E-10 this work
0.13 5.1E-13 1.7E-13 3.1 3.3E-9 this work

Mg.LUiO5  0.04 3.OE-12 7.4E-13 4.1 8.3E-9 this work
0.22 1.3E-11 3.7E-13 35.6 2.3E-9 this work

Zn.UTiO5 0.02 9.OE-12 2.2E-12 4.1 1.2E-8 this work
0.22 1.1E-11 4.OE-13 27.2 2.5E-8 this work

Li1 U30 8  0.88 2.8E-8 42
Li1 LT'0 5  0.6 5.05E-9 4.OE-11 43
Zn1 V6 0 13  0.05 3.7E-10 44

0.1 3.5E-11 44 6
NajTiS2  0.6 1E-9 45
Na.TaS2  0.4 3E-8 45
Na.MnO2  0.2 4.6E-14 46
Na.Mo2O4  1.9 1E-10 47
Na.WO3  1 1E-15 38
Na.CrO2  0.6 1E-10 48 6
Na1 CoO2  0.6 5E-8 48

I
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CHAPTER 5 CYCLIC VOLTAIýVIETRIC STUDY OF CATION

INSERTION 0

This chapter discusses the investigation of the mechanism of ion insertion into U02.9 ,

U30 8 , Y-U0 3, and 5-U0 3 using cyclic voltammetry. 0

5.1 THEORY

5.1.1 CLASSICAL SOLUTION VOLTAMMETRY

Controlled potential experiments (see Figure 5.1) can be divided into the two

categories of potential step methods and potential sweep methods (1). In a potential step

experiment, the potential is instantaneously changed (AE) or stepped from one value to

another generating the waveform shown in Figure 5.2 and the current response is monitored

with time. The complete electrochemical behavior of a system can be discerned by varying

AE and plotting the current-time responses.

. .fu_÷ "
fi) -. tin,.

Figure 5.1 Schematic experimental Figure 5.2 Waveform for a potential step
arrangement for controlled potential experiment

experiments

However, more information can be gained in a single experiment by sweeping the

potential with time and recording the current-potential response (Figure 5.3). The term for

this technique is linear sweep voltammetry (LSV). A generally more useful technique is

cyclic voltammetry (CV) which involves reversing the direction of the potential sweep at

sonme time X corresponding to the potential E) (Figure 5.4) (2). On reaching EX the sweep

can be indefinitely halted, reversed, or continued in the same direction to another value.

COPY AVAILABIE TO DTIC DOES NOT PERIM FULLY LEGIBLE RElPRa- )U ý'IOI
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Cell current is monitored as a function of potential in both ISV and CV. Sweep rates vary in

the range of 10-3 to 103 V/s depending upon the system and experiment. By observing the

dependence of peak current (ip) and potential (Ep) upon sweep rate (v), mechanistic and

kinetic informatio-' about processes occurring at the working electrode can be obtained.

E

0 0 V0k0I tm% A
time time

Figure 5.3 Waveform for linear sweep Figure 5.4 Waveform for cyclic voltammetry
voltammetry

Theoretical treatments of electrochemical systems require they be divided into one of

the following three groups on the basis of their electrochemical reversibility: reversible,

irreversible, and quasi-reversible (1,2).

Pg-versible Systems

Consider the reversible reaction where species 0 is electrochemically reduced to form

R, assuming semi-infinite linear diffusion and the initial absence of R.

O+ne" .- R (5.1)

The potential is swept linearly at v V/s with the potential at time t given by
EWt = El -vt for 0 < t < (.5.2)

E(t) = E1 - 2v + vt fort> X

Electron transfer is rapid enough for the Nernst equation 0

E = E + RTAnF) ln(Co/CR) (5.3)

to apply at the electrode surface (x = 0). The exact form of the cyclic voltammogram is

obtained from the solution of Fick's second law for 0 and R (assuming Do = DR = D) with the 0

following conditions
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aclqcl = DO2C/8z 2  (5.4)

att=O,x>O. CO=Co6andCR=0

att>0,=oo: CO=CO-andCR=O

at t > 0, x = & D(aC&1) + D(aCWx)= 0

(Co(CR),0o = exp[LnFAR()E - E)]

-i = nFDA(aCo/()..o

which at 25T yields the Randles-Sevcik equation:

ip = (-2.69 x 105)n3 2ACo0 DlvVt2  (5.5)

Peak current (ip) is seen to be proportional to the bulk concentration of the electroactive

species (C(3) and to the square roots of the chemical diffusion coefficient (D) and sweep rate

(v). Diagnostic tests for cyclic voltammograms of reversible processes at 25"C are (2):

1. AE = 59/n mV

2. jE.- ,2 =5f mV 0

3. IipMC[ 1

4.ipoc V2

5. Ep is independent of v

6. at potentials beyond Ep, i - t-l •

Test 4 is particularly applicable to this study because it indicates diffusion control is

occurring within the system.

Irreversible •vstM

For irreversible processes (0 + ne" - R) the rate of electron transfer is insufficient to

maintain Nernstian equilibrium at the electrode surface and a new boundary condition for t

> 0, x = 0 must be substituted into equation 5.4. S

-*nFA) = Do(OCo/8,),.o = k(Co). 0o (5.6)

Numerical integration leads to the solution

ip = (-2.99 x 105)n(acn.)V2 ACO-DOl 2 vW1/2 (5.7) 0

where ac is the transfer coefficient and na is the number of electrons transferred up to and

including the rate determining step. Diagnostic tests for totally irreversible systems at 25"C

are (2) 0

1. no reverse peak

2. ipc v/ 2

3. Epc shifts -30/aen. mV for each decade increase in v

4. 1 Ep- EI21 = 43/tn. mV. S
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Besides the absence of a reverse peak the irreversible system shows a dependence of

peak current on the square root of the scan rate.

Quasi-reversible Systmst

As the name implies, quasi-reversible systems exhibit behavior of both reversible and

irreversible systems. At slow scan rates, the rate of electron transfer relative to mass

transport is adequate to maintain Nernstian equilibrium at the electrode surface and thus

behavior is reversible. The transition to irreversible behavior occurs at higher scan rates

where the electron transfer rate is not adequate to maintain Nernstian equilibrium. The

solution to equation 5.4 is not important to this study, but the diagnostic tests for quasi-

reversible systems are useful (2):

1. Iip I increases with vW but is not proportional to it 0

2. ippC =I =provided ac = aa = 0.5

3. AE_ is greater than 59/h mV and increases with v

4. Epc shifts negatively with increasing V.

The discussion of cyclic voltammetry thus far has assumed that all the reactants and

products are freely soluble in solution without considering surface processes such as phase

formation and reversal and reactant or product adsorption. Reactions involving surface

processes exhibit shapes and sweep rate dependences in their voltammograms different from

those previously discussed. The simplest case is where the electroactive species 0 is already

present on the electrode surface. Analysis of such a system is fairly straightforward since

mass transport effects (i.e. diffusion, migration, and convection) can be ignored. For

example, in the case of adsorption described by a Langmuir isotherm, the governing equation

is (2)

IV I = An2F2rovA4RT) (5.8)

where rO is the initial surface excess of 0. It is important to note that ip is proportional not

to vW2 as before, but to v. This distinction is indicative of the role mass transport plays and

will be important in later discussions on insertion (1,2).

5.1.2 SOLID-STATE VOLTAMMETRY

The theoretical treatment of solid-state systems is more complex than that of liquid

solutions previously discussed because mass transport occurs in both the liquid and solid
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phases. Two kinetic models of insertion compounds were developed by Reichman and Bard

(3) for H.WO3 and Vaccaro et al. (4) for Li1 TiS2 . These models assume that mass transport

of ions within solution and electronic conduction within the solid are not rate limiting

processes. This leaves only charge transfer or solid-state mass transport as the rate

determining step. The remainder of this chapter focuses on the investigation of these two

processes in the electrochemical formation of uranium oxide insertion compounds.

5.2 CYCLIC VOLTAMMETRY OF INSERTION COMPOUNDS

Voltammetric studies of insertion compounds have been much less prevalent than

chronopotentiometric studies. Work by Vacarro et al. on TiS 2 (4), Pereira-Ramos with V20 5

(5,6), Hardwick with MoO 3 (7), Armand et al. (8) with RuO2, and Novik et al. (9) on various

transition-metal oxides and sulfides showed that voltammetry can be used to study the

insertion process. However, the drawback to these studies was that, under the conditions in

which these experiments have to be conducted, the slow kinetics of the insertion process

required the use of very slow scan rates (V _• 2 mV/a) and the useful time domain available

for exploration of mechanistic aspects remained very restricted (tens of minutes time scale).

Furthermore, electrodes in some cases were !arge (area - 2 cm 2) and contained high amounts

of graphite (upwards of 90 weight-percent) added to increase conductivity which caused high

background currents that tended to obscure details of the voltammograms.

In order to obtain a voltammetric response in the seconds time domain for a metal

oxide, in addition to having adequate electrical conluctivity, it is necessary to have available

at least two accessible metal oxidation states between which electron transfer can take place

with a mass transport mechanism to maintain electroneutrality. In the case of the uranium

oxides considered in this study, the U(VIY/U(V) oxidation states should be readily available,

although it is less obvious how the conductivity and mass transport requirements may be

satisfied. Ionic motion within a solid was discussed in Chapter 4 with the conclusion that

Na÷, Mg2÷, and Zn 2 + mass transport within the solid is likely to be predominantly diffusion

controlled.

In view of the above discussion, provided adequate conductivity is available in

uranium oxides, their voltammetry may be expected to show electron transfer between the
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U( VI)/U(V) metal cations coupled with diffusion of ions that may be capable of insertion into

the reduced form of the lattice. Recently, a new approach to studying the voltainmetry of 0

solids was developed whereby trace amounts of solution-phase insoluble solid material are

mechanically transferred, rather than electrochemically deposited, onto the surface of a

suitable solid electrode (10-14) which is then placed in an electrolyte containing solution 0

where electrochemical aspects of the process may then be studied by conventional

voltammetry at fast scan rates. With this method, experimental procedures are extremely

simple and wide time domains may be readily achieved since the redox chemistry in the solid 9

takes place in what are effectively arrays of small electroactive sites where diffusion is

hemispherical and IR drop problems, which are likely to be important with semi- and non-

conductors such as the uranium oxides, are minimized. 9

5.3 DESCRIPTION OF TEST SET-UP

Figure 5.5 shows the three-compartment Pyrex cell in which cyclic voltammetry

experiments were conducted. The working electrode was 3.2 mm diameter high purity 0

graphite rod (Ultra Carbon) used without further treatment. Solid samples were ground

with a mortar and pestle (5-10 gm particle size) and the lower surface of the graphite rod

pressed into the powder and rubbed gently on it. The electrode was lightly tapped several 0

times to remove loose sample and the edges of the rod wiped clean with a tissue. The height

of the electrode was adjusted within the cell to expose only its lower surface to the

electrolyte. After each measurement the electrode surface was renewed by simply cutting off 0

the end of the graphite rod with a scalpel.

The reference electrode in all cases was a Radiometer-Copenhagen model K401

saturated calomel electrode which was connected to the working electrode compartment via a 0

Luggin capillary. Platinum mesh served as the counter electrode. Solutions were made to

the stated concentrations using deionized water and either MgC1296H 20 (BDH), Mg(C10 4 )2

(BDH), LiCIe6H 20 (BDH), NaC1 (Fluka), or CsCl (BDH) without further purification. High •

purity argon was passed through an oxygen removal column (Chrompack) (02 < 1 ppm) and

bubbled into the cell for at least 20 minutes prior to each experiment. Solution pH was

measured using a Radiometer-Copenhagen model 84 research pH meter.
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Voltammetric measurements were made using an instrument built by Ursar

Scientific and recorded on a Gould model 60000 X-Y recorder. Experiments were divided into

two categories on the basis of their time domain: short - up Lo several minutes and long -

from 1 to 12 hours. All experiments were conducied at ambient temperature (- 20 C).

netlflece
elearode
CtffF rtmnitt

A I

Ne~ II I

graphite

ekctAody Plabrnt

Figure 5.5 Three-compartment cell design used for cyclic voltarmmetry

5.4 VOLTAMME-TY OF U30 8

5.4.1 SHORT TIME DOMAIN EXPERIMENTS IN ELECTROLYTE CONTAINING Mg2 ÷

As was shown in Chapters 2 and 4, Mg2 ÷ does not form insertion compounds as

readily as monovalent cations such as LiU and Na÷ and its mobility in the solid-state is lower.

However, the method of their preparation suggests that the electron transfer process, U(VI)

"- U(V), still is coupled with insertion of the ions. Consequently, if Mg 2 ÷ ions are not rapidly

inserted, then details of the coupling of electron transfer and mass transport prior to cation

4
insertion may be revealed by short time domain (fast scan) voltammetric studies.

The first and 30th scans of cyclic voltammograms (v = 100 mV/s) obtained for U,3 8

mechanically attached to a carbon electrode in 0.1 M and 0.5 M MgCI2 are shown in Figures

5.6a and 5.6b. The primary reduction process (labelled process 1 in Figure 5.6), which is the

same in both MgCI2 and Mg(CIO 4)2 (curves not shown) electrolytes over the scan rate range
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of 20 to 600 mV/s, is characterized by an almost chemically reversible, surface confined, one-

electron transfer process which may be written as

U(VI)(,uj,) + e- -b U(V)(•qr). (5.9)

In 0.1 M MgCI2 , a well defined almost symmetric reduction peak found at -0.8 V (all

potentials versus SCE) is coupled with an equally sharp oxidation peak at -0.6 V to give

process 1. On the first reverse scan of the cyclic voltammogram, a small, broad oxidation

peak is observed at - 0.15 V. In 0.1 M MgCI2, as the potential range was repeatedly

scanned or cycled, a second broad reduction peak slowly developed at - -0.25 V to form an

almost chemically reversible couple labelled process 2 in Figure 5.6a. Even after

interruption of cycling, with the potential held at the initial value (+0.20 V) for several

minutes, both processes were retained in the voltammogram after recommencing the

scanning, confirming that the U30 8 remains attached to the surface at all times. After the

initial development of process 2 cycling could be continued for very lengthy periods (hours)

with the only change being a decrease in the peak currents (ip).

It is worth noting at this point that the clarity of the voltammograms was partially

dependent upon the amount and distribution of the metal oxide on the electrode surface. All

scans of samples of a given metal oxide mechanically transferred to the carbon electrode had

the same general shape and peak positions, but some samples produced sharper peaks than

others. Such behavior implies the surface area of the metal oxide plays a role in the

insertion process. Additionally, uncompensated resistance may cause ohmic distortion,

particularly when large amounts of material are transferred to the electrode surface.

The scan rate dependence of process 1 for a single, well conditioned sample (i.e.

cycled numerous times) was examined over the range 20 to 500 mV/s. The reduction peak

current ((ipWed)l) increases and peak potential ((Epftd)i) shifts negatively as the scan rate

increases. Interestingly, a plot of (ipred)1 versus vlV2 for process 1 in all magnesium

electrolytes examined (0.1 to 2.0 M MgCI 2 and 0.1 M Mg(CIO4)2) yields a linear eqt Ation,

which in the case of data shown in Figure 5.7, is given in equation 5.10.
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a

2

-1. -. 6 -0.2 0.2

M (R7 ~m cmE

FAgure 5.6 Cyclic voltammograms for reduction of U30 8 with v = 100 mV/u and i =20
jAA~mIt in a) 0.1 M MgC12 1) background, 2) U308 initial cycle, and 3) U308 30th cycle
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b

2

, , , , i ,, ' ' ' • I I I

-3.0 -0.6 -0.2 0.2

Figure 5.6b 0.5 M MgC!2 1) U30 8 initial eyrie and 2) U30 8 30th cycle

(ipred)1(PA) = 10.2v/2 - 30.7 (R2 = 0.999) (5.10)

The v1/2 dependence ofipd (aem Figure 5.8) suggests that mass transport by diffusion is

coupled to electron transfer. If only a surface confined process were present (i.e. no diffusion

coupled with electron transfer), (iprd)1 should exhibit a linear dependence on v rather than

VIA (1). Correction of (iprd)1 for the background current requires an extrapolation of data

obtained at potentials well removed from the peak potential. A systematic error in
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correcting for the background in this way may account for the non-zero intercept reported in

equation 5.10.

On comparison of Figures 5.6a and 5.6b it is apparent that process 1 (but not process

2) shifts to more positive potentials at the higher MgCI2 concentration. Table 5.1 provides

the peak potentials for process 1 at various scan rates and MgC12 concentrations. While data

are not completely reproducible because of uncertainties in the amount of material

transferred to the electrode in each experiment, the direction of shifts in potential are

considerable and significant within experimental error. Data in Table 5.1 also show the

expected pH decrease with increasing MgCl2 concentration. However, experiments with

addition of hydrochloric acid showed that the shifts in potential are not due to the pH change

over the range 3 to 6.

Table 5.1 Peak potentials (Epred, Epox in V) for process 1 obtained from cyclic voltammetry of
U3 0 8 at various scan rates and MgCl2 concentrations

UM1Cl 2] M

Scan Rate 0.1 M 0.1 M 0.5 M 2.0M
(mV/s) (6.6)a (3.3)ab (6.0Qa (4.4)a

E red EOed Epox EPox E red ox
50N7 -0.6.5 -678 -0.64 -70 -0.54 4ý63 -0.49

100 -0.81 -0.64 -0.80 -0.63 -0.70 -0.53 -0.63 -0.48
200 -0.83 -0.58 -0.83 -0.59 -0.70 -0.52 -0.64 -0.46
500 -0.87 -0.55 -0.86 -0.53 -0.71 -0.50 -0.64 -0.

a pH value
b pH adjusted with HCl(aq)

The dependence of (ip!"d)l on vl2 indicates that diffusion is coupled to the U(VI/LJ(V)

electron transfer process in the solid attached to the carbon surface. The lack of dependence

on the anion (0.1 M MgC12 and 0.1 M Mg(CI0 4 )2 electrolytes give the same results) suggests

that the anion is not the diffusing species whereas the dependence on Mg2 ÷ concentration is

consistent with diffasion of this ion. If Mg2 transport from the bulk solution to the solid

occurs on the voltammetric time scale, then the voltammetry should be modified by stirring

the solution. However, as shown in Figure 5.9 both the peak position and peak current are

independent of stirring rate. By inference, the data are then only explicable in terms of Mg 2 ÷

diffusion occurring within the solid which is coupled to the electron transfer process.
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-1.0 -0.6 -0.2 0.2

[E (fwo SCUD
Figure 5.7 Cyclic voltammograms for reductiom d U30 8 in 0. 1 M M8C02 at various scan

rates: a) 20 mV/s, i = 10 pA/unit; b) 50 mV/s, i = 20 pA/cm; c) 200 mV/s, i = 40 pA/unit; and
d) 500 mV/s, i = 100 pA/unit
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Figure 5.8 Plot of (ipred)1 vs. vW/2 for U30 8 in 0.1 M MgCl2

5.4.2 LONG TIME DOMAIN EXPERIMENTS IN ELECTROLYTE CONTAINING Mg2 -

The short time domain experiments discussed above appear to reflect electron

transfer coupled with diffusion of Mg 2 ÷ within the lattice. The starting potential was

changed in another set of experiments to -1.2 V and held here for a fixed period of time

before scanning in the positive direction (Figure 5.10). During the period while the potential

is held at -1.2 V reduction and diffusion will occur on a much longer time scale than is the

case with the previously described experiment where only a few seconds are available at the

potential where reduction coupled with diffusion occur. After holding the potential at -1.2 V,

voltammograms have the same basic shape as before, but the potentials of process 1 shift to

more positive values. Under the conditions given in Figure 5.10, (Epred)I = -0.78 V and

(Ep°X)l = -0.38 V as compared to (Eped)1 = -0.83 V and (Ep°o) 1 = -0.58 V for the previously

described experiment. Cycling caused the (Epo) 1 to return to a more negative potential

((EpO) 1 = -0.47 V), yet both peaks remained more positive than previous values. Returning

the starting potential to its previous value of +0.20 V and holding it there for one hour

restored the peaks to their previous potentials listed in Table 5.1. The longer the time the

potential is held at -1.2 V, the more positive becomes process 1, consistent with data obtained

with increasing the Mg 2÷ concentration in the previously described experiments.

Apparently, holding the potential at -1.2 V causes the concentration of Mg 2 ÷ in the reduced

oxide to increase by diffusion into the lattice as is required to form an insertion compound.
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Figure 5.9 Cyclic voltammogramrA for reduction of U30 8 in 0.1 M MgCI 2 with v = 200 mV/s
and i = 40 pA/unit- a) no stirring, b) slow stirring, and c) fast stirring of the solution
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Figure 5.10 First two cyclic voltammograms of U 308 in 0.1 M MgC2 (v = 200 mV/s, i = 20
pAhlnit) held at an initial potential of -1.2 V for 30 minutes

5.4.3 SHORT TIME DOMAIN EXPERIMENTS WITH MIXED CATION ELECTROLYTES

Two other insertion ions, Li+ and Na*, were used as electrolytes to study the

reduction of U30 8 mechanically transferred to the carbon electrode. Results (Figures 5.11a,

5.Ulb and 5.12a, 5.12b) show contrasting and similar behavior to that obtained with Mg2 +.

The must apparent difference in the Li+ and Na+ electrolytes is the large decrease in (ipOX)i

on the reverse or oxidative scan direction at - -0.60 V for both ions. Additionally, (Ep-ed)

occurred at more negative potentials in both electrolytes (Table 5.2). Voltammograms

became more complex with cycling, although a dependence of (iprd)1 on v2 was always

observed. Electrodes initially cycled over the potential range +0.2 to -1.0 V in 0.1 M XCI (X =

Li+ or Na+) were then transferred to an electrolyte containing 0.1 M XCI and 0.1 M MgCl 2

and again cycled over the same potential range (Figures 5.1lc and 5.12c). For both solutions,
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Figure 5.11 Cyclic voltammogranms for reduction of U30 8 at v = 100 mV/s and i = 20 pA/unit
in a) 0.1 M LiAl, initial cycle; b) 0.1 M LiCI, 35th cycle; and c) 0.1 M LiCI + 0.1 M MgCl2,

initial cycle
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the shapes and peak potentials of the voltammograms rapidly became identical to the short

and long time domain data for the Mg 2+ electrolyte described above. In the case of LiU and

Na÷ electrolytes, it would appear these ions diffuse rapidly enough to positions within the

host oxide which leads to the observation of an irreversible process, as is the case with long

time domain magnesium experiments. That is in the Na÷ and LiU cases the electron transfer

and diffusion steps are not resolved at scan rates in the range 20 to 500 mV/s, although at

the upper limit some evidence for chemical reversibility is apparent.

Table 5.2 Peak potentials for process I of U30 8 at V = 100 mV/s in three separate solutions S

of 0.1 M concentration

Solution RH E_ red (V) X. j • r d _ipred/epOx

MgCI2  6.5 -0.81 -0.64 0.95
LiCI 7.1 -0.87 -0.67 2.1 0
NaCl 6.6 -0.87 -0.68 1.5

5.5 VOLTAMMETRY OF UO2.90, 6-UO 3, and Y-U0 3

5.5.1 SHORT TIME DOMAIN EXPERIMENTS IN ELECTROLYTE CONTAINING Mg2 ÷

Scans of UO2.90 , -UO3, and (-U0 3 mechanically transferred to a carbon electrode in

0.1 M MgCl2 appear in Figure 5.13 where the initial potential was +0.20 V vs. SCE. Peak

shapes and potentials for all three compounds are similar to those found for U30 8. A well

defined reduction peak at -0.26 V appeared after several cycles in UO2 .90 as was the case for

U30 8 , whereas Y-U0 3 displayed a very broad peak around this potential for all scans. No

peak was observed at this potential for 6-U0 3. Apparently, electron transfer and mass

transport prior to formation of the insertion compounds can also be observed with the

uranium (VI) oxides.

The dependence of peak current (pA) of process 1 at different scan rates

(mV/s) was again measured for all three polymorphs of U0 3 , yielding the following

equations:

ip(UO190) = 6.94v1L2 + 6.12 R2 = 0.994 (5.11)

ip(b-U0 3 ) = 11.07vV2. 12.77 R2 = 0.991 (5.12)

ip(a-UO3) = 11.25vV2- 32.44 R2 = 0.999. (5.13)
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Figure 6.13 Cyclic voltammograms for reduction of uranium oxides at v = 200 mV/s and i =

40 pA/unit in 0.1 M MgC12 : a) UO2 .90 , b) Y-U0 3, and c) 6-U0 3
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The proportionality of ip to v!/2 again indicates the role of diffusion at the working electrode.

However, as before, stirring the solution has no effect upon peak current or potential (see 0

Table 5.3).

Table 5.3 Cathodic peak currents of process 1 at various stirring rates in 0.1 M MgCl 2(aq), v
= 200 mV/s

peak current (pA)
stirring rate

Compound none slow fast
U02.90 82 80 80
b-U0 3  59 61 60
Y-UO 3  36 34 34 0

5.5.2 LONG TIME DOMAIN EXPERIMENTS IN ELECTROLYTE CONTAINING Mg 2+

The effect of holding the potential at -1.2 V for a period of time had a much .,eater

impact on the voltammetry of UO 2 .90 and Y-U0 3 than for U30 8 and 6-U0 3 and demonstrates

the importance of structural difference of these compounds and the retention of this

difference even after mechanical transfer to a "arbon electrode. The scans in Figure 5.14

show that in the long time domain mode the major oxidation peak in U02.90 and y-U0 3

became broader and shifted to much more positive potentials relative to experiments

described in the previous section and indeed resemble short time experiments with Na÷ and

LiU electrolytes. However, unlike the cases of U30 8 and b-UO3 , with U02.90 and '-IUOý,

repeatedly cycling the potential did not return the voltammograms to their previous shapes

and complete irreversibility is retained once the insertion compound is formed. Presumably,

again there is a retention of structural difference.

5.6 DISCUSSION

The data presented in this work indicate the reactions at the working electrode

surface connected with process 1 for U 30 8, U02.90, b-U0 3, and y-U0 3 mechanically

transferred to a carbon electrode in Mg2 ÷ electrolyte do not display the classical behavior

associated with UO22" (uranyl ion) solution electrochemistry, as is the case with the solution

phase (15-17)

UO2
2 ÷(aq) + e- -- UO2(aq) (5.14)
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Figure 5.14 Cyclic voltammograms for reduction of uranium oxides at v = 200 mV/s and i =
40 pAmnit in 0.1 M MgCI2 with the initial potential held at -1.2 V for 30 minutes: a) y-UO3 ,

b) UO2 9 0 and, c) 5-U03 0

where diffusion of UO22÷ in the bulk solution is the mass-transport mechanism. The peaks

for process 1 (Figures 5.6 and 5.7) are very narrow and symmetric and do not display the

skewness associated with an i = f(t"112) or Cotrellian bulk diffusion model. Stirring the •

solut!n to decrease the diffusion layer and modify solution mass transport had no impact on

ip or Ep. However, in all cases, plots of (iOped) were linear functions of vV/, although they do

not pass through the origin for reasons previously given. This same linear dependence of ip •

vs. vW/2 was also observed by Armand et al. (8) for lithium insertion into RuO 2.

Over the scan rate range of 20 to 500 mV/a, the shape of the voltammogram remains

the same. The development of process 2 occurs at - -0.25 V only after reduction of the oxide

has occurred and is of unknown origin. Experiments conducted after interruption of cycling

for several minutes showed no alteration to process 2 so that the process also is surface

confined. •
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During a U(VIYU(V) process in the reduction of uranium oxides, in principle, either

disproportionation of U(V) to U(VI) and U(IV), structural rearrangement (e.g. equations 5.15

and 5.16), or topochemical reactions (e.g. equations 5.17 and 5.18) occur at the working

electrode (17).

3UO3 + 2H* + 2e - U 3 0 8 + H 20 (5.15)

U 30 8 + 4HW + 4e- -. 3UO2 + 2H 20. (5.16)

In all other reactions except the topochemical insertion reaction, the parent oxide's

crystalline structure is altered. Given the considerable structural rearrangement involved in

these reactions, the chemical reversibility is expected to be minimal. However, results with

oxides transferred to a carbon electrode with magnesium electrolyte are chemically

revercible. Furthermore, the observed dependence of the reaction upon the solution cation

and independence of pH (Table 5.1) are inconsistent with disproportionation and the powder

X-ray diffraction patterns of products obtained from the chronopotentiometric titration of

U 30 8 with lithium and magnesium (19) to potentials as low as -0.9 V (vs SCE) showed only

the orthorhombic structure present and did not lead to structural change, but only insertion

of the cation.

All results on mechanically transferred oxides strongly support the occurrence of 0

electron transfer coupled with diffusion in topochemical insertion reactions rather than

disproportionation. A mechanism consistent with these observations would be the electron

transfer step 
0

U(VI)IU(V)2 Og(s) + xe" -. U(VI)1 .,U(V)2 +,Og(s) (5.17)

coupled with the diffusion step

U(VD)1.. U(V)2 ÷,Og(s) + W2 Mg2+ -- Mg2U(VI)I.1 U(V)2+0 8 (s) (5.18) 0

in which unbound Mg2÷ contained within or on the surface of the solid becomes specifically

associated with the reduced form of the uranium oxide after mass transport by diffusion to

the reduced site. Subsequent to mass transport of a sufficient amount of Mg 2 ÷ by diffusion, 0

the stable insertion compound would be expected to be formed. This additional step required

to form the insertion compound would be expected to occur on a long time domain and lead to

0
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incomplete reversibility in the overall process since diffusion would be hindered in a fully

occupied lattice.

The diffusing ion has a profound effect for U30 8 when comparing the voltammograms

for LiW, Na+, and Mg2÷. The effect of cation size is dramatically shown in Figure 5.15 where

an attempt was made to insert Cs÷ (ionic radius = 1.69 A) into U30 & The lack of an

electrochemical response suggests Cs÷ is too large for insertion. With Mg 2÷, the diffusion

and insertion processes appear to be time resolved, probably because the diffusion is slower

and occurs over a longer time domain. Such differences in behavior may be due to the

variations in ion size and charge. Vacarro et al. (4) obtained significantly different values for

the chemical diffusion coefficient for lithium (Do) in TiS2 when various solvents and

electrolytes were used. They suggested that the measured DU is of the solvated ion.

However, infrared analysis of cathodic products from the cell Mg(s'MgC12(aqyU 3 Os(s) did

not show the co-insertion of water molecules with Mg2 ÷ (19).

I0

b

-Id -. 2 -10 -0 -a - 2 0 -2

Figure 5.15 Cyclic voltammograms for reduction of U3 08 in 0.1 M CsCl, i = 20 pA/unit: a) V
= 100 mV/s and b) v = 200 mV/s
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The effect of metal oxide quantity and distribution on voltammogram clarity can best

be explained in terms of a model developed for ion insertion into TiS2 (20). In this model an

inserting ion's solid-state diffusion path is assumed to be no greater than the average

particle diameter (i.e. no inter-particle transport); and therefore, the active particles of the

material are only those in contact with the liquid electrolyte. If the same assumption is

made for the uranium oxides, then ion insertion is dependent upon the surface area of active

material on the electrode. It follows then that the electrochemical response will be a function

of uranium oxide surface area on the electrode with the best response obtained when this is

maximized.

Increasing the Mg 2 + concentration in solution produces a positive shift in peak

potentials (Table 5.1). Gregory et al. (21) also found the Mg2 ÷ solution concentration to be

important in chronopotentiometric studies of various metal oxide and sulfide insertions.

Similarly, holding the potential at -1.2 V leads to a shift to less negative potentials and is

consistent with an effective increase in Mg2 + concentration. Reichman et al. (3) and Vacarro

et al. (4) concluded in their studies of W0 3 and TiS2 that the rate-determining step is not

ionic transport within the bulk solution, but rather ionic transport within the bulk solid.

Diffusion coefficients in the solid phase generally are on the order of 106 times smaller than

in the liquid phase, so that the diffusion process may only occur from the surface to a short

distance within the arrays of material dispersed across the carbon surface.

The similarity in the diffusion component of voltammograms of U 30 8, U02.90 b-UO3,

and Y-U0 3 in 0.1 M MgCI2 as deduced from short time frame experiments is consistent with

common structural features. The short time domain voltammograms of structurally similar

U30 8 and UO 9 0 are practically superimposable even including the appearance of process 2.

Thus, at least two new phases, each maintaining the host metal-oxide's lattice, are formed

during cycling in these two compounds. Chronopotentiometric studies of aqueous lithium

and magnesium (19) insertion into U30 8 also showed the presence of at least two new solid

phases isostructural with the host oxide. However, differences in the insertion compounds

a.-e observed on long time scale experiments achieved by holding the potential at -1.2 V. In

I I I II I I I IIll l IIII I I I I II I H , I
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this case, insertion of Mg2÷ was found to be reversible with U3 0 8 and 5-UO3, but not with

the structures of U0 2.90 and y-UO 3, at least on the hours time scale.

* 4
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CHAPTER 6 MAGNETIC PROPERTIES 6
The magnetic properties of U0 2 9 , U30 8 , and 6-U0 3 and their insertion compounds

were studied in order to obtain information about their electronic structure. This was

achieved by measurement over a wide temperature range of magnetic susceptibility and a

subsequent comparison of measured values with those obtained using model systems which

take into account the environment of the magnetic species involved and the extent of

insertion. The necessary theory and experimental technique underlying this approach are

discussed below. The definitions of magnetic quantities and their aiits used here are given

in the SI system (1-3).

6.1 MACROSCOPIC QUANTITIES

The magnetic induction, B (M), within a material situated in a magnetic field is given

by the equation

B = B0 + poM (6.1) *

where Bo is the magnetic induction in free space, M is the magnetization per unit volume,

and go (4n x 1i-7 H m-1 ) is the permeability of free space. In free space, B = B. = poH where

H (A m 1 ) is the magnetic field.

From these primary quantities are derived the volume magnetic susceptibility, X

(dimensionless),

X = M/H = p.oMBo (6.2)

and the molar magnetic susceptibility, X'mol (m 3 mol- 1),

X'mol = )(RMM)'10 3p (6.3)

where p is the density and RMM the relative molecular mass.

The experimental quantity measured in this work using a SQUID susceptometer is

the magnetic moment, m (A m2 ), of the sample:

m = MV (6.4)

where V is the volume. The relationship between m and X'.ol is

XI'mo = •omBofn (6.5)

where n is the number of moles of sample.
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For comparison of data given in the alternative cggemu system use is made of the U)

conversion

X'mol (SI) = 4c x 10-6 X'mol (Cgs). (6.6)

Magnetization is negative in diamagnetic materials and positive in paramagnetic

materials. In general, B = pH where p is the permeability of the material. Permeability is

constant over a wide range of values of H for diamagnetic and paramagnetic materials, but

varies strongly with H for ferromagnetic materials (2).

The measured quantity related to theoretical values for appropriate models is the

molar paramagnetic susceptibility Xmoi" This quantity is obtained from the total magnetic

susceptibility of the sample by subtracting a correction for the diamagnetic susceptibility

arising from filled electron shells (2).

Xmol = X'mol - Xdiamagnetic (6.7)

In general X is a tensor quantity, but for powders only the average susceptibility,

<X>, can be measured:

<X> = (X + 2Xf (6.8)

where Xii and y± are the susceptibilities measured parallel and perpendicular to the

principal crystal axis.

6.2 MEASUREMENT OF MAGNETIZATION

Magnetization of a specimen can be measured by induction methods, force methods,

or the dipole moment method. Of the induction methods, the vibrating sample

magnetometer is the most favored with a magnetic moment sensitivity approaching 5 x 10-8

A m 2. Force methods, which use the Guoy and Faraday balances, have maximum

sensitivities of 10.9 A m2 . The greatest sensitivity (< 10-10 A m 2), however, is achieved using

a superconducting quantum interference device or SQUID (4).

6.2.1 PRINCIPLES OF OPERATION- SQUID

Superconductors cooled below their transition temperature expel all flux (i.e.

Meissner effect) and behave as perfect diamagnets. However, shaping then into the form of a

ring leads to flux being trapped within the ring upon cooling below the transition

temperature. This flux (0) is quantized and can be represented by the equation:
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o=- (6.9)

where k is an integer and €o is one flux quantum (h/2e = 2 x 10-15 Wb). The prgsence of a

magnetic field normal to the plane of the superconducting ring produces an external flux (0.)

which causes an opposing screening current (I) to flow. Equation 6.9 is modified to read

S+ U . = (6.10)

where L is the self-inductance of the ring.

Measuring 0. by monitoring I. requires a weak link or Josephson junction be

introduced into the superconducting ring (Figure 6.1). Josephson (5) showed that in the

absence of an applied potential the supercurrent flowing through a weak link could be

expressed as

is = Icsin@ (6.11)

where Ic is the critical current and AO is the phase change in the superconducting wave

function across the junction.

SQUID
.,.i...:. .,,4 w eak

link

internalt

magnetic
flux

Figure 6.1 Schematic representation of a SQUID

The response of the ring with a weak link to an applied magnetic flux is shown in

Figure 6.2. Starting at the origin 0 (for k = 0), a steadily increasing external flux, 0., will

cause the SQUID to traverse the path OA, the circulating current growing from zero to Ic

(point A) which represents the anximum superconducting current the weak link can sustain

(-10 pA). If the process is continued, the SQUID must undergo a transition to a different k-
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state, and it is in the successful control of this process that the basis of SQUID

magnetometry lies. By careful design of the weak link a fairly rigorous 'selection rule' of Ak

= ± 1 can be established, and with increasing external flux, the circulating current follows the

path OABZY etc. Conversely, if after the first transition at A the flux is reduced, the loop

can be made to undergo a further transition at C and follow the path OABCDO, describing a

hysteresis loop. Monitoring changes in Is using a radio frequency tank circuit enables ,

and ultimately the magnetic moment, to be determined (4).

P C Critical-

00

hh, 0

Figure 6.2 Schematic representation of a SQUID's response to an applied flux. The
critical current of the weak link Ic has been chosen to equal 24•/L

6.2.2 THE SQUID SUSCEPTOMETER

Figure 6.3 is a schematic of the cryostat which contains the SQUID, magnet, and

sample chamber. Although using an unshielded SQUID to directly observe magnetic field

fluctuations is possible, it is advantageous to shield the SQUID inside a superconducting

niobium can and couple it to a flux transformer. Such an arrangement keeps the SQUID at a

constant 4.2 K and .hieldr, it from magnetic fields. The flux transformer consists of a pair of

counter-wound pick-up coil. situated in the sample chamber which connect to an input coil at

the SQUID. Flux changes at the pick-up coils cause equal but opposite changes at the input

SS

**.
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coil. Balancing the pick-up coils enables the SQUID to sense only changes in magnetic flux

occurring when a sample is introduced into the uniform magnetic field.

Airlock Sample insertion

mechanism

Nitrogen
reservoir

-- '----- •Syphon
..- co ne

Helium Heat exchange
reservoir •thermometer

Helium --- SQUID
inlet Base of SQUID

niobium can
Sample tube r_~bu a

thermometer Niobium

Electromagnet-ca E m-Magnetic field

Cryostat center

thermometers Pick-up
S~coils

Heating

element

Figure 6.3 Schematic of the magnetic susceptometer cryostat

The sample itself is contained in a quartz bucket attached by PF tape to one end

of a 10 cm strand of diamagnetic copper wire. A stainless steel rod 1.2 min length is

I Il I I I I I I I I ilil I I I l I l I I llI " -- I
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attached to the other end. A synchronous motor drives the sample through the two pick-up

coils with ÷le signal output to a computer for conversion to a magnetic moment value (in A

m2).

6.2.3 EXPERIMENTAL

Powder samples of 50 - 130 mg were cooled to 6 K in a 0 T field over a period of

several hours. Magnetic field dependence measurements were madrk at this temperature

before recording the magnetization at 5 K or 10 K intervals up to 296 K The moment

measured was the raw moment, mra, in SI units. The moment oi Lhe standard small quartz

bucket used was found to be constant with temperature and linear with field. The correction

factor, C-factor, was obtained using the relationship

C-factor = [-3.085 x 103] [bucket mass (kg)][field (T)]. (6.12)

with m = mrw -C-factor. Measurements were lastly corrected for intrinsic diamagnetism of

the samples using Pascal's constants (6).

6.3 THEORETICAL BACKGROUND AND MODEL SYSTEMS * *
In solid metal oxides paramagnetic metal cations are separated by diamagnetic

oxygen anions, resulting in two extreme types of magnetic behavior. If the paramagnetic

ions do not interact significantly the sample is described as magnetically dilute and the

susceptibility is independent of the magnetic field and follows a Curie law (X = C/I) or shows

Langevin-Debye behavior (X = C/W + A). From the parameters C and A information about

the electronic structures of the individual metal ions can be deduced.

On the oiher hand, if the magnetic ions interact strongly with each other, varying

types of collective magnetic behavior result of which the most important are

antiferromagnetism and ferromagnetism. Phenomenologically a Curie-Weirq law (Q = CAT -

6) is often obeyed; however, relating the observed parameters to features of the ion's

electronic structure is difficult without further information (7). Behavior of X vs. T for the

systems commonly encountered are shown in Figure 6.4.
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Xz0

1Tamp"N'-

a b C
Figure 6.4 Response of magnetic susceptibility as a function of temperature for. a)

paramagnets, b) antiferromagnets, and c) ferromagnets

6.3.1 MAGNETICALLY DILIUTE SYSTEM

For a solid composed of N identical noninteracting magnetic species (ions or atoms

with partially filled electronic shells) the total magnetic moment of the sample is p = Npave 0

where pave is the mean atomic magnetic moment obtained by thermally averaging over the

atom's available electronic energy levels, Ei. The dependence of the electronic energy levels

on the applied magnetic field in a particular direction is given by

Ei = Wi(O) + WP)B + W1(2)B2 + ... (6.13)

where Wi(O) is the energy of the unperturbed ith state and Wi are the Zeeman coefficients.

The magnetic moment associated with the ith state is pi = -aE^/Bo and the total magnetic

moment of the sample in the direction of the applied field is

p = NE~i(aE^/B0)exp(.E/k'Yliexp(-EkT). (6.14)

Provided that separation between levels within the ground state is small and

separation between the ground state and the next excited state is large, both compared with

kT, then the susceptibility is given by the van Vleck formula (8)

X = NL(Wi(l/kT" 2Wj(2 ))exp('Wj(0)/k exp('W1 (O0Mk'). (6.15)

Three important simplifying situations lead to special forms of equation 6.15:

(1) if in zero field there is only one, n-fold degenerate energy level, then Wi(2) = 0 and

X = [NjiWj(1)2/kTn ff C=/I (Curie law) (6.16)

(2) if the ground term is nondegenerate with at least one degenerate excited state at Ei >>

kT, then as a consequence WP(1) = 0 and for all excited states exp(-W1(0)/kT) - 0, and therefore

z - NEjWt(2) = Na (6.17)
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(3) if the ground state is degenerate and all excited states are at Ei >> kT above the ground

state, then (1) and (2) are combined to yield

x = CQ/T + Na = CW/I + A (Langevin-Debye law). (6.18)

This is a real situation and con often be observed in transition metal complexes with

symmetry Oh or Td where the ground term possesses A or E symmetry. In this situation, the

excited state is >> kT above the ground state and the ground state is not split by spin-orbit

coupling to create a low lying excited state (7).

In order to calculate X it is necessary to evaluate the first and second order Zeeman

coeificients, Wi(1) and Wi(2) using quantum mechanical perturbation theory (7). The

Hamiltonian for the interaction of the magnetic field with the atomic moment is of the form

H= (L + 2S)BopB (6.19)

where L and S represent the orbital and spin angular momentum operators and PB is the

Bohr magneton. Its application leads to the expressions used to calculate the z-axis

component of X in equation 6.15 with similar expressioms for the other components

WP(1) = II<Vi IL. + 2S. I Ii> (6.20)

Wi(2) = PIB 2 1<Vi IL. + 2Sz I Vj><Vj IL. + 2Sz I Vi>jWi(O) W-(0) (6.21)

where Vi and 4fj are the electronic wave functions.

In order to illustrate the application of the expressions so far developed to the

calculation of the molar magnetic susceptibility of an array of non-interacting magnetic ions

the behavior of the fV ion U(V) consecutively subjected to a D.h crystal field, spin-orbit

coupling, and a weak magnetic field is analyzed. Results for a crystal field of Oh symmetry

ar- then summarily presented. 0

6.3.1.1 D.h ( UO09 and U308)

In the presence of a field of cylindrical symmetry (D.h) along the z-direction the

seven-fold degeneracy of the free ion 2F state is split into states characterized by their m 1

values (Figure 6.5) The pattern of levels and their order follow from simple crystal field or

covalent model considerations (9,10). In a covalent model, the ou and nu combinations of the

oxygen 2s and 2p orbitals will interact with the ou and nu f-orbitals, raising the energy of the

latter with C above 7t. No oxygen orbitals possmes b or +u symmetry, so the bu and Ou f-
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orbitals remain degenerate and non-bonding. In contrast, a point charge mode predicts the

energies increasing in the order <Su< or bu<u4<7,<Ou depending on the 0

contribution from the equatorial ligands.

. au +0

/0
I' 3; - =7ru 4+1

2 F~ " 2

;-3 0

Figure 6.5 Splitting of f-orbitals in a cylindrical crystal field

The ordering of Ou and bu is difficult to ascertain from first principles and arbitrarily

bu is placed below Ou for the model under discussion. The environment considered here

approximates that found in NpOj22 (11-13) and the uranium environment in U02.9 and

U30 8 . Obviously the details of the energy level splitting will be modified from compound to

compound depending on the place of neighboring oxygen ligands in the equatorial plane, but •

this order serves as a beginning. The axial component of the field is dominant since the two

oxygens shown in Figure 6.5 are always closest in UO2 9 and U30 8 .

The zero order wave functions corresponding to the field split levels shown in Figure 0

6.5 are listed in the Appendix C with the labels (I mlm,>): 1 = 1-3,1/2>,..., *3 = 3 -2,1/2>,...,

=0 1,1/2>,..., 1 = 0,0/2>,... Spin-orbit coupling introduces a term H = XL-S into the

Hamiltonian for the fV atom where X is the spin-orbit coupling constant The effect of the 0

perturbation transforms the original spin-orbitals Ok into a new basis set 4fi such that V =

Eieilcj. The perturbed energy levels Ei and the coefficients ci are obtained by solving the

matrix equation Hc = Ec where H is the square matrix with elements Hij = <4iI •.L'S I Oj> >

ill , 111 , , ,ii I i I llil ,,ill II i, ll , 111 +
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and c is the column vector with elements cj. E is a diagonal matrix whose elements

(eigenvalues) are the energy of the perturbed system. The only off-diagonal elements of H 0

arise from coupling of states Oi, Oj with the same mj value.

The combined effect of axial ligand field and spin-orbit coupling is shown in Figure

6.6 with the expressions for the wavefunctions and energies given in Appendix C. The 0

resulting energy levels are Kramers doublets and the states are classified by mj values. For

NpO22÷, X - 2,000 cm'1 and A1 - A3 values are in the range 1,000 -40,000 cm"1 (13). Similar

values are anticipated for U(V) in the environment postulated in the model. 0

The final perturbation due to interaction between the magnetic field B. and the spin

and orbital momenta is much smaller (- 1 cm"1 at 1 T) than that for the ligand field and

spin-orbit coupling. Therefore, the approach to be adopted in which the new wave functions 0

are used as the basis set for the extra perturbing term

h = pB(L + 2S)Bo (6.22)

is justified. Again new perturbed energies are obtained by solving a matrix equation ha = Ea 0

where the matrix elements of h are hi = <•iI pj1(L + 2S)Bo I Vj>. The elements hij are

required to calculate the value of XmOI in equation 6.15 where

Wi(1) = pBh ii and Wi(2) = pB2Ejhijhj./(Wi(0 ) - Wj(0)). (6.23) 0

Expressions for the first and second order Zeeman coefficients for the z-direction are

included in Appendix C. A complete listing for those in the x- and y-directions is given

elsewhere (14). 0

To illustrate the use of these formulas to obtain an approximate result which can be

related to experiment, a typical case is examined. If the ground state in D.,h arises from bu

(mi = +2) which after the spin-orbit coupling becomes An, in Figure 6.6, and this state is 0

much lower in energy than the excited states, the corresponding ground state wave functions

are 12,-1/2> and [-2,l/2> with no orbital admixture with other states. Evaluation of the

elements <Vi I pB(L + 2S)Bo I' j> ii = 1,2 leads to the results shown below 0

Ei Wi(1XzyPB W1(
1'x,y)ipB Wi(2kzyj.pB2 Wi(2XyYB 2

El = E2 ±1 0 0 0

I •L _______________________________________________, ,
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The components of X, xj, Xy, and <Xwoj> are given by: Xz = NpB2/kT, Xx = 0, 4y = 0, and

<Xmol> = NpA2 P3kT. It is conventional to define an effective magnetic moment, Pefr in the 0

equation

X.o = NpB2 <g2>/4kT = NpB2 petf2/3kT = CY (6.24)

where g is the sPectrscopic splitting factor. Comparison with equation 6.24 shows that Peff

= 1 for the case discussed and this quantity should be independent of temperature. This

value should be compared with the spin-only value of 1.73 PB and the free ion value of 2.54

PB for the isolated fP ion. 0

The effect of lowering D.h symmetry is to split 6, levels leading to a quenching of the

orbital contribution to the moment associated with the ground state (14). A final calculated

moment of p = 0.6 - 1 pB is obtained for typical separations of bu levels of a few hundred

cm-1 .

u .-- "m0/2u

/ uI 0

I

I

I

* --05/2u

I

I
I

a f A 3/2u

I / 3

II 0
!I,

2F m../

fe - Iu A /2u

ion J~ ,"

-. *S/2u
axial field "3/2

spin-orbit

coupling

Figure 6.6 Splitting of f-orbitals by an axial field and spin-orbit coupling
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6.3.1.2 Oh (-Li.UO3)

Ambient-temperature b-LiUO3 has the same basic perovskite structure as the high 0

temperature alkali monouranates (15) with U(V) octahedrally coordinated to six oxygens and

the alkali-metal occupying the body center position. Theoretical studies of a single 5f

electron in an octahedral field have been reported (16-20). Figure 6.7 shows the splitting of 0

the seven-fold degenerate energy state of the f-orbitals by the octahedral field and spin-orbit

coupling. Using the representation of the octahedral crystal field (0h), the f-orbitals are split

into the A2, T2, and T1 states with A and E the energy separations. The A2 orbital points •

towards the corners of a cube and is furthest from the negatively charged ligands; therefore,

it has the lowest energy. T2 orbitals are next highest in energy as they points towards the

centers of the edges of the cube. T, orbitals are highest in energy as they point directly at 0

the ligands (19). Considering only a- and p-orbitals on the ligands; A2 is nonbonding, T2 are

ic-bonding, and T, are a- and x-bonding. Expressions for these states in their real form are

(21): 0

A2 = 12i5(1 -2>- 12>) (6.25)

),/4{.51 1> - 5 1 -1> + 1313> - V'31-3>}

T2 = !/4iI1511> + 51-1> - 1313>- /31-3>} (6.26)
0i/25(I12> + 1-2>)•

1/4{)'311> -131-1>- 1513> +151-3>}T, = 1/4{V31 1> + 131 -1> + A513> + 151-3>} (6.27)

10>

The combined effects of Oh ligand field and spin-orbit coupling is to transform or split

the A2 , T2, and T, levels into spin-orbit levels which span representations of the double

group 0'(22); these are Esda2), G/(t 2), EJ(t2), G~jt1 ), and E jt 1 ) respectively (Figure

6.7). The ground state doublet E&2 arises from a mixture of the A2 and T2 states and the S

first excited state quartet Gt from a mixture of T2 and T I. The energy matrices for El,

EW, and G3/2 are (23)

Ew: IA-0+I.SXI •

G3/2: I A+0.25X 1.68X

I 1.68X A+e-1.5x

ErV2: 0 1.73X X
1.73). A-0.56
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The wavefunctions produced from the diagonalization of the EW matrix are
I

I E5> = x E~Sja 2 )> - y I Es(t2)> (6.28) 0

[ E'w> = y I EWsja 2)> + x I E/(t2)> (6.29) A

where x and y are the normalized mixing coefficients and I EW> and I E'W2> are the

symmetry adapted basis set spin-orbitals. Similarly, diagonalization of the G3/2 matrix 0

produces the two levels I Gw> and I G'w> (23).

1GG > = x[I G2(t2)> - y' [ Ga/2(tl)> (6.30)

1 G'> y' I G/(t2)> + x'I Ga/2(tl)> (6.31) 0

/
/

S G 3/2 01l)

/
TI

e
iT E5/jt 2 )

•.\" % % G3/2(t2)2 -I -

A2

Sd£12a2)

free ion octahedral spin-orbit
field coupling

Figure 6.7 Splitting of f-orbitals by an octahedral field and spin-orbit coupling 0

Provided that when compared to kT the separation of levels within the ground state

is small and the energy of the first excited state is large, the susceptibility is determined by

/ II I I I I ll I II I i I•l I I I I I II I
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equation 6.15, leading to the form X = CQT + A. Eisenstein and Pryce (16) give the

expressions for C and A as

C = (NpB2/2k)l I <EW I L. + 2S. 2 > 12. (6.32)

A = 2NPB 2 [(<Ea2t2) I L' + 2S, I EV(a 2)>) 2/(W(0)Ejt2t) - W(0)Est2a 2)) +

(<%2(t2) I L. + 2S2 I E(a 2)>) 2AW(0)Gw°t2) - W(0)EE (a2)) +

(<G2(t1 ) I L, + 2S, I E•sja 2)>) 2/(W( 0)G3(t 1 ) - W(O)Et(a 2))] (6.33)

Applying the magnetic moment operator gives the expression for C as a function of x and y

C = NpB2/kT[x 2 - (4/yI3)xy]2 (6.34)

where x and y are functions of the spectral parameters A and k

2xy/x 2 - y2) = 2,13/(A. -0.5) (6.35)

Similar expressions for A as a function of A, 0, and X are reported elsewhere (23).

6.3.2 MAGNETICALLY CONCENTRATED SYSTEMS - EXCHANGE COUPLING

In a magnetically dilute system, the Hamiltonian describing the interaction between

the magnetic field and the magnetic moments of the ith magnetic species it contains is

composed only of single ion terms.

H = pBBoyi(Li + 2Sf) (6.36)

The average atomic moment pa, is obtained by thermal averaging over the energy levels of

the individual ions. As a consequence of this as T-.0, X--oo and py, reaches a constant

value.

To account for the significant interaction between the ions arising from the presence

of partially filled shells and to reproduce the experimentally observed magnetic behavior

over a wide temperature range it is necessary to include in the complete Hamiltonian for the

system the additional term for magnetic exchange (due to Heisenberg and van Vleck)

-*ij2J,1 1 SiSj, where Si and Sj are resultant spin operators of ions i andj. Energy is the

dimension of the exchange constant J which measures the extent of interaction between

magnetic centers. A negative J couples adjacent spins anti-parallel (i.e. antiferromagnetic)

while a positive J indicates parallel spin coupling (i.e. ferromagnetic). In a region where

J/kT I <<1 the solid behaves as a normal paramagnet, but when I J/kT I '1 a cooperative

change to an ordered state occurs. As T-.0 K an antiferromagnet will adopt an ordered
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structure in which spins orientate anti-parallel and within the unit cell ES1 = 0. The

behavior of X vs. T for a typical antiferromagnet is shown in Figure 6.4.

In the D.h insertion compounds examined here sufficient numbers of U(V) could be

linked together through diamagnetic oxide bridges U-O-U. In this situation the

"superexchange" mechanism proposed by Kramers (24) and Anderson (25) involving the

electrons and orbitals of the bridging oxygen provides a driving force towards

antiferromagnetism that is particularly strong along a 180" U-O-U line (F transfer). Along a

chain of such a path it has been observed that I J/k I has a r-n dependence (n-12) and

exchange interactions decline rapidly with distance between metal ion centers (26).

Irrespective of the actual mechanism determining the magnitude and sign of J, statistical

mechanical models have been applied to account for the functional dependence of X vs. T.

One model uses the isotropic Heisenberg nearest-neighbors coupling scheme applied to a

linear chain. This chooses as the appropriate Hamiltonian

H = -2Ju <,4SiS, + SfrjS + SSjy) (6.37)

where summation is over nearest neighbors only. Even for this simple case no exact, closed

form solution is obtainable. However, for antiferromagnetic interaction Bonner and Fisher

(27) showed that for S = 1/2 ions the magnetic susceptibility passes through a maximum at a

temperature defined by the expression

kTmaiIJI =1.282 (6.38)

with

Xmax I J IANg2 pB) = 0.07346 (6.39)

and

Pelf = Pag[S(S+I)]v2. (6.40)

For an assembly of S = 1/2 ions antiferromagnetically coupled in linear chains a numerical

expression for X as a function of I J/kT I has been derived for the Heisenberg isotropic model

(28)

X., = (Ng2pB2/kTXA+Bx+Cx 2 Y(1+Dx+Ex 2+Fx 3)+(T.I.P.) (6.41)

where x = J I/kT and A,BC... are constants.
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Magnetic susceptibility measurements of powder samples have been noted to be

inadequate to unequivocally distinguish between this model and alternatives for magnetic 0

ordering that appear in the literature (25). In the present case however, there is some

advantage in using a simple model which provides a value for <X> since this is the only

quantity which is measurable for a powder sample. Moreover, the required structural 9

elements of one dimensional chains are easily recognized in the UO0. and U30 8 studied

here. Although, this model ignores intralayer magnetic interactions, it does provide a means

of estimating the expected behavior. For these reasons equation 6.41 is used to simulate the •

functional behavior of X as a f(T) in the ordering region (kT- I J I) leading to the estimation

of I J I and g as fitting parameters.

6.4 RESULTS 0

Molar magnetic susceptibility as a function of temperature at constant field strength

(0.1 - 0.5 T was the range used for all compounds) for 5-UO3 UO2.9, U30& and their

insertion compounds is plotted in Figures 6.8 to 6.10. The plots show Xmol increases with 0

insertion, keeping in mind that two electrons are transferred with magnesium and zinc,

which coincides with the reduction of U(VI) to U(V). This behavior is seen more clearly in

Figure 6.11 where Xmol vs. x-value at 296 K is plotted for 6-Li1 UO3. 0

Predominantly paramagnetic behavior is exhibited by all but two compounds - 6-U0 3

and Li0.85U30 8 . The small susceptibility of diamagnetic b-U0 3 in Figure 6.8 arises solely

from temperature independent magnetism. The susceptibility of 1.0.85U 30 8 shows a broad 0

maximum near 36 K, which is generally indicative of the onset of long-range

antiferromagnetic ordering. However, peculiar behavior is observed at lower temperatures

as Xmol actually increases below 21 K. .mo, also displays a weak field dependence at 6 K 0

(Figure 6.12).

Magnetism was also used qualitatively to verify the extent of electrochemical

insertion into the uranium oxides. Figure 6.13 compares Xmoi vs. T of a mixture of 90 weight 0

percent U30 8 and 10 weight percent graphite before and after the electrochemical insertion

of magnesium to an x-value of 0.40. As with the chemically prepared insertion compounds,

• . . . . . . .. ... . .. I I II I I " -I lll I I0
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Experimental data in the temperature range 150 - 296 K for assumed magnetically

dilute compounds were fitted by the Langevin-Debye equation to yield parameters CexP and 0

AeXP (Table 6.1). Figures 6.14 to 6.17 show experimental values and the best fit for (Xmol per

U(V))-1 vs. T. geffexp per U(V) was calculated using the expression

geffexP = [(3kC)/(NgB 2)]1/ 2  (6.42)

which is derived from the more common expression I'eff = 2.83(XmalT)1/ 2 by removing

temperature independent paramagnetism. Calculations of A, A2 , and AcaIc, which are

included in Table 6.1, are explained later in section 6.5.

Experimental data for Li0 .8 5U30 8 were fitted by the Langevin-Debye equation in the

temperature range 150 - 296 K and by equation 6.41 in the temperature range 36 - 100 K

with the results shown in Figure 6.18 and Table 6.1. Because it was not pure, no attempt 0

was made to fit the results of electrochemically prepared Mg 0 .4 0U30 8.

Table 6.1 Experimental and derived values for U(V)
octahedral crystal field

cexp/1O6 Aexp/10 9  ACal/10 9

Compound m3 mol"1 K m3 mo1-1  m3 nol-rI <g2 >1/2  
pefxP/xjB A (cm-1)

8-U0 3  2.02

b-Lio. 18 U0 3  1.3 13.2 2.41 1.04 0.90 2,515

8-Lio.34UO3 1.2 9.72 2.40 1.02 0.89 2,609

8-Li 0 .69UO3 1.2 8.06 2.39 1.00 0.87 2,703
1 LiUO3  0.63 4.57 3.27 0.73 0.63 3,974
1 NaUO3  0.73 4.78 3,19 0.79 0.68 3,656
1 KU0 3  0.50 4.90 3.19 0.66 0.57 4,313

cylindrical crystal field
Cexp,106 Aexp/10 9  

Acalc/10 9

Compound m3 mo]"1 K m3 mol 1  m3 mol <g2 >1 /2  
yeffoxP/JIB A2 (cm-1) IJ/kI/K

U02.90 0.59 14.3 8.83 0.71 0.61 4,100
Mg 0 .0 9 UO2 .9 0  1.1 7.38 8.51 0.98 0.85 10,000

Zn 0 . 19 UO2.90 1.1 5.55 9.40 0.99 0.85 10,500
Na 0 .3 5 UO 2 .9 5  0.77 7.03 6.46 0.81 0.70 5,500

Li0 .4 2 UO 2 .9 0  1.1 10.2 13.1 0.95 0.82 8,800

U3 0 8  1.1 4.76 8.51 0.97 0.84 9,600

Li0 .2 4 U3 0 8  1.0 6.03 9.27 0.92 0.80 7,900

Na0.31U308 1.1 6.47 10.1 0.97 0.84 9,600

Li0 .8 5 U3 0 8  1.2 10.3 13.8 1.02 0.89 11,900

Li0 .8 5 U3 0 8  15.8 0.51 27.2

1U308 1.3 4.52 1.06 0.92

IReference 29
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6.5 DISCUSSION

A major aim of the work in this chapter was to detect changes in the electronic and 0

magnetic properties of uranium oxides after insertion of metal ions. Figure 6.11 clearly

shows X.mo increases as a function of x-value. These results confirm that the formation of

U(V) is a consequence of the insertion reaction 0

1A - Li" + e'u. (6.43)

The success of magnetic susceptometry in this work and in others (14,30) at detecting this

increase confirms it as a suitable diagnostic tool for analyzing electron transfer in insertion 0

compounds.

The best fit of experimental data to the Langevin-Debye expression is at the higher

temperatures where cooperative magnetic interactions are least significant. The deviations 0

which occur between the two at lower temperatures are indicative of magnetic interaction

between U(V) ions, with the size of the deviation increasing with the x-value. As U(V)

concentration increases with insertion, the extent of the interaction between these 0

paramagnetic centers becomes greater. Based upon the values for XmoI being less than

predicted by the Langevin-Debye equation at low temperatures, it appears the interactions

are short-range and antiferromagnetic at small x-values. At high x-values (e.g. L 0 .85U3Os) 0

the interactions between U(V) become long-range and the compound is antiferromagnetic

below its Neel temperature.

Two models were selected, based upon the environment surrounding U(V), to predict 0

the electronic and magnetic properties of the uranium oxides and their insertion compounds.

The theoretical models previously discussed are well developed and have been shown to fit

empirical data for other fV systems. It must be noted, however, that these models often have

too many adjustable parameters to produce a unique solution. In order to fully utilize these

models, the energies of the states shown in Figures 6.6 and 6.7 must be known.

Unfortunately, attempts to obtain these energies from spectral measurements in the near-IR

and UV/VIS regions failed due to limitations of available instrumentation for measuring

micro-crystalline powders. Without values for the energies, it was impossible to confirm

independently the calculation of Xmo1 using the van Vleck equation.
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Nevertheless, some information pertaining to the electronic properties in both

environments was still obtained using the models in conjunction with results from other fV

systems (e.g. NpO2
2+, NpF6 , LiUO3) in similar environments (13,16,29). Under the

assumptions discussed in section 6.3, only the terms comprising the ground state contribute

to Peff" It can be seen from Figures 6.6 and 6.7 that the composition of the ground state is

determined by the crystal-field energy (A2 or A) and the spin-orbit coupling constant (k).

Using equations 6.34 and 6.35 for Oh symmetry and those in Appendix C for D-h symmetry,

Figures 6.19 and 6.20 show Peefl~c as a function of A2 or A with the value of X for U(V) taken 0

from previous work to be 2,000 cm-1 (29). With these models and the values for peflfxp

derived directly from CeP, A2 and A were calculated. These parameters were then used in

equation 6.33 or in those listed in Appendix C to compu". Aclt 'he additional parameters

for this calculation, 0= 4,000 cm"1 and A2 = 2,200 cm"1, ,re taken from the literature for

compounds structurally similar to those studied (14,23). All results are listed in Table 6.1.

1.50 - Ob

1.25 -

1.00

0.75

0.50

0.25

0.00 1 ,

0 5000 10000 15000 20000 25000

A (cm-1)

Figure 6.19 Calculated values for Peff as a function of A for fV in an octahedral field

Given the simplicity of the models, these values are in reasonable agreement with

those obtained for structurally similar compounds also listed in Table 6.1. All values for A

I II I I I II I I III I II II I III II I In I II i m m0



125 "'•

Chapter 6 Magnetism 1

either calculated or taken from the literature fall within the shaded region in Figure 6.19.

The tendency of the octahedral model to underestimate A (T.I.P.) was also found by •

Kanellakopulos et al. (23) using similar expressions. The proximity of X to A2 and A

indicates both spin-orbit coupling and ligand field effects are significant, which account for

#effxp being significantly lower than the free ion (2.54 p]3) and spin only (1.73 pB) values.

The other plausible explanations, namely the effect of lowering the symmetry surrounding

U(V) and the introduction of covalency into the bonding, cannot be addressed in this simple

model (7).

1.0 Dw 0

0.8

.0.6
00@

0.2

0.0,

0 5000 10000 15000 20000
A2 (cm')I

Figure 6.20 Calculated values for e as a function of A for fV in an axial field

Evidence for long-range magnetic ordering was observed in only two compounds;

Lio.8U 30 8 and Mg0 .40U308. Since both compounds have a high concentration of U(V),

cooperative magnetic interaction is feasible, especially along the interlayer U(V)-O-U(V)

chains. The low, broad maximum in Xmol for 110.85U 30 8 is characteristic of one-dimensional

magnetic systems (31). However, the upturn in Xmo! below 21 K is not explicable using this

model and is thought to be caused by trace impurities. The presence of impurities could also

account for the sharp spike in Xmnol for Mg0 .4 0U30 8. Reports of long-range ordering occurring
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in the U(V) compounds LiUO 3 , NaUO3 , and KUO3 have been made (23,32,33), although the

published data are conflicting. 0

6• I II I I I I II I III ll ll l I I II III III I III ll l I 0
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CHAPTER 7 CONCLUSIONS

The purpose of this chapter is to provide a brief summary of the main conclusions of 4

this work grouped into the following themes: structural, thermodynamics, kinetics, and

magnetism. Following the summary, suggestions for further work are given. 0

7.1 STRUCTURAL

Insertion of sodium, magnesium, and zinc by chemical and electrochemical methods

was shown to achieve lower x-values than those previously attained for lithium. These lower 0

x-values are attributed to the greater electronegativity of these elements, their larger ionic

radii, and their higher charge when compared to lithium. Cell parameters showed only

small changes upon insertion with a decrease in the crystallinity of the parent metal oxide. 0

The greatest loss of the host's crystal structure occurred when sodium was inserted into 5-

U0 3 and TIlO 5. Loss of crystallinity was thought to be partially responsible for the

irreversible behavior exhibited by cells during charging. 0 0

7.2 THERMODYNAMICS

The integral Gibbs free energy of insertion (AG,) for sodium, magnesium, and zinc

into U02.9 , U30 8 , and UTiO 5 were calculated using equilibrium cell potentials. Results S

compiled in Figures 4.18 tc 4.20 showing the close agreement between AG, and AH- verifies

the correct behavior of the new cell designs developed during the course of this work. The

large -AG, values for magnesium are a reflection of the two-electron transfer accompanying 0

its insertion. The -AGx values for sodium were found to comparable to those measured for

lithium insertion into the same uranium oxides. Zinc's relatively low values for -AG. are due

to it being the most electronegative of the guest metals examined. 0

7.3 KINETICS

The diffusivity in the solid-state of sodium, magnepium, and zinc was found to be

three-to-four orders of magnitude lower than that previously reported for lithium in the 0

uranium oxides. These results confirm previous theoretical calculations which cited the

large size of sodium and the divalency of magnesium (and zinc) as the reasons for their low

S. . . . . .. . iiI I I l I I I I I l t , l II . i ,
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mobilities. Such low mobilities could also have contributed to the irreversible behavior

exhibited by celils during charge. 0

Cyclic voltammetric studies of uranium oxides mechanically transferred to a carbon

electrode support a mechanism for insertion whereby electron transfer is coupled with solid-

state diffusion. These two processes were separable in electrolytes containing magnesium, 0

but not so in lithium and sodium electrolytes at scan rates • 500 mV/s. Such differences in

behavior are consistent with the diffusion of magnesium being slower than the more mobile

alkali-metals. 0

7.4 MAGNETISM

The magnetic susceptibilities of UO0 9, U308 , and b-U0 3 and their insertion

compounds were measured over the temperature range 6 - 300 K using a SQUID 0

susceptometer. The data were fitted by the Langevin-Debye equation which yielded

parameters used in the calculation of the magnetic moment and crystal-field splitting

energy. The resuIts for U(V) in both Oh (i.e. 5-UO 3) and Dh (U308 and UO.9) symmetries 0

indicate electrons are transferred to the uraniuma 5f-orbitals to form an 2F state. At high x-

values in LiUUO 8 , evidence for antiferromagnetic ordering was observed at temperatures

below 36 K. 0

7.5 SUGGESTIONS FOR FURTHER WORK

An overwhelming majority of work pertaining to electrochemical insertion has been

performed at room-temperature. The electrochemical systems developed during this work 0

would enable the maximum temperature for studying insertion to be increased to 200'C.

Operating at higher temperatures would improve the kinetics of some systems that are too

slow for study at room-temperature. 0

Additional work is needed to confirm the ordering of energy levels within U(V)

compounds with Dh symmetry. Recommended techniques for obtaining this information

are ESR and diffuse-reflectance spectroscopy using powder samples.

Detailed studies of the magnetic behavior of compounds with high U(V)

concentrations at low temperatures are also recommended.
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APPENDIX A X-RAY DIFFRACTION PATTERNS

Appendix A.1 X-Ray Diffraction Pattern for Y-U0 3

.26 d (obs) d (cale) I h k 1

13.546 6.531 6.517 16 1 1 0
17.750 4.993 4.984 32 040 0
20.250 4.382 4.375 59 1 2 1
25.795 3.451 3.452 100 1 50
27.348 3.258 3.258 72 2 2 0
29.291 3.046 3.046 52 2 1 1
31.980 2.796 2.796 76 23 1
32.561 2.748 2.744 17 1 6 1 0
34.033 2.632 2.632 16 1 7 0
37.571 2.392 2.392 6 260
41.257 2.186 2.188 17 242
42.433 2.128 2.130 16 321
42.830 2.110 2.092 15 27 1
44.798 2.021 2.020 20 280 0
45.520 1.991 1.991 20 350
47.790 1.902 1.902 12 312
49.558 1.838 1.837 23 33 2
52.137 1.753 1.753 12 1 11 0
52.395 1.745 1.741 22 282
53.089 1.724 1.724 27 400 0
56.443 1.629 1.629 8 440
59.994 1.541 1.541 18 402
68.389 1.371 1.372 9 2122

Orthorhombic

a = 6.896(5) b 19.934(17) c =6.877(20)

Hill I~ lI l ll Ill I l I l l I ll lI 0
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Appendix A.2 X-Ray Diffraction Pattern for y-Lio.8 1UO 3

20 d (obs) d (eale) I hkI 9

13.409 6.598 6.526 21 1 1 0
17.730 4.998 4.964 18 040
20.240 4.384 4.391 63 1 2 1
25.862 3.442 3.443 100 1 50
27.091 3.289 3.263 70 220
29.250 3.051 3.056 68 2 1 1
31.955 2.798 2.802 70 23 1
32.675 2.738 2.742 21 1 6 1
34.145 2.624 2.624 11 170
41.273 2.185 2.196 21 242
42.304 2.135 2.135 12 321
47.741 1.903 1.910 22 3 1 2
49.081 1.855 1.843 31 332
52.459 1.743 1.743 21 28 2
53.006 1.726 1.727 25 400
56.350 1.631 1.631 9 440

Orthorhombic

a = 6.910(8) b = 19.856(69) c = 6.938(35)

Appendix A.3 X-Ray Diffraction Pattern for Y-Mg 0(0UO3

20 d (obsJ d (Calc) I h k-l

13.516 6.546 6.512 9 1 1 0
17.768 4.988 4.973 26 040
20.256 4.380 4.372 42 1 2 1
25.812 3.449 3.446 100 1 50
27.347 3.258 3.256 50 220
29.278 3.048 3.044 41 211
31.959 2.798 2.794 58 23 1
33.979 2.636 2.627 19 1 70
37.531 2.394 2.389 85 260
41.223 2.188 2.186 17 242 S
42.382 2.131 2.128 13 32 1
42.866 2.108 2.089 13 271
45.546 1.990 1.989 21 350
49.585 1.837 1.835 24 332
52.475 1.742 1.73' 25 282 e
53.162 1.721 1.723 27 400 0
60.062 1.539 1.540 16 402
68.528 1.368 1.370 16 2 12 2

Orthorhomabic

a = 6.892(9) b = 19.892(32) c = 6.875(34) 0

0
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Appendix A.4 X-Ray Diffraction Pattern for f-Zno.04UO 3

26 d (obs) d (calc' I hIk

13.571 6.519 6.517 11 1 1 0
17.770 4.987 4.982 29 040
20.266 4.378 4.381 48 1 2 1
25.801 3.450 3.451 100 1 50
27.354 3.258 3.258 56 220
29.302 3.045 3.048 33 211 1
31.964 2.797 2.798 60 2 3 1
32.594 2.745 2.746 11 161
33.993 2.635 2.632 13 170
37.521 2.395 2.392 4 260
41.150 2.192 2.191 13 242
42.428 2.129 2.130 11 321 0
45.513 1.991 1.991 13 35 0
49.542 1.838 1.838 16 332
52.535 1.740 1.743 20 282
53.111 1.723 1.724 21 400
59.887 1.543 1.542 13 402
68.250 1.373 1.373 8 2 12 2 0

Orthorhombic

a = 6.896(2) b = 19.929(9) c = 6.902(10)

Appendix A.5 X-Ray Diffraction Pattern for 5-UO 3  0

20 d (obs) d (calc I hkl

21.434 4.142 4.146 100 100
30.545 2.924 2.932 61 1 1 0
37.901 2.372 2.394 14 1 1 1
43.599 2.074 2.073 24 200
48.851 1.863 1.854 32 2 1 0
54.222 1.690 1.693 23 2 1 1

Cubic

a = 4.146(7)

Appendix A.6 X-Ray Diffraction Pattern for 8-Lio.69U0 3

20 d (obs) d (cale) I hkl

22.299 3.983 4.110 100 100
30.476 2.931 2.906 29 1 1 0
49.562 1.838 1.838 13 210

Cubic

a = 4.110(14)

- -- I l l I Il I I I I II I I l ll I I I I I i i i i
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Appendix A.7 X-Ray Diffraction Pattern for 5-Mgo.0oUO3

20 d (obs) d (cale) I h k I

21.380 4.152 4.154 100 100
30.365 2.941 2.937 69 110
43.484 2.079 2.077 33 200
49.134 1.853 1.858 49 210
53.963 1.698 1.698 37 2 1 1

Cubic a = 4.154(4)

Appendix A.8 X-Ray Diffraction Pattern for b-Zno.o2UO3

20 d (obs) d (aleC) I hklI

21.316 4.165 4.131 100 100
30.369 2.941 2.921 45 1 1 0
43.718 2.069 2.067 18 200
49.362 1.845 1.848 27 2 1 0

Cubic a = 4.131(6)

Appendix A.9 X-Ray Diffraction Pattern for UO2 .90

20 d (obs) d (calc) I h k I

21.315 4.165 4.171 76 00 1
25.956 3.430 3.433 100 1 00
33.813 2.649 2.651 57 1 0 1
43.432 2.082 2.086 14 002
45.772 1.981 1.982 16 1 1 0
51.089 1.786 1.782 23 102 0
53.142 1.722 1.717 8 200
58.213 1.583 1.587 8 201

Hexagonal

a = 3.964(5) b = 3.964(5) c = 4.172(9) 0

Appendix A.10 X-Ray Diffraction Pattern for Mgo.0 7UOZ9o

20 d (obs) d (ea) I h k I

21.333 4.161 4.163 77 001
25.992 3.425 3.451 100 1 00
33.850 2.646 2.657 60 101
43.469 2.080 2.081 14 002
45.831 1.978 1.993 12 1 1 0
51.176 1.783 1.782 23 102
52.803 1.732 1.726 2 200

Hexagonal

a = 3.985(9) b = 3.985(9) c = 4.163(13)
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Appendix A.11 X-Ray Diffraction Pattern for Zno. 19 UO2 .90

.20 d (obs) d (nale) I hkl

21.333 4.161 4.170 100 001
26.353 3.379 3.369 99 1 00
34.090 2.628 2.620 70 101
43.507 2.078 2.085 16 00 2
46.560 1.949 1.945 19 110
51.386 1.777 1.773 33 1 0 2
51.992 1.757 1.763 21 1 1 1
65.575 1.422 1.422 14 1 1 2

Hexagonal

a = 3.890(6) b = 3.890(6) c =4.170(8)

Appendix A.12 X-Ray Diffraction Pattern for Lio.42UO 2.90

,20 d (obs) d (Calc) I hk1

21.232 4.181 4.169 80 001 0
25.966 3.428 3.423 100 1 00
33.839 2.647 2.646 61 10 1
43.265 2.089 2.084 16 002
45.788 1.980 1.977 16 1 1 0
51.111 1.786 1.780 34 1 02
53.513 1.711 1.712 5 200 0

Hexagonal

a = 3.953(7) b = 3.953(7) c = 4.169(8)

i i 0
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Appendix A.13 X-Ray Diffraction Pattern for Na5UO23.95

20 d (obs) d (ca1c) I hkl

21.348 4.159 4.160 100 001
26.110 3.410 3.419 85 100
33.915 2.641 2.641 54 1 0 1
43.356 2.085 2.080 17 002
46.332 1.958 1.974 9 1 1 0
51.454 1.774 1.777 24 102
53.307 1.717 1.710 6 20 0

Hexagonal

a = 3.948(11) b = 3.948(11) c = 4.160(15)

Second phase

20.885 4.250 4.234 100 00 1
25.227 3.527 3.473 44 1 00
33.571 2.667 2.685 90 101
42.646 2.118 2.117 16 002

Hexagonal

a =4.010(38) b = 4.010(38) e = 4.233(17)

Appendix A.14 X-Ray Diffraction Pattern for a-U 3 0 8  0 4

20 d (oba) d (calc) I h k 1

21.411 4.146 4.138 92 001
25.953 3.430 3.425 100 1 30
26.498 3.361 3.355 48 200 0
33.890 2.643 2.639 74 131
34.307 2.612 2.606 36 201
45.477 1.993 1.992 11 060
46.492 1.952 1.950 27 330
50.799 1.796 1.795 15 061
51.535 1.772 1.771 40 1 3 2 •
51.746 1.765 1.761 47 202
53.431 1.713 1.713 15 260
54.712 1.676 1.677 9 400
58.256 1.582 1.582 18 26 1
59.394 1.555 1.555 9 401
64.992 1.434 1.434 14 062
65.778 1.418 1.418 18 332
67.893 1.379 1.379 5 003

Orthorhombic

a = 6.710(3) b = 11.950(6) c = 4.138(2) 0
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Appendix A.15 X-Ray Diffraction Pattern for a-Lio.85U 308 1

20 d (obs) d (Cale) I hkl 1

21.226 4.182 4.193 98 001
25.790 3.452 3.441 52 1 30
26.164 3.403 3.394 100 200
33.610 2.664 2.660 41 131
33.929 2.640 2.638 89 20 1
43.211 2.092 2.097 20 002
45.702 1.983 1.996 25 060
46.450 1.953 1.968 12 330
50.922 1.792 1.790 37 1 3 2
51.199 1.783 1.784 48 202
53.062 1.724 1.720 4 260
53.901 1.700 1.697 11 400
57.770 1.595 1.592 11 261
66.875 1.398 1.398 4 00 3

Orthorhombic

a = 6.788(14) b = 11.974(23) c = 4.193(5)

Appendix A.16 X-Ray Diffraction Pattern for a-Nao.31U30 8

20 d (obs) d (calel I hk1

21.412 4.146 4.150 100 001 * 6
25.982 3.426 3.430 98 1 30
26.512 3.359 3.360 29 200
33.909 2.641 2.644 64 131
34.343 2.609 2.611 22 201
43.615 2.073 2.075 18 002
45.493 1.992 1.994 6 060
46.463 1.953 1.953 11 330
50.776 1.797 1.797 10 061
51.435 1.775 1.775 30 132
51.705 1.766 1.765 30 202
53.362 1.715 1.715 6 260
54.590 1.680 1.680 2 400
58.111 1.586 1.585 5 261
59.297 1.557 1.557 3 40 1

Orthorhombic

a = 6.720(2) b = 11.965(4) c = 4.150(2) 0
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Appendix A.17 X-Ray Diffraction Pattern for UTiO 5  6
_20 d (obs) d (Calc) I hkl I

18.003 4.923 4.931 72 102
22.627 3.926 3.907 47 004
26.609 3.347 3.351 29 014
27.927 3.192 3.186 100 120
36.274 2.474 2.469 51 1 24
36.495 2.460 2.465 47 204
39.280 2.292 2.291 18 222
46.398 1.955 1.953 6 008
49.311 1.846 1.847 16 040
51.690 1.767 1.768 5 140
55.097 1.665 1.665 29 044 4
57.739 1.595 1.595 9 144
62.924 1.476 1.475 15 244

Orthorhombic

a = 6.356(17) b = 7.364(10) c = 15.628(32) •

*
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APPENDIX B ELECTROCHEMICAL WINDOWS OF ELECTROLYTS140

Appendix B.1 0.4 M NaClO4 in Propylene Carbonate on Graphite at 25 pA

4 294 K

3z o
cage

UJ
1 0

discharge

0I I I I

0 10 20 30 40 50

charge (mC}

II III I I I IIII I I I iii i i ii i i ii iI I l - =0
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Appendix B.2 0.5 M Mg(C10 4)2 in DMF on Graphite at 25 MA

0

4 294 K

., 3 -

d0

2 ->0 charge

1U

discharge

01 1 2
0 5 10 15 20 25 30 35

charge (mC)

Appendix B.3 0.2 M Zinc Triflate in Propylene Carbonate/DMSO on Graphite
at 25 MA

2.5 294 K

2.0

N
1.5

charge

"1.0 0

0.5 discharge

0.0 1 1 1
0 2 4 6 8 10

charge (mC)
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Appendix B.4 0.1 M NaC10 4 in DMSO2 on Graphite at 25 pA

4.0 423 K if

3.5

Z 3,0-z

S2.5-

UJ 2.0 discharge "
w 2.0 0

1.5

1.0

0 15 30 45 60 75 9u

charge (mC)

* .

0

II i l - , . . . . ., . . . .. . . -
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APPENDIX C WAVEFUNCTIONS FOR fl IN A CYLINDRICAL FIELD

Appendix CA1 Wavefunctions for fl After Perturbation by a Cylindrical Field

01= 1-2,1/2> 42:= 12,-ls/2> 0ý3 =I-3,0i> 04-= 13,-1/ 2> 05- =-2,-1/2> 06 =12,1/2>

Or 1-3,1/O> 48 = 13,1/2> Og I -1,1i2> O1o 11,1,2> C1= I1,-O/> 012= I,1,2A>

013 = I 0,4O> 014 = I0,1A2>

Appendix C.2 Wavefunctions and Their Energies for f1 After Perturbation by
a Cylindrical Field and Spin-Orbit Coupling

State Wavefunction Energy

AoP 1 T = (i+b'2)-1/2(+b'0 11 ) X(.1+(5/2)V/2b')
A~2~ 'P2 =(1+0)y-VWb' 12)

(Dw. T~~'3 = (1+a2)(O5-a03) 1W)/a
'P4 = (+A1+a/26-aO4)

Aw. 5 = (1+a'2)VA0545.a') X(1-(3/2)I/2a')* *
P6 = (1+a2)'/24(6-a'4)

0j2 7= ý7 (x+3/2)
~~2u '8 = Os8

rI112,, 'P = (1+c2)4g-9-43) X(y4(3)V/!c.1/2)
10= (1+A-V1/2410-414 )

nwU TI, ~~~= (1+b 2 )-V"2 (41 +b 1 1) )(l(/)/b

n~,ju '12 = (1+b 2 (O 2/+b4j)

EV2u T13a = (1+c' 2)V2(Og-c'4 13 ) X(y-(3)V4 c'-Oi)

'F14 = (1+C'2(0o'AO-4 4 )

a = [-x+2.5+(x2 -5x+12.25)WV1#6)W b = [y+1.5+&y2 +3y+12.25)~V(10)lA

c = [y-z-O.5+(y+z 2 -2yz+z-y+12.25)~1,U12)V/2
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Appendix C.3 First- and Second-Order Zeeman Coefficients in the z-Direction

Energy W W.(21

El, E2  ±(2b,2+1Vb'2+1) *f(2.5)WA(l+IA1(+b' 2Xb-b~)J1

E3 , E4  t(2a2 +3)Aa 2 +1) -[(1.5)wl~(+a2)X1+a' 2 )a-a')Pl

E5 , E6  t(2a'2 +3y(a'2+1) [(1.5)W)X(l+a 2 X1l+a' 2)a-0)J'

E7 , E8  U4 0

Ev, E 10  tc 2iAc2+1) 3V4j2)jc2cc)l

Ellp E12  ±(2b2 +lY(b 2+ 1) 1(2.5)VWX(1+b2)X+b' 2)Xb-b~jl

E1 3, E14 ±C,2Ac'2 +j) [(3)l/X(1+c 2)(l+c'2 )Xc-c')1 l


