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Abstract: Lithium nickel oxides, Li,Ni(;_yO, with the lithium content x varying from 0.40 (close to the maximum value
of 0.5) to 0 have been studied by using nickel K-edge X-ray absorption fine structure (XAFS) spectroscopy. The
XANES (X-ray absorption near-edge structure) shows several distinct features whose energy and intensity evolve
smoothly as a function of x. Quantitative analysis of the EXAFS (extended XAFS) data conclusively showed the
presence of systematic structural trends with lithium content, x. In particular, we observed two different Ni-O bond
lengths (2.07(1) and 1.94(1) A) with proportions changing with x and systematic variations (with x) of the outer-shell
Ni-Ni distances. Overall, the structural trends deduced from the XAFS data were found to be more consistent with
an increased nickel oxidation state (Ni2* to Ni3*) with increasing x rather than with an increased oxygen oxidation
state (0%~ to O-), although the true picture lies between these two extremes.

Introduction

Lithium nickel oxides are an important class of materials whose
chemical, electrical, and magnetic properties have been extensively
investigated. The structures of the Li,Ni;-,)O phases are all
based on the cubic rock salt structure of the parent nickel oxide.
For low x (0 < x < ca. 0.25), lithium cations substitute randomly
for nickel cations in the rock salt lattice. For higher values of
x (0.25 < x < 0.5), the lithium and nickel cations are partially
ordered with respect to alternate close-packed planes within the
structure.!-?

The earliest studies of Li,Ni;_,yO were directed toward its
magnetic properties. In a detailed investigation, Goodenough
reported ferrimagnetism in Li,Ni(,-,jO for 0.3 < x < 0.5 with
Curie temperatures that first increase and then decrease as x
increases.> Other studies of the magnetic properties have variously
reported ferrimagnetism,’#!! ferromagnetism,'%-!2and spin-liquid
behavior!? for different sample compositions and preparations.
Most recently, a structural and magnetic study of several samples
with x =~ 0.5 showed spin glass behavior and also demonstrated
the sensitivity of the magnetic properties to the precise details of
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the composition and structure.!* The magnetic data have
generally been interpreted in terms of the presence of low-spin
d’” Ni3* as the species charge compensating for the Li* cations
doped into the NiO lattice.

Since the discovery of high-temperature superconductivity in
hole doped copper oxides, interest in the electronic structure of
the late transition metal oxides has been renewed. The nature
of the hole state introduced by doping is of importance in relation
totheoretical models for superconductivity. Several spectroscopic
and theoretical studies have recently been directed toward this
question.!5-18 These investigations, for the most part, conclude
that the hole state in Li,Ni(;_)O is predominantly localized at
oxygen rather than at nickel atoms, and that the charge
compensating state is better described as O- rather than Ni3*.

The chemical properties of the lithium nickel oxides have been
studied in a variety of contexts. The high electrical conductivity
of low lithium content phases, together with their good oxygen
exchange kinetics, has led to the use of lithium doped nickel oxide
asthe preferred electrode material for oxygen reduction in molten
carbonate fuel cells.’® Lithium nickel oxide is also one of the best
heterogeneous catalysts for the oxidative coupling of methane to
form ethane and ethylene.2%-22 Lithium nickel oxide and its solid
solutions with LiCoO, are excellent cathode materials in secondary
lithium electrochemical cells. The Li(Ni,Co)O, phases can be
reversibly oxidized and reduced by deintercalation and interca-
lation of lithium ions without rearrangement of the rock salt
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lattice.”23.24 Recently, electrochemical studies of lithium inter-
calation demonstrated that extra lithium atoms could be inserted
into the structure with the formation of Li,NiO,.” Thin films of
nickel oxide also show electrochromic properties on lithium
insertion.25 The chemical reactivity, like the physical properties,
is very sensitive to the detailed structure. The cation distribution
influences diffusion rates in intercalation reactions and has
recently been shown to correlate with catalyst selectivity in
methane oxidative coupling.2¢

We are investigating the detailed structures of the Li,Nij_,jO
system because of both our specific interest in its catalytic
properties and the more general interest in the electronic structure
and the sensitivity of the physical properties to composition. In
a previous report, a detailed neutron powder diffraction study of
lithium nickel oxides with high lithium content (x > 0.3) was
presented.? The study revealed the exact degree of long-range
ordering of lithium and nickel atoms between the close-packed
planes and also provided an estimate of the distribution of Ni2*
and Ni’* between the two types of layers. In contrast to powder
diffraction, the technique of XAFS (X-ray absorption fine
structure) can be used to probe the local coordination of a specific
element in a sample. It can yield estimates of the number and
type of atoms surrounding the central, absorbing atom (in this
case nickel), together with an accurate determination of the
interatomicdistance. Thetwotechniques of diffraction and XAFS
therefore provide complementary structural information in this,
as in many other structural problems. In this report, an XAFS
study of a range of lithium nickel oxides is presented, which
provides new insights into the nature of the lithium nickel oxide
system and the hole state introduced by lithium substitution.

Experimental Section

Lithium nickel oxides were prepared as described previously.327
Samples with x = 0.40,0.35,0.32,0.27, and 0.15 were used in the XAFS
experiment. The samples with x = 0.40, 0.35, and 0.32 were from the
same preparations as those used in the neutron diffraction experiments.?
An olive green sample of NiO (Johnson Matthey) was used both in the
synthesis of Li~Ni—O samples and as a reference sample for XAFS.
Samples were prepared for XAFS experiments by grinding the powders
for 20 min in an agate mortar. Thesamples were then diluted to 10-20%
by mass (depending on total nickel content) in polyvinylpolypyrrolidone
(from Sigma) and pressed into a 20 mm diameter disk with a total mass
of 200 mg.

XAFS spectra were collected on Exxon’s participating research team’s
beamline X10C at the National Synchrotron Light Source, with a ring
current of 110-220 mA. Si(111) monochromator crystals were used for
data in the EXAFS (extended XAFS) region; for the XANES (X-ray
absorption near edge structure) region Si(220) crystals were used, yielding
enhanced resolution of edge features. Data werecollectedintransmittance
with upstream slits set at 0.3 mmand using 12-in. nitrogen-filled ionization
chambers as detectors. Energy calibration was carried out by simulta-
neously recording the spectrum of nickel metal, assuming 8331.6 eV for
the lowest energy K-edge inflection.

The EXAFS oscillations were quantitatively analyzed by a curve-
fitting procedure?® to the following approximate expression:

x(k) =
n N.A(kR) ( -2R,
€.

Z kR’ AK,R,

Here k is the photoelectron wave number, and &V, is the number of i-type
atoms at a mean distance R; from the absorber atom (in this case nickel).
The summation is over all sets of equivalent atoms, n. The functions
A(k,R),\(k,R),and ¢(k,R) are the curved-wave total EXAFS amplitude,
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photoelectron mean free path, and total EXAFS phase functions,
respectively. Unless otherwise stated (see Results section), these were
calculated in the single-scattering approximation using the program feff
of Rehrand co-workers.2%3 In accordance with normal EXAFS analysis
practice, the value for the threshold energy, at which k = 0, was shifted
by a small Ey value, which could be minimized during the curve-fitting
procedure (see below).

Results

XANES Spectra of Lithium Nickel Oxides. The Ni K-edge
XANES spectra for the range of lithium nickel oxides studied
here are shown in Figure 1a, together with the second derivatives
of the same spectra in Figure 1b. XANES spectra of K-edges
are expected to show pronounced features due to dipole-allowed
transitions of the 1s electron to levels with substantial p-orbital
character. The intense feature centered around 8350 eV is
expected to be composed of bound-state transitions of this type.
The spectra show features which evolve smoothly between the
samples as a function of x. The small feature A near 8332 eV
is the formally dipole-forbidden 1s — 3d transition, which gains
intensity from being quadrupole-allowed and, in noncentrosym-
metric coordination geometries (i.e. not nickel oxide), from mixing
of p-orbitals, conferring some dipole-allowed character. Little
structure is observed in this region, consistent with filled t,; levels
for both Ni?* and low-spin Ni3*. The lifting of the degeneracy
of the e, level due to the rhombohedral distortion of the ordered
phase may account for the subtle broadening and shift with
increasing x (see the inset in Figure la), which presumably
indicates unresolved structure.

The second derivative structure shown in Figure 1b indicates
that the nickel K-edge XANES possesses considerable structure.
Arigorousassignment of XANES transitions isdifficult, especially
in the absence of polarized spectra. In any case, assignments
often involve some ambiguity and are outside the scope of the
present work. Nevertheless, the transitions show a trend to higher
energy as x increases, suggesting a concomitant increase in the
nickel oxidation state. Several XANES features show signs of
partly resolved structure which changes as a function of x; for
example, D, predominantly a single peak in nickel oxide, shows
a broadening that is suggestive of two peaks at the highest x.

EXAFS Spectra of Lithium Nickel Oxides. The Fourier
transforms of the nickel K-edge EXAFS spectra of lithium nickel
oxides are shown in Figure 2. The spectral features evolve
smoothly with x in Li,Ni;_,)O. The peak at around 2.0 A in the
Fourier transform corresponds to the Ni—O shell, and a splitting
is seen to develop which is most pronounced for high lithium
doping. The magnitude of the peak at approximately 2.9 A,
which is due to Ni-Ni (or Ni-Li) contacts, decreases as x
increases. The longer distance peaks at 4.1, 5.1, and 5.9 A are
alsoattributable to Ni—metal contacts, and whereas the two longer
peaks are relatively insensitive to lithium content, the 4.1-A peak
decreases noticeably with increasing x. The EXAFS curve-fitting
analysis of these various features will be described in detail below,
with the final results given in Figure 11 and Table IV.

Figure 2 clearly shows that the EXAFS spectra contain
information from multiple coordination shells. Inorder tosimplify
thefitting procedure, the EXAFS oscillations from each spectrum
were initially Fourier filtered to isolate those due to the first two
coordination shells (Ni-O and Ni-M, where M = Ni or Li). The
NiO spectrum was fitted first, assuming a first coordination shell
of 6 Ni-O contacts and a second coordination shell of 12 Ni-Ni
contacts. A diagram showing the arrangement of atoms in the
first two coordination shells of NiO is given in Figure 3. Bond
lengths, R, Debye-Waller factors, o2, Eg, and the overall scale
factor were refined, and the results are shown in Table I. The
bond lengths obtained are in excellent agreement with those from
crystallography.
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Figure 1. Ni K-edge XANES spectra (a) and corresponding second derivative spectra (b) for NiO and Li,Ni(;-,;O. The inset in part a shows an
expanded view of the region of the spectrum containing the 1s — 3d transitions.

The NiO results were used as starting parameters for fits of
the other data. The value of the scale factor (0.74), Eyni-o) =
-9.2 eV, and Eoni-niy = —14.1 eV were transferred to the other
fits and held constant in subsequent refinements. Preliminary
fits of the data for the lithium-doped samples were carried out
using the filtered data to obtain reasonable parameters for the
Ni-O and Ni-M shells. The two coordination shells were then
examined in detail for all compositions.

First Ni-O Coordination Shell. The Fourier transform of the
Ni-Oshellat around 2 A shows that two discrete distances evolve
for the higher lithium content, the splitting being most pronounced
for the x = 0.40 sample. If the shell is modeled using a single
Ni-O bond distance with coordination number 6, then the
“average” Ni—-O bond distances and Debye—Waller factors o2
obtained for the different compositions are as shown in Figure
4. It is noteworthy that the average Ni—O distance exhibits a
linear decrease with the fraction of Ni which is Ni3* (=x/(1 -
x)); extrapolation gives a bond length of 1.92 A for all Ni3*. The
Debye—-Waller factors show a significant increase as a function

of the Ni’*, again a near-linear dependence. The Debye—~Waller
factor is modeling the distribution in bond lengths for the Ni-O
shell. The value of o2 of 0.0035 A for Ni~O is chemically
reasonable for the thermal motion for this type of bond, and its
increase is a clear indication that there is more than one bond
length for the other samples, even for the lowest lithium content
(x = 0.15). A model is therefore required with more than one
Ni-O bond distance.

Inthe EXAFS experiments the k-range of the data is 18.2 A-!,
which sets a resolution limit in bond lengths of two similar shells
at 6R = 0.09 A (R = n/2k). Two Ni-O shells which satisfy
this resolution criterion can indeed be fitted, although parameters
of the twoshellsare highly correlated. Toreducethe correlations,
the total coordination number of the two sites was assumed to
be six. Attempts to float both the two bond lengths and the two
Debye-Waller factors while varying the relative coordination
number resulted in unstable refinements, due to the very high
correlation of the two ¢2 and N. It was therefore decided to fix
the two ¢? in various way to the value obtained for Ni-O in the
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Figure 2. The Fourier transforms of the nickel K-edge EXAFS spectra
of lithium nickel oxides. The Fourier transforms are phase-corrected far
oxygen backscatterers.

Figure 3. The inner coordination shells of NiQ. The cubic close-packed
structure of NiO is shown, with a central nickel atom (black). In (a),
the six oxygens of the first shell are highlighted. In (b), the 12 nickels
of the 2.9-A shell are shown. Close-packed planes are outlined in (b);
in the case of lithium nickel oxide, the two cation planes shown in (b)
(hatched or dotted) have different compositions.

Table I. Results from EXAFS Curve-Fitting of NiO#

shell N R(A) a? (AY) Eq (eV)
Ni-O 6 2.081(3) 0.00362(21) -9.2(5)
Ni-Ni 12 2.938(2) 0.00545(13) -14.1(3)

4 Coordination numbers, N, are assumed from the cubic crystal
structure. Refinedscalefactor =0.738(17). Crystalstructure refinement
using powder X-ray diffraction data®?" gives 2.086 and 2.950 A for the
Ni—O and Ni-Ni bond distances, respectively.

nickel oxide spectrum (0.0036 A); i.e. trial fit 1 fixed both o2,
trial fit 2 fixed 0%, 0 snory 2nd floated a(n; o jong), and trial fit
3 conversely fixed o2y, 00ng) @nd floated o2(n;_oshorr). The two
coordination numbers were varied in steps of 0.25 (their sum
being maintained at 6) to find the best fit with the experimental
data. Trial fit 3 wasrejected due to unacceptably high correlations
for all but the highest lithium content samples, since as lithium
decreases the contribution of the short Ni—O bond to the EXAFS
is proportionately reduced and therefore the shell becomes more
difficult to define. The results of trial fits 1 and 2 are shown in
Table II.

The results clearly show similar bond lengths within a given
shell for varying composition, with the exception of the x = 0.15
sample, where the short Ni—O shell has a very small contribution
to the EXAFS. They also give plausible and similar 6(ni-0,1ong)
using fit 2 for all the compounds. Both fits show a systematic
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Figure 4. Results of the EXAFS curve fitting of the oxygen shell of
lithium nickel oxides assuming a single Ni-O distance. The variation of
Ni—O bond length and ¢? is plotted as a function of the fraction of nickel
which is Ni** (assuming a formal change of the nickel oxidation state).

change in the coordination numbers of the two shells as a function
of x, with Nini osnor) increasing with x.

Three different models for the presence of two discrete Ni-O
bond lengths can be postulated.

Model (i): The first model involves a distinction between
discrete Ni** and Ni** in the solid. The long and short Ni-O
bonds are associated with Ni>*—0? and Ni**—O2, respectively.
The ratio of Ni** to total nickel (and therefore Nni o shor):6)
varies as x/(1 — x), but R(xi-0,ong) a0d R(ni_0short) are expected
to be relatively invariant with composition.

Model (ii): The second model of the different Ni—O distances
conversely involves the presence of discrete O* and O-, with the
long and short Ni—O bonds being associated with Ni2*—02- and
Ni**-O, respectively. Asin the first model, the two bond lengths
would be expected to be relatively invariant with composition,
but in this case the ratio Nini_oshort):6 should be equal to 6x.

Model (iii): The third and final model involves a distinction
between nickel species occurring on adjacent sets of (111) planes,
since a nickel on the nickel-rich plane might be expected to have
a different average bond length compared with that of a nickel
on the lithium-rich plane. In this case the expected ratio of
coordination numbers for the two sites can be computed directly
from the neutron powder diffraction study of the materials with
x=0.40,0.35,and 0.32,% and for x = 0,15, the essentially random
structure (see Introduction), weshould have a single, 6-coordinate
shell. For this model it is difficult to predict how the two Ni-O
bond lengths would vary with x.

Models i and ii assume localized atomic valence states for
nickel and oxygen. Although a discrete atomic localization of
the hole introduced by lithium doping is often highly convenient
for discussion purposes, it should not be forgotten that this
represents a rather naive view of electronic structure. Inactuality,
the hole will be delocalized over both nickel and oxygen, with
partial densities on each.

In order to test the three models, the coordination numbers of
the shorter Ni-O shell obtained from the trial fits were plotted
against x in Li,Ni;_,,O and compared with those expected for
the three models outlined above. The results are shown in Figure
5. They show that the data points lie in general between those
obtained for the Ni**-~Ni** model i and the O -0 model ii,
although the data points for x = 0.15 lie outside this range. The
2-site model iii does not give good correspondence. Taking the
results from both the trial fits, the Ni2*-Ni3* model i is slightly
favored.

In order to further investigate this, three new sets of fits were
then carried out using the calculated coordination numbers for
the three models. The results for the two-site model iii gave in
general much poorer fits than the other models, with larger
estimated standard deviations of the parameters and a larger
scatter in the values of o2, together with a nonsystematic variation
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Results of Curve-Fitting the EXAFS Data for the First-Shell Ni-O Contacts Using Two Different Models for Floating/Fixing the

trial fit 1 trial fit 2
X Nlong Rlong Roport F’ﬁl Nlong Rlong Uzlong Rshort F
0.40 3.00 2.066(4) 1.912(3) 83.4 2.50 2.076(3) 0.0017(2) 1.924(3) 79.9
0.35 3.25 2.061(2) 1.923(2) 23.8 3.00 2.068(2) 0.0037(2) 1.930(2) 23.0
0.32 3.50 2.060(2) 1.930(2) 29.7 3.25 2.069(2) 0.0041(2) 1.942(2) 29.9
0.27 4.25 2.055(2) 1.917(4) 46.7 4.00 2.059(2) 0.0034(2) 1.926(3) 47.1
0.15 3.75 2.097(1) 1.990(2) 18.9 4.00 2.092(1) 0.0038(1) 1.984(3) 18.8

@ Coordination numbers () of the long and short Ni-O shells total 6 throughout, and a value of 0.0036 A2 is used for the fixed Debye-Waller factor.
Results show the best fit of the EXAFS data to the nearest 0.25 of N by varying the coordination numbers and floating both R values. In trial fit
1 both o2 values were fixed whereas in trial fit 2 ¢2 for the long Ni~O distance was refined. The goodness of fit is determined by F/(fit) = ¥ (xcbs =

Xcale)2k®. Estimated standard deviations are shown in brackets.
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Figure 5. Comparison of the coordination numbers of the short Ni-O
shell obtained from two trial EXAFS fits with those predicted by the
three models. The results of the two trial fits are plotted as data points
(refer to Table III for details): (+) trial fit 1 (fix o2 of both Ni-Q); (%)
trial fit 2 (float o?(ni-0,jong)). These are compared with the three models
for the origin of the discrete Ni~O distances observed: model i (solid
line) assuming the presence of discrete Ni2* and Ni* in the solid; model
ii (dotted line) assuming discrete O2- and O~; and model iii (dashed line)
involving the two cation sites in the ordered solid.

Table III. The Coordination Shells of Ideal Cubic Nickel Oxide
to 6 As

position multiple distribution
type N R(A) (cubic) scattering of Ni
Ni-O 6 2.08 050,0 no
Ni-Ni 12 294 0.5,05,0 no 6A + 6B
Ni-O 8 3.60 0.5,05,05 no
Ni-Ni 6 4.16 1,0,0 yes 6B
Ni-O 24 4.65 1,05,0 no
Ni-Ni 24 5.09 1,0.5,0.5 no 6A+ 12B + 6C
Ni-Ni 12 5.88 1,1,0 yes 6A + 6C

2 The position column gives the (x, y, z) coordinates of an atom in the
shell with respect to the central atom at the origin (other coordinates are
generated by cubic symmetry). The nickel distribution column applies
to the ordered, LiNiO,-type structure. A, B, and C indicate that the
backscattering atom isin the same close-packed plane, the adjacent close-
packed plane (having a different composition to plane A), and the next
adjacent plane (having the same composition as plane A), respectively.

in bond lengths as a function of x. Conversely, both the O--O-
model ii and the Ni2*-Ni3* model i gave adequate fits. The
resulting Ni-O bond lengths obtained are plotted in Figure 6 for
both these fits. Recalling that for both models a criterion was
that the individual Ni~O bond lengths should be invariant as a
function of x, it can be seen that the Ni2*—~Ni3+ model gives a
marginally better bond length behavior, although the difference
in results between the two models is not large. For the final fit
the coordination numbers corresponding to the Ni2+-Ni’** model
were chosen. Details of the final fit are given in Table IV.
First Ni-M Coordination Shell. The second shell of the EXAFS
derives from the Ni-Ni and Ni-Liinteractions. Nickel (atomic
number 28) is the strongest backscatterer in the structure,
compared to lithium (atomic number 3), whose backscattering
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Figure 6. Results of the EXAFS curve fit of the Ni~O shell of lithium
nickel oxide assuming (a) coordination numbers as for Ni2* and Ni*
(model i) and (b} coordination numbers as for O2- and O~ (model ii).
Squares and triangles correspond to the two discrete bond lengths fitted,
and error bars show 3 times the estimated standard deviations.

envelope is measurable but weak in the presence of nickel.
Conservative fit parameters were therefore used in the fitting of
the lithium shell, its ¢2 and E, values being fixed at the values
obtained for Ni-Niin NiO. Inthe choice of coordination numbers
for the two shells, it is noted that in the ordered structure, with
lithium segregated onto alternate (111) planes, the Ni-M (M =
Ni or Li) shell involves 6 contacts within the same (111) plane
and 6 between adjacent (111) planes. If it assumed that there
is no ordering within a layer, then the same ratio of Ni-Ni to
Ni-Li contacts is expected regardless of whether the structure
is ordered or random with respect to the lithium. The Ni-Liand
Ni-Ni coordination numbers are therefore 12x and 12(1 - x),
respectively. The interatomic distances of both Ni-Ni and Ni-
Li contacts were floated, together with the o2 of the Ni-Ni
interaction, and the final results are shown in Table IV,

The lithium shell has a very small contribution to the EXAFS
and hence there are large estimated standard deviations on the
nickel-lithium bond lengths. Nevertheless, the interatomic
distances are comparable for all the samples. The nickel shell,
by contrast, exhibits an extremely sharp minimum with very small
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Table IV, Final Refined Parameters for Fit of Ni K-Edge EXAFS Data for Lithium Nickel Oxides?
x in Li,Nij O 0.0 0.15 0.27 0.32 0.35 0.40
Ni-O Nt 1.06 222 282 3.23 4.00
R(A) 1.960(8) 1.932(5) 1.949(8) 1.934(3) 1.932(3)
a2 (A2) 0.0026(8) 0.0049(7) 0.0067(15) 0.0053(5) 0.0055(4)
Ni-O Nt 6 4.94 3.78 3.18 2.717 2.00
R(A) 2.081(2) 2.077(3) 2.060(3) 2.058(10) 2.069(4) 2.085(3)
o’ (A?) 0.0035(2) 0.0046(4) 0.0034(3) 0.0062(13) 0.0043(5) 0.0012(2)
Ni-Ni Ne 12 10.2 8.8 8.2 7.8 7.2
R(A) 2.939(1) 2.926(1) 2.906(1) 2.899(1) 2.894(1) 2.885(2)
a? (AY) 0.00530(8) 0.00584(8) 0.00548(11) 0.00514(10) 0.00523(10) 0.00548(13)
Ni-Li Ne 1.8 32 3R 4.2 4.8
R(A) 3.10(7) 2.96(4) 2.96(4) 2.95(3) 2.88(5)
a? (A2) 0.0055 0.0055 0.0055 0.0055 0.0055
Ni-Ni¢ Nd 6 4.5 3 2.5 2 L5
R(A) 4.160(2) 4.135(2) 4.101(3) 4.095(3) 4.087(4) 4.087(8)
a2 (A2 0.00712(18) 0.0082(2) 0.0081(3) 0.0081(3) 0.0081(3) 0.0096(8)
Ni-O N 24 24 24 24 24 24
R(A) 4.713(7) 4.689(8) 4.676(13) 4.684(15) 4.691(18) 4.70(3)
o’ (A?) 0.0057(7) 0.0097(10) 0.016(2) 0.018(3) 0.023(4) 0.030(7)
Ni=Ni N 24 2G4 17.5 16.3 15.6 14.4
R(A) 5.127(3) 5.091(3) 5.043(3) 5.032(3) 5.025(3) 5.014(5)
ol (A?) 0.0086(3) 0.0102(3) 0.0097(3) 0.0093(3) 0.0096(3) 0.0112(5)
Ni-N¥ N? 12 7.5 4.5 4 4 4
R(A) 5.881(3) 5.851(3) 5.805(5) 5.790(4) 5.767(4) 5.742(6)
o (A2) 0.0067(3) 0.0070(3) 0.0065(4) 0.0054(3) 0.0058(3) 0.0067(6)
Fre# 2.32 0.95 0.88 0.89 0.68 1.07

# Corresponding EXAFS spectraareshown in Figure 11, Estimated standard deviations of the refined parameters are shown in brackets. # Coordination
number is deduced from x assuming Ni2* — Ni** distribution (see text). ¢ Coordination number is Nyio(1 — x) for Ni (Nniox for Li) where Nyio is
N for the same shell in nickel oxide. ¢ Coordination number fitted using filtered data. ¢ Phases and amplitudes for this shell extracted from Fourier-
filtered NiO data using N = 6, R = 4.16 A, ¢ = 0.0075 A2 / Phases and amplitudes for this shell extracted from Fourier-filtered NiO data using
N=12, R=588 A, o> =0.0075 A2, ¢ The goodness of fit is given by Fr;, = (P + ¥)"'L(xobs — Xcalc)*k®, where P and ¥ are the numbers of data points

and variables, respectively. Fp, is hence analogous to “reduced x?" values from crystallographic refinements.

Z.NT\ T T T T LE |

e |
{ g |
292 .
z ]
“E.
290 - &
. @ Ceotnal Ni
@ 294 shell, N = 12
2.88 1 | ! i | Il 1 &

] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Fraction of Ni as Ni°*

Figure 7. Variation of the first Ni-Ni bond length as a function of the
fraction of Ni which is Ni** (=x/(1 — x)). The linear regression gives
2938 A for all Ni2* and 2.856 A for all Ni3*. Error bars are 3 times
the estimated standard deviations.

estimated standard deviations on both R and 2. The values of
o’ are very similar for all compositions studied. Figure 7 shows
a plot of the Ni-Ni interatomic distance as a function of the
fraction of Ni which is Ni*, giving an excellent linear fit.

Outer Coordination Shells. After modeling the coordination ® cooani :C‘“‘"‘ N
shells up to 3 A using filtered EXAFS oscillations, the fit shows 2 e s

reasonable agreement with the total EXAFS data. Nevertheless,
since the shells in the (R + A) range 3-6 A (see Figure 2) also
make a significant contribution to the EXAFS, and can be seen
tovary in a systematic way with x, these contacts were also fitted.
Table III shows the predicted coordination shells for NiO,
including 5 in the outer region. Figure 8 also shows diagram-
matically the cation coordination shells of the nickel oxide
structure.

As in the case of the inner shells, a fit was first carried out
using NiO as a model. The 8 Ni—O at 3.6 A were found to have
only a very small contribution, and were not included in subsequent
fits. The 24 Ni-O at 4.7 A and the 24 Ni-Nj at 5.1 A gave
reasonable fits to the filtered data in this region using the calculated
phases and amplitudes. By contrast, the Ni-Ni contacts at 4.1
and 5.9 A gave poor fits and needed further attention.

Figure 8. Cation coardination shells in the nickel oxide structure.

The poor fits for these particular contacts are caused by multiple
scattering of the photoelectron due to (close to) linear arrange-
ments of atoms, i.e, Ni-O-Ni for 4.1 A and Ni-Ni-Ni for 5.9
A. Effectively, there are additional available scattering paths
involving three instead of just twoatoms, requiring different phase
and amplitude functions. In practice, they can be approximated
by extracting them from suitable model data, and NiO was used
for this purpose in the following way. The residual EXAFS
spectrum was calculated after other single-scattering shells had
been fitted. The relevant peak in the Fourier transform of the
residual spectrum was extracted, Fourier-filtered, and back-
transformed to give the filtered EXAFS of the anomalous shell.
Phase and amplitude functions were then derived, given the known
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Figure 9. Bond lengths (R) and coordination numbers (V) obtained for
a fit of the 4.1-A coordination shell. For random Li the expected
coordination number by Ni for this shell is {6 — 6x}. For fully ordered
Li (i.e. all lithium confined to one set of close-packed planes) then the
expected coordination number is {6 — 6x/(1 — x)}. Error bars for R are
3 times the estimated standard deviation. Error bars for NV are 0.4. This
value is estimated from a fit refining N, R, and ¢2 simultaneously.

coordination numbers, bond lengths, and an estimation of the
Debye-Waller factors. The functions were then used in con-
junction with other data sets in the usual way to deduce structural
parameters and gave excellent fits with the spectra.

The outer shells of the lithium-containing samples were modeled
assuming that the backscattering due to lithium was negligible.
The two close peaks at 4.7 A (Ni-O) and 5.1 A (Ni-Ni) were
filtered and fitted together. The coordination number of the
Ni-Ni shell was fixed at 24(1 - x), since, by analogy to the 2.9-A
shell, it does not depend on the degree of lithium ordering. The
coordination number of the oxygen shell was kept at 24 and bond
lengths and Debye—Waller factors were refined for the twoshells.
The value of o2 for the oxygen shell increases markedly as a
function of x, due to disorder in this large coordination shell. The
better-defined Ni-Ni shell shows a systematic decrease in R,
with essentially constant o2.

The coordination number of the 4.1-A Ni-Ni shell cannot be
assumed in the above manner. The 6 contacts in this shell are
all in the adjacent close-packed sets of planes and therefore the
average coordination number of a nickel will depend critically on
the degree of ordering of the lithium with respect to these close-
packed planes. Inanattempt to probethe effect, the coordination
number of the nickel was incremented in steps of 0.25, optimizing
R and o2 at each step, to find the best fit. The results are plotted
in Figure 9, which shows the nickel-nickel interatomic distances
and coordination numbers as a function of x. The bond lengths
again decrease smoothly with x, giving an excellent trend for
such a distant coordination shell. The coordination numbers are
plotted in comparison with those expected for two models of
lithium distribution, a random and a fully ordered situation. In
the fully ordered case for a hypothetical x = 0.5 sample, Ny; for
this shell would be 0, since the adjacent planes would all be
occupied by lithium. Although caution should be applied to the
use of coordination numbers in making deductions, especially at
such long contacts, it is interesting to note that the values of N
fall reasonably close to those for the fully ordered case.

The 5.9-A shell was fitted in a similar manner to the 4.1-A
shell. In this case all 12 nickels lie in the same type of close-
packed planes, and therefore the expected coordination number
by nickel is greater than the random value of 12(1 — x). The
coordination numbers obtained are well below this limiting value,
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Figure 10, Variation of the ca. 5.9-A Ni-Ni bond length as a function
of the fraction of Ni which is Ni3* (=x/(1 - x)). Error bars are 3 times
the estimated standard deviation.
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Figure 11. The final results of EXAFS curve fitting (dashed lines)
compared with the raw EXAFS data (solid lines) for Li,Ni( _ O. The
EXAFS data are k° weighted to emphasize the structure in the high k
region. Parameters for the fits are given in Table IV.

indicating that precision in the coordination numbers for such a
distant shell is too low. Nevertheless, the interatomic distances
again show a linear dependence with the fraction of Ni which is
Ni3*, as shown in Figure 10.

The final fit of the lithium nickel oxide data was carried out
using the raw EXAFS spectra. A total of 8 shells was included
in the model, with 8 bond distances and 7 Debye—Waller factors
being floated in the final refinements. The details of the fit are
given in Table IV, Figure 11 shows plots of the raw EXAFS
spectra compared with the calculated spectra from the fit, showing
the excellent correspondence for all the data sets over the full
range of the data,

Discussion

Our Ni K-edge EXAFS data conclusively show the presence
of twodifferent Ni~O bond lengths at 2.07 and 1.94 A for lithium
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nickel oxides with x = 0.27. The variation of the coordination
numbers of these two shells has been analyzed with models
assuming the two limiting cases of Ni2*-Ni** and O>-0O-. The
results are intermediate between the model predictions, although
the Ni2*-Ni** model is marginally better (see Figures 5 and 6);
however, the inaccuracy of EXAFS coordination numbers
prohibits a definitive conclusion from the first shell data alone.
Our observation of a trend to higher energy for the nickel K-edge
XANES features with increasing x (see Figure 1) is also in
agreement with the Ni2*~Ni** model. Thevariationofthe 2.9-A
Ni-Ni distance provides additional information. If the holesare
present predominantly as Ni3*, then this distance will depend on
the fraction of nickel which is Ni3*,i.e.on x/(1 - x). Conversely,
if the holes are present predominantly as O-, then the Ni-Ni
distance will depend on the fraction of oxygen which is O, i.e.
onx. The Ni-Nibond lengths deduced from the EXAFS fitting
show an excellent linear fit as a function of x/(1 — x) (see Figure
7), thus suggesting that the Ni3* state is closer to reality. This
relationship is also observed for the 5.9-A shell (see Figure 10).
Taken together, our XAFS data support a model in which the
hole states introduced by lithium substitution are predominantly
associated with nickel, although as noted above, the hole state is
delocalized with partial densities on both nickel and oxygen.

In contrast to the above discussion, it has become widely
accepted from spectroscopic studies that the electron holes in
Li,Ni;_)O reside upon the oxygen. Kuiper et al. have used
calculations involving the energy of a pre-edge peak in the lithium
nickel oxide oxygen K-edge X ANES spectrum to estimatea partial
density of holes of approximately 0.7 on oxygen, with the
remainder on nickel.!> The paper by Kuiper et al.!’is very widely
cited as evidence for O~ in a variety of related high-valent metal
oxides.

Both pure nickel oxide and lithium nickel oxides have a
pronounced pre-edge peak in the oxygen K-edge XANES
spectra.!’3! The nickel oxide pre-edge peak, which occurs at
about 532 eV, can be assigned as an oxygen 1s to nickel 3d
transition, which gains dipole-allowed intensity from mixing of
oxygen p-orbitals with the nickel d-orbitals.!5:32 The lithium nickel
oxide oxygen K-edge XANES peak occurs at the somewhat lower
energy of 528.5eV. We note that if the holes are present as Ni*,
the oxygen K-edge spectral features corresponding to Niz*-02-
pairs should vary as (1 - 2x)/(1 - x), whereas if O~ is the better
description, the spectral features should vary as x. Kuiper et al.
reported that the 532 eV nickel oxide peak essentially disappears
when x is close to the limiting value of 0.5, which is the expected
behavior for Ni3+, though a rather different interpretation for
this behavior was given.!* The previous conclusion of predom-
inantly O- hole states depends mostly upon the assignment of the
528.5-eV lithium nickel oxide oxygen K-edge XANES peak.
However, there is often ambiguity in the assignment of XANES
spectral features, since more complex phenomena, such as shake-
down transitions, can give rise to low-energy resonances.

Measurements of the nickel L-edge XANES, encompassing
both the L;; and L;;; edges, have been reported for pure nickel
oxide and for a series of lithium nickel oxides with differing x.!”
The L;; and L;;; edges show strong dipole-allowed transitions to
the unoccupied metal d-orbitals from the 2p,;; and 2ps; levels,
respectively. The interpretation of first-row transition element
L-edges is complicated by the presence of significant interactions

(31) Chen, J. G., private communication.
(32) Hedman, B.; Hodgson, K. O.; Solomon, E. 1. J. Am. Chem. Soc. 1990,
112 (4), 1643,
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between the core-hole and valence levels. Only subtle differences
inthe spectra of the different samples were observed, and computer
simulations seemed to suggest that the nickel was present as Ni2*
in all cases. Electron yield detection was used in this work, as
inthe oxygen K-edge studies.!® This signal comes primarily from
the surface of the sample, and not the bulk (cf. ref 33). A
significant quantity of a Li,O-like component was detected by
electron yield in the oxygen K-edge spectra.!> This was not
observed by X-ray fluorescence yield detection,’! which probes
the bulk, rather than the surface. Itis possible that the reported
nickel L-edge spectra are a mixture of signal from a reduced
surface material containing Ni2* and a lithium oxide-like
component (see ref 34), and from bulk lithium nickel oxide. A
comparison with fluorescence yield data is needed to support the
conclusion that bulk lithium nickel oxides contain predominantly
Nizt,

In conclusion, our XAFS results support a model in which the
holes introduced by lithium ions reside predominantly on nickel
atoms. Evidence from magnetic studies of the lithium nickel
oxides, and from structural measurements (see Introduction),
also favors a low-spin Ni** model. In contrast to this, previous
spectroscopic studies have been used toargue that the holes reside
predominantly on oxygen,!5:17.18,33.36 g]though surface sensitivity
problems and difficulties in assignment mayexist. The distinction
is important particularly since lithium nickel oxide has been
extensively used as a model for the hole states in the high-
temperature cuprate superconductors. These materials have an
oxygen K-edge XANES pre-edge peak close to 529 eV3’ which
is quite similar to that found for lithium nickel oxides. If the hole
states in high T, superconductors are not present predominantly
as O-, as is increasingly assumed, then this would need to be
taken into account in theories of superconductivity. In the light
of the XAFS data reported herein, and with previous structural
and magnetic data, there seems ample reason to further examine
the nature of the hole states in lithium nickel oxides.
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Note Addedin Proof: Calculations performed using the multiple
scattering code feff-5 (Rehr, J. J.; Albers, R. C. Phys. Rev. B
1990, 41 (12), 8139) have indicated that the major multiple
scattering contributions in the EXAFS of nickel oxide are as
indicated in Table III.
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