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X-ray absorption spectra have been measured for SiRi(OH),, a-Ni(OH),, LiNiO,, and KNilOs samples,
which contain nickel with valency in the range-2. Information on the local structure and nature of bonding
of nickel compounds has been derived using theoretical standards generated with the FEFF code. Th
K-edge energy was found to shift to higher values by about 1.5 eV per unit change in valency of nickel. T
energy of the preedge peak (generally attributed to the transition from the 1s core states to the 3d unoccu
states) shifts to higher values by about 0.6 eV per unit change in valency of nickel. A many body amplitu
reduction factorﬁ) of 0.77 + 0.03 for Ni K-edge absorption can be used to scale theoretical spectra to fi
the experimental ones in order to accurately determine the coordination numbers for compounds with com|
structures. Our results show that chemical effects are very small and can be ignored for reliable structi
analysis. Results of local structure for the first, second, and third coordination spheres for NiO are consis!
with those derived from X-ray diffraction data. The results foNi(OH), are much closer in agreement
with those derived from the neutron diffraction data rather than the X-ray diffraction data. The results fi
o-Ni(OH), differ significantly from those based on the idealized structure model proposed by Bode et al.
fact, the structure within the hexagonal planesdeXi(OH), is similar to that for3-Ni(OH),. The apparent
contraction in the Nt-Ni distance of the third coordination sphere foiNi(OH), relative to that forB-Ni-
(OH),, which was previously reported by others, is not real and can be attributed to structural disorder. T
Ni—O bond length for divalent nickel with an octahedral coordination is in the range-2.08 A. The first
coordination sphere for LiNi@consists of four and two oxygens at 1.91 and 2.06 A, respectively, rather tha
six oxygens at 2.04 A, as predicted by the X-ray diffraction data. The short distance is characteristic
Ni¥*—0?" bonds and Ni*—O~ bonds, while the long distance is characteristic of"NiO?~ bonds. The
local structure for LiNiQ is consistent with the fact that the charge-compensating mechanism is largely dt
to oxygen 2p holes. The NiNi second-shell distance for LiNids consistent with that based on the X-ray
and neutron diffraction data. The NO bond length for quadrivalent Ni in KNilQis 1.88 A. The Ni-O
bond length varies with nickel valency in a nonlinear manner.

Introduction difficult. Furthermore, the oxidation states of Ni in these
. ) ) compounds are still the subject of much controversy and need

The structure and composition of the higher oxides and carification. X-ray absorption spectroscopy (XAS) is an
hydroxides of nickel are of great interest from the standpoint oy cejient technique for characterizing the valency and local

of a number of technological applications, e.g., advanced nickel g ,cture of Ni in such materials with no long-range oréler.
batteries, electrochromic devices, and corrosion protection. thare have been a number of studies that used XAS to
Despite the considerable research work that has been carried 5 acterize the local structure and valency of nickel in

OUt.' there is still much uncertainty a}nd confusmn as tq the oxycompounds as well as the nickel oxide electrode. Crespin,
stoichiometry and structure of the various oxides (hydroxides) | ovitz and Gatinegiused XAS to examine the chemistry and
that are formed, for example, during the charging (and discharg-s,[ruc,ﬂ'Jre of intermediate phases formed during the low-
ing) of the nickel oxide electrode in nickel batterfesThe temperature reduction of LaNiDthey observed that the X-ray
difficulty in probing their structure stems, in part, from the absorption edge energy correlates very well with changes in
highly disordered or amorphous nature of the phases formed’nickel valency from 1to0 3. Levitz, Crespin, and Gatinkaiso
which makes structural determination by X-ray diffraction examined the structure of monovélent Ni ir’] LaNiCMcBreen

et al® carried out an “in situ” XAS study to monitor changes in
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as well as a contraction in the NO distance from 2.04 to 1.88
A upon charging Ni(OH) to the trivalent state. In a similar
experiment, Pandya et &tarried out an “in situ” investigation

Mansour and Melendres

B-Ni(OH),. To differentiate between these two models, the local
structure of nickel in reference compounds with known valency
must be established. In this investigation, we used XAS to study

to examine the structural changes during the charge anda number of nickel oxycompounds with well-defined XRD and/

discharge cycles g#-Ni(OH), containing 5 wt % Co(OH) In

or neutron diffraction patterns. We measured the room-

this experiment, they observed that the first coordination spheretemperature X-ray absorption spectra of Ni, Nj©Ni(OH),,
of Ni in the charged state consists of four oxygen atoms at 1.88 a-Ni(OH)a, LiNiO,, and KNilOs. The investigated compounds
A and two oxygen atoms at 2.07 A. They speculated that the shall serve as references for further room-temperature “ex situ”

long Ni—O distance may indicate incomplete oxidatiorgeNi-
(OH), or that some self-discharge occurred. However, the
authors stated that due to the reproducibility of this effect in
various cells and after repeated dischargearge cycles, the
two different Ni-O distances indicate a distorted octahedral
coordination for single-phase Ni in the charged state; this
distortion was assumed to be characteristic of trivalent Ni.
McBreen et al.conducted an “in situ” time-resolved XAS study
coupled with cyclic voltammetry to investigate the XANES of
Ni during the charge and discharge @fNi(OH), and 3-Ni-
(OH); in KOH electrolyte. They observed a continuous shift

and “in situ” XAS studies of the higher oxide forms of nickel
such as thes- and y-NiOOH, nickel oxide thin films, and
LiNiO,, electrodes. Detailed analysis of the local structure up
to the third coordination sphere was made using theoretical
standards generated with the FEFF code rather than empirical
standards, as had been done in most of the earlier work. We
show that the EXAFS results are in excellent agreement with
those of XRD for Ni and NiO and neutron diffraction f@#Ni-
(OH),. For a-Ni(OH),, we will show that the local structure
for nickel within the hexagonal planes is similar to that of Ni
in 5-Ni(OH), except for an increase in disorderdaNi(OH),

in the Ni K-edge energy, which they asserted was consistentelative to that ing-Ni(OH).. For LiNiO; and KNilGs, the

with the electrochemical oxidation of Nito Ni®*. Pandya et
al® examined the local structure of bothNi(OH), and3-Ni-
(OH),. They claimed that the NiNi distance of the second
coordination sphere fax-Ni(OH); is shorter than that fg#-Ni-
(OH), by 0.05 A. In addition, they asserted an increase in the
number of Ni-O bonds ino-Ni(OH), upon hydration. Capehart
et al.? using thin films of Ni(OH) deposited on a gold-coated

plastic substrate by cathodic precipitation, claimed to have

results for the Ni-Ni or Ni—I atom pair are consistent with
results based on XRD, while those for the first shell of the Qi
atom pair differed significantly from those based on XRD.
Finally, we establish calibration curves based on the Ni K-edge
energies, the NtO first-shell distance, and nickel valency,
which can be used to infer the nickel valency in other nickel
oxycompounds with complex structures.

charged the nickel oxide electrode to a state where the averagExperimental Section

nickel valency was 3.67 and thus postulated the formation of a

K(NiOy)s phase. In this phase, the NO bond length was

determined to be 1.86 A, and the average valency of Ni was

estimated from the dependence of the-i bond length on
Ni valency which was deduced from structure data for NiO,
B-Ni(OH),, andS-NiOOH. Recently, Mansour et #l.examined
the XANES spectra of NiO, ND;(OH), -NiOOH, com-
mercially obtained “NiQ@’, and KNilOg. In this study, the
XANES of quadrivalent Ni was reported for the first time, and

Sample Preparation. Most of the compounds studied were
prepared by chemical synthesis following procedures established
in the literature; others were purchased from commercial
suppliers. Research grade high purity NiO gfdNi(OH),
materials were obtained commercially from Aldrich Chemical
Co. (Milwaukee, WI) and McGean Chemical Co. (Cleveland,
OH), respectively. Theo-Ni(OH), sample was made by
reacting Ni(NQ), with NaOH following the procedure described
by Glemsei® Thermogravimetric analysis of this-Ni(OH),

the authors observed that the X-ray edge energy linearly sample showed the composition to be 3Ni(@8MH,0, which

increased with increase in valency of nickel from 0 to 4. Based
on the X-ray edge energies, it was concluded thgOMNiOH),,
B-NiOOH, and “NiGy" contain nickel in the trivalent state. More
recently, in preliminary reports, Mansour et'aand Mansour
and Melendrelg-13reported on the local structure of Ni in NiO,
B-Ni(OH),, NizO02(OH)s, S-NiOOH, y-NiOOH, NiO,, and
KNilOg. The Ni—O bond length of Ni* in KNilOg as

is consistent with its X-ray diffraction pattern, which will be
discussed later in the text. The LiNi@naterial was obtained
from Rayovac Co. (Madison, WI). This material was synthe-
sized using LIOH and Ni(OH)as precursor¥’. The KNilOg
sample was synthesized following the procedure of Mu#hy
for the peroxydisulfate oxidation of a solution of Ni$® KlO,.

A high-purity (99.95%) 4/m thick Ni foil was purchased from

determined from X-ray absorption spectra was also reported by Goodfellow (Cambridge Science Park, U.K.).

Curie et al* Later on, O'Grady et a¥® reported the XANES
and local structure of quadrivalent Ni in BaNj@nd claimed
the presence of N in a charged nickel oxide electrode.

In many of the nickel oxyhydroxides such g and
y-NiOOH, the structure of the first coordination sphere of i
could only be analyzed in terms of two ND bond lengths; a
short one, near 1.88 A, is close to that for*Niand a long
one, near 2.06 A, is close to that for®i Thus, to account
for both the short and long NiO bond lengths, the structure

X-ray Diffraction Measurements. The X-ray diffraction
measurements were collected using monochromatized &€cu K
X-rays from a Siemens Model Diffrac 500 unit. Powder X-ray
diffraction (XRD) patterns were obtained in order to confirm
the purity of the materials. The XRD pattern for NiO showed
single-phase material and was consistent with published data
(ICDD powder diffraction file 4-835). The XRD pattern for
the 3-Ni(OH), sample was similar to the well-established pattern
for 5-Ni(OH), (ICDD powder diffraction file 14-177). The

of the higher valency oxyhydroxides can be interpreted in terms XRD pattern foro-Ni(OH), differed from that for3-Ni(OH)..

of two different models. One model, which was adapted in

It showed broad peaks with weak intensities, and tide 2

earlier work® assumes that the material consists of trivalent Ni coordinate of the (003) reflection indicates a significant degree
with a distorted octahedral coordination. The other model that of disorder due to hydration. Specifically, this XRD pattern is
we proposed! 13 is that the material consists of two phases. similar to that of a hydrated nickel hydroxide sample with a

One phase contains Ni with a short Ni-O bond length of
~1.88 A, similar to that in KNilQ. The other phase contains
Ni2+ with a Ni—O bond length 0f2.06 A, similar to that in

composition of Ni(OH)-0.75H,0 (ICDD powder diffraction file
38—715) in agreement with thermogravimetric analysis which
yielded a composition of Ni(OH)0.67H0 for our sample. The
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TABLE 1: Summary of Structural Parameters from X-ray Diffraction and Neutron Diffraction Data.

lattice & unit cell local structure
compound space group dimensions (A) X-Y pair N R(A) ref
Ni cubic a=3.5239 Ni-Ni 12 2.492 20
(Fm-3m)
NiO cubic a=4.1770 Ni-O 6 2.089 21
(Fm-3m) Ni—Ni 12 2.954
Ni—O 8 3.617
B-Ni(OD), hexagonal a=3.126 Ni-O 6 2.073 22
(neutron diffraction) P-3m1) c=4.593 Ni=D 6 2.667
Ni—Ni 6 3.126
Ni—O 6 3.751
B-Ni(OH), hexagonal a=3.119 Ni-O 6 2.080 22
(neutron diffraction) P-3m1) c=4.686 Ni-H 6 2.784
Ni—Ni 6 3.119
Ni—O 6 3.749
B-Ni(OH), hexagonal a=3.1260 Ni-O 6 2.141 23
(P-3m1) ¢ = 4.6050 Ni-H 6 2.587
Ni—Ni 6 3.126
Ni—O 6 3.789
a-Ni(OH)*0.67H,0 hexagonal a=>5.340 Ni—O 6 2.233 24
(P-31m) c=8.090 Ni-H 6
Ni—Ni 6 3.083
Ni—O 6 3.807
LiNiO», hexagonal a=2.8823 Ni-O 6 2.042 25,26
(R-3m) c=14.2085 NiNi 6 2.882
Ni—Li 6 2.894
Lio.4aNigeO hexagonal a=2.8861 Ni-O 6 1.985 30
(neutron diffraction) R-3m) c=14.1924 NiNi 6 2.890
Ni—Li 6 2.898
KNilOg hexagonal a=4.9690 Ni-O 6 1.796 27,28
(P312) c=6.0220 Ni-I 3 2.869
Ni—O 6 3.470
KNilOg hexagonal a=4.969 NiO 6 2.176 29
(P312) c=16.00 Ni—I 3 2.869
Ni—O 6 3.449

XRD pattern for LiNiQ, displayed sharp peaks and is consistent chromator using two flat Si(111) crystals. The estimated energy
with published data (ICDD powder diffraction file 9-63). Our resolution for this monochromator taking into account the
LiNiO, XRD pattern is similar to that of an LiNi©@sample incident beam slit width of 0.5 mm at a distance of 10 m from
prepared using preparation method “D” described by Ohzuku the source is in the range 2.7 eV throughout the Ni K-edge
et al’® The LiNiO, material prepared by this method had the spectrum. Harmonics were rejected by detuning the parallelism
highest electrochemical reactivity compared to material preparedof the monochromator crystals. The X-ray intensities were
by other methods. The XRD pattern for KNig@hdicated also monitored using ionization chambers filled with nitrogen gas
a well-crystallized single-phase material with sharp diffraction for the incident beam and a mixture of argon (15%) and nitrogen
peaksto (85%) gases for the transmitted beam. Spectra of the Ni K-edge
To aid in the analysis of XAS data, nickel local structure (8333 eV) were obtained at room temperature (300 K) in
parameters as well as lattice type, space group, and unit celltransmission using the step-by-step scanning mode. Data were
dimensions are listed in Table 1 for Rfi,NiO,2 5-Ni(OD), collected with an energy per step interval of 10 eV for the
and 8-Ni(OH), based on neutron diffraction déteand XRD preedge region (80333303 eV), 0.5 eV for the edge region
dataz® o-Ni(OH)2,24 LiNiO 2,2526 and KNilOs.2"-28 Structural (8303-8363 eV), and &-space interval of 0.05 A& for the
parameters for KNil@ based on more recent XRD data were EXAFS region (83669850 eV). Counting time per step was
also included® The XRD data for LiNiQ are consistent with  made fo 1 s durations with a delay period of 0.3 s between
neutron diffraction data for an biNipsO sample which is successive data points in order for the monochromator to reach
closely related in composition with our sample except for a equilibrium. The energy calibration of the monochromator was
difference in the position of the oxygen atofisThe Ni—O monitored using a Ni foil employing a third ion chamber filled
bond length based on neutron diffraction data fayNig 6O is with the same gas as that of the transmitted beam ion chamber.
1.99 A in contrast to 2.04 A for LiNi@based on XRD data To minimize the effect of particle size on EXAFS ampli-
(see Table 1). Structural data farNi(OH), were based onan  tudes3? powdered samples were prepared by grinding and
idealized structure model for a sample with composition 3Ni- sjeving through a 2@m size nylon screen. For NiO the fine
(OH)2:2H;0, which contains two nonequivalent Ni sites; the powder was then deposited on Kapton tape, and eight layers
data in Table 1 represent the weighted average from structurewere stacked to give a relatively uniform thickness with an X-ray
data for both sites. absorption edge jump\ux, of 1.12. For other oxide samples,
XAS Measurements. The X-ray absorption experiments a portion of the finely ground and sieved powder was mixed
were performed on beamline X-11A of the National Synchrotron thoroughly with boron nitride and pressed into a pellet. The
Light Source (NSLS) at Brookhaven National Laboratory (BNL) thickness of each pellet was sufficient to yield\ax of 0.95,
with the electron storage ring operating at an electron energy 0.68, 0.89, and 0.67 fg6-Ni(OH),, a-Ni(OH),, LiNiO,, and
of 2.584 GeV and a stored current in the range-1300 mA3? KNilOg, respectively. A 4m thick Ni foil with a Aux of 1.07
Data were collected with a variable exit double-crystal mono- was used as a standard for energy calibration. The X-ray
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2T— TABLE 2: Ni K-Edge Energies in Various Compoundst
Ni K-edge energy Ni preedge peak energy
compound (eV)P (eV)

% Ni 8336.7 N/A
o NiO 8339.2 8328.7(8330.2)
ﬁ B-Ni(OH), 8339.5 8328.7(8330.2)
3 17 a-Ni(OH), 8339.5 8328.7(8330.4)
2 LiNiO 8340.6 8329.2(8331.6)
o KNilOg 8342.9 8329.9(8331.7)
2

aEnergies are accurate to withi#t0.1 eV.?Ni K-edge energy
measured at half-height of the edge stelNi K-edge energy measured
at half-height of the preedge peak intensity. Energies in parentheses

0 " - - T T T T T T correspond to the preedge peak energy.
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Figure 1. Normalized XANES of Ni K-edge (a) and Ni K-preedge g
structure (b) as a function of nickel Valency for metallic Ni, Nj©Ni- x 8329
(OH)z, 0-Ni(OH)a, LiNiO>, and KNilOs. g
L
absorption edge jump for each sample was kept below 1.5 in §
order to minimize the thickness effe®t. gl
. . * g328 T T .
Results and Discussion 2 3 4
The preedge background was determined from a quadratic Nit VALENCY

fit to the data from about 300 to 30 eV below the edge energy Figure 2. X-ray Absorption Ni K-edge energy (a) and Ni K-preedge
and then extrapolating over the entire energy range of the energy (b) as a function of nickel valency. The solid curves represent
spectrum. A few minor glitches, each extending over a narrow a linear fit optimized against the valency of Ni in LiNiOThe best fit
energy range, were present in the spectra. The glitch data wer 'zlgiao\ia?"ef?g% ?;ez'%t 0.07 from the main edge data (a) and a
8 T 2. . preedge data (b).

replaced by values obtained from a fourth-order polynomial fit
to 10 data points adjacent to the glitch region with 5 data points the few compounds where Ni has been established to be in the
selected on each side of the glitch. The EXAFS spect{k), guadrivalent staf8 and was chosen here as a reference fét Ni
was extracted using cubic spline procedures which minimize because of its stability and ease of preparation. The XANES
the amplitude on nonphysical peaks in the Iowpace region spectrum for LiNiQ shows a shoulder at the onset of the edge
(0-1 A) of the Fourier transforr®=3¢ The photoelectron  similar to that for NiO, suggesting the presence d¥Nilndeed,
wavenumber was defined assuming an edge energy of 8333.0our EXAFS results (shown later in the text) show that ap-
eV (see Figure 1). An energy independent step normalization proximately one-third of the NiO bonds are in the form of
was then applied by dividing by the value of the atomic Ni2*—02-. This is not surprising if one considers LiNiQ@s
absorption at 100 eV above the edge energy. An energy Li-doped NiO3°-4! The edge energy for LiNigis intermediate
dependent normalization was also applied toytie data using to those of NiO and KNil@, suggesting that the oxidation state
the normalized atomic absorption (also normalized at 100 eV of Ni in LiNiO is near 3. However, on the basis of oxygen
above the edge energy) calculated with McMaster coeffic@nts. K-edge X-ray absorption specttaX-ray photoemission spec-

XANES Region. Figure 1a shows the XANES spectra of troscopy, and bremsstrahlung isochromat spectrostoifas
the Ni K-edge as a function of nickel valency in Ni@;Ni- well as the Ni 2p X-ray absorption spedra” of LiNiO o, it
(OH),, a-Ni(OH),, LiNiO,, and KNilOs along with that of was concluded that the charge-compensating mechanism in
metallic Ni used as a reference. The edge energies measurediNiO, was dominated by O 2p holes rather than the conven-
at half-height are listed in Table 2 and presented graphically in tionally assumed Ni 3d holes of the Nj@luster. Thus, the
Figure 2a. As expected, the Ni K-edge shifts to higher energies oxidation state of Ni in LiNi@ was assumed to be closer to 2
as the oxidation state increases fron? (netallic Ni), to N#™ than 3. A similar situation was observed for Cu in high-
(NiO and Ni(OH)), and Ni*" (KNilOg). The latter is among  temperature superconductors (HTS) such as ;CBg0D7.484°
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Figure 3. Normalized Ni K-edge EXAFS spectra®kk), for NiO, 10J -Ni(OH),
B-Ni(OH),, a-Ni(OH),, LiNiO,, and KNilGs.

Assuming that the Ni K-edge energy is linearly proportional A
with nickel valency, as has been demonstrated by many authors,

an optimum fit yields an average oxidation state for Ni in Li&iO NiO (X0.4)
of 2.65+ 0.07, as shown by the square symbol in Figure 2a. 0 T T T T ~—3 .

The preedge peak, which is due to the transition from the 1s 0 2 4 6 8
core level to bound unoccupied d states near the Fermi level, is RADIAL DISTANCE (A)

A . . 0 -
Shtcr)lw%.m tFIQUfte: 1bf -I(—jhe vtveelﬁ In;[entSIEK—(tSt}/;J) e}[ssoc.l?ted. Figure 4. Fourier transforms of normalized Ni K-edge EXAFS spectra
Wi is transition is due to the fact that this transition is K&(K) for NiO, -Ni(OH)z, a-Ni(OH)z, LiNiO2, and KNilGs.

forbidden by dipole selection rules. Itis allowed by quadrupole
selection rules or as a result of hybridization between unoccupied%

! OH),, LiNiO2, and KNilGs, respectively, without applying a
states with p and d character. The occupancy of d states depend anning window. A hanning window was not necessary since

strongly on the chemical environment, local structure, and site K, _ _ .

. ; in andkmax were chosen such thgfkmin)=y(kmaxy) = 0. Itis
symmetry, and hence_, the signature O.f d states in the XANES evident from Figures 3 and 4 that the EXAFS spectrunffdli-
is expected to vary with changes in Ni valency. The preedge OH), resembles closely that af-Ni(OH),. The spectra for
peak energies at half-height as well as the preedge peak energie i0. LiNiO5, and KNilO; are quite distin.ct from each other
are listed in Table 2. Similar to the main edge energies, the and,also fro,m those gB-Ni(OH), and a-Ni(OH)», reflectin
preedge peak energy at half-height (Figure 2b) shifts to higherd.ﬁ in the local 2 £ nickel in th 2 h 9 h
energy with increase in valency of Ni from 34i(NiO) to Ni** fferences In the local structure of nickel in these phases. The

Fourier transforms for NiO and LiNi©display several well-

(KNilOg) with that of LiNiO;, being intermediate to those of . ; L X

Ni2+ and Nf*. On the basis of linear interpolation using the deflngd p_eaks correspondmg to pon_tnb_utlons from the first few

preedge peak energies for NiO and KNij@he average valency goordlnatlon spheres, which are |nd|cat|.ve of the highly crys"[al-

of Ni in LiNiO , is estimated to be 2.82 0.17, as shown by  In€ nature of these phases. The Fourier transform for LiNiO

the square symbol in Figure 2b. This estimate is in agreement's qualitatively similar to that of NiO except for variations due
to the low backscattering amplitude of lithium atoms compared

with the estimate of 2.65+ 0.07 based on the main edge X ) o .. .
energies. The Ni valency in LiNiOwill be discussed later in to that of nickel atoms and different ionic radii of nickel due to

the text in the context of the EXAFS results. Note that both €hange in nickel valency. For example, the position of the first
NiO and KNilOs display sharp preedge peaks that are signifi- p_eak in the Fpurler transform for LiNis shifted to a lower _
cantly narrower than those gf ando-Ni(OH),. Itis also seen Q|st§nge relative to that of NiO dye to the grgater valency of Ni
that while bothp- anda-Ni(OH), display well-defined preedge N LINiO2. The second peak in the Fourier transform for
peaks, the intensity of the preedge peakdadi(OH), is greater LINIO 5, W't.h a contnpunpn mamly from six Ni gtoms at 2.88
than that for3-Ni(OH),, which may be due to a smaller NO A and a minor contribution (negligible) from six Li atoms at
bond length and/or a higher degree of structural disorder for 2-89 A, has an amplitude per nickel atom that is similar to the
a-Ni(OH), compared to that foB-Ni(OH),; these can enhance ~ @mplitude per nickel atom derived from the second peak in the
hybridization between O 2p and Ni 3d states, resulting in an Fourier transform for NiO which originates from 12 Ni atoms

increased intensity of the preedge peak. at 2.95 A. The third peak in the Fourier transform for NiO,
EXAFS Region. A comparison of the normalized Ni K-edge ~ Which corresponds to the fourth coordination sphere containing
EXAFS datak3(K), for NiO, 3-Ni(OH),, a-Ni(OH)a, LiNiO, six Ni atoms at 4.18 A, is absent from the Fourier transform

and KNilOs and their corresponding phase-uncorrected Fourier for LiNiO» due to the fact that the atoms contributing to this
transforms are shown in Figures 3 and 4, respectively. Note peak are now Li atoms, which have significantly reduced
that thek3y(k) spectra and their corresponding Fourier transforms backscattering amplitudes. The Fourier transform for KNilO
have been shifted vertically relative to that of NiO for clarity displays several peaks characteristic of the highly crystalline
of presentation and that tHéy(k) spectrum for NiO and its ~ nature of this material. The first peak corresponds te-®li
corresponding Fourier transform were scaled vertically by a interactions, and its position is slightly shifted to a lower distance
factor of 0.4. The Fourier transforms were performed using relative to that of LiNiQ. The second peak corresponds te-Ni
the k-space rangeskin—kmay Of 1.7—16.9, 1.6-16.3, 1.5~ interactions with a small contribution from six oxygen atoms
16.1, 1.8-16.1, and 1.816.4 A1 for NiO, 5-Ni(OH),, a-Ni- at 3.55 A as will be shown later in the text.
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The Fourier transforms of-Ni(OH), and a-Ni(OH), are cluster. For each cluster we have included information for all
consistent with the brucite C6 type structure, which is a layered shells up to a radius of nearly 6 A. The code uses a relativistic
structure consisting of nickel hexagonal planes with @jrbups Dirac—Fock—Slater Desclaus atom code with the von Batth
sandwiched between the planes. The Fourier transforms forHedin ground-state exchange correlation potential. Scattering
B-Ni(OH), anda-Ni(OH), each show three distinct peaks. The states were calculated using overlapped atom potentials and the
first peak corresponds to NiO interactions resulting from the  complex Hedir-Lundquist potential to describe the exchange
octahedral coordination of Ni with oxygen. The second and and correlation effects for excited states. The muffin-tin radii
third peaks, located at about 2.8 and 5.9 A, correspond o Ni  \ere calculated from the Norman radii. The natural broadening
Ni interactions from within the same hexagonal plane. The for the nickel edge was taken to be 1.6 eV. Examination of
absence of a peak at roughly 4.3 A (in the phase-uncorrectediheoretical backscattering amplitudes for hydrogen, oxygen, and
Fourier transform), corresponding to the crystallographic dis- pickel in 8-Ni(OH), and for lithium, oxygen, and nickel in
tance of the interplanar separation of 447 A, indicates a | iNjO, show that the backscattering amplitudes for hydrogen
high degree of structural disorder between the planes. Itis alsogng jithium are significantly smaller than those of oxygen or
worth noting that the intensities of the second and third peaks i\ el atoms. Hence, the hydrogen and lithium contributions
in the Fourier transform fom-Ni(OH), are significantly smaller to the EXAFS spectra were ignored.
than those fop-Ni(OH)s, indicating a higher degree of structural . . - .
disorder within the hexagonal planes foiNi(OH); relative to Al muItlp!e sca}tterlng .(MS) paths within the analyzed region

were examined in detail. All MS paths were found to be of

that for 5-Ni(OH)a. . . .
Quantitative analyses were made as follows. For each the nonfocusing type with amplitudes that are small enough and

sample, except for metallic Ni, three different sets of filtered Will not make a significant contribution to the XAFS spectra.
EXAFS data were generated. These weitk), y2(k), and Hence, their contributions were completely neglected. For
714K, which include contributions from the first, second, and Metallic nickel, the first MS path is a three-leg path with an
the combined contributions from the first and second peaks in effective radius of 3.74 A, which is well outside thespace

the Fourier transform, respectively. For metallic Ni, only the range of the first coordination sphere considered for analysis
filtered y1(k) data were generated. Thespace ranges used to here. For NiO, two three-leg (80—Ni and Ni—O—Ni) MS
generate the filtereg; (k) data were 1.142.80, 0.56-2.12, paths with an effective radius of 3.57 A have small contributions
0.54-2.14, 0.54-2.10, 0.76-2.04, and 0.582.20 A for Ni, and were ignored. These two multiple scattering paths are well
NiO, 8-Ni(OH)2, a-Ni(OH)z, LiNiO2, and KNilQs, respectively. outside ther-space range of the first and second coordination
Those used to generate the filteredk) data were 2.123.32, spheres of oxygen and nickel atoms but are in close proximity
2.15-3.50, 2.16-3.36, 2.04-3.04, and 2.023.36 A for NiO, of the third coordination sphere of oxygen atoms. The sum of
B-Ni(OH)2, a-Ni(OH),, LiNiO», and KNilGOs, respectively. The  the amplitudes for these two MS paths is significantly smaller
windows utilized in generating thei(k) and y»(k) data were than the amplitude of the single scattering (SS) contribution of
combined to generate the filtergdx(k) data. The filtered data  the first and second coordination spheres. The sum of their
are related to local structure parameters in the framework of amplitudes is even slightly lower than the SS contribution of
the cumulant expansion mettf8dccording to the third shell of oxygen atoms, which is in itself much smaller
than the SS scattering contributions of the first and second
coordination spheres. Taking into account that MS contributions
have higher effective disorders than SS contributions, MS
contributions to the EXAFS spectra are further reduced. For
B-Ni(OH),, two three-leg (H-O—Ni and O-O—Ni) MS paths
with effective radii of 2.97 and 3.46 A, respectively, had
amplitudes comparable to the SS contribution of the second
coordination sphere of hydrogen atoms. Since, even the SS
contribution of hydrogen atoms is significantly smaller than the
SS contributions of oxygen and nickel atoms and cannot be

S
1®=-3 ik_Rza(k) x
Fi(J‘[,k,R)e*Z(R/i(k))e*20.2k2+(2/3)c4|k4 "

sir(ZRik — e+ 2009 + 4

whereN,; is the number of atoms of thiéh type at distanc®.
Theoi? is the disorder (i.e., mean squared relative displacement : L
about the average distanB8. The second term in the phase, resolved from the experlme_ntal spectr_a, _the MS contributions
Caké, accounts for phase changes due to non-Gaussian disorder2® @S0 small and can be ignored. Similar arguments can be
The term Cak4, was added to the EXAFS Deby®Valler factor ~ made fora-Ni(OH)z.  For LiNiO;, four three-leg (-O—Ni,
to also account for non-Gaussian disorder. The te¥tksand O—O—Ni, Ni—O—Ni, and Li-O—Ni) MS paths all with an
#(K) represent modifications in the phase shift of the ejected effective radius of 3.49 A, respectively, were examined. All
photoelectron wave function by the potential of the central are relatively outside the analyzed region, with amplitudes that
absorbing and backscattering atoms, respectively. The otherare smaller than the SS scattering contribution of the third
termsA(K), Fi(7r,k,R), anda(k) represent the electron mean free coordination sphere of lithium atoms. The SS contribution of
path, the magnitude of the effective curved-wave backscatteringthe lithium sphere is much smaller than the SS contribution of
amplitude for theth type of atoms, and intrinsic losses as well the first coordination sphere of oxygen atoms or the second
as final state interference effects, respectively. The many-body coordination sphere of nickel atoms and cannot be resolved from
amplitude reduction factofS, is an energy independent term  the experimental spectra. Hence, the contribution of these MS
that accounts for losses only within the central absorbing atom. paths can also be ignored. For KN§G three-leg (-O—Ni)
Theoretical standards based on the curved-wave scattering!S path with an effective radius of 3.61 A has an amplitude

formalism were utilized in fitting the data. Specifically, the
a(k), A(k), o(k), ¢(K), andF(st,k,R) values were determined with
the FEFF cod®52 (version 5) using structural data listed in
Table 1. The information needed to perform the calculations

that is only 7% that of the SS path of the first coordination

sphere and was neglected. This MS path is in close proximity
to the SS path of the third shell of oxygen atoms and has an
amplitude that is roughly 20% that of the SS amplitude of the

are the type of atoms and the coordinates for each atom in thethird shell of oxygen atoms. As mentioned above, since MS
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TABLE 3: Local Structure Parameters for Metallic Nickel 2 in temperature and had a value of 0.84 when it was determined

from EXAFS data measured at a temperature of 50 K. This

filtered X-Y o2 AE
data W par $ N R(A) 6R(A) (10°A?) (eV) SSR should not be taken to indicate that the value ﬁfis
41 3 Ni—Ni 0.78 12 2.478—0.014 55 -2.7 59 temperature dependent. It may be an artifact of our analysis
2 Ni—Ni 0.77 12 2.479-0.013 54 —2.9 0.13 procedure, which assumed a Gaussian model for thermal
1 Ni—Ni 0.75 12 2.480-0.012 52 —3.0 0.004 disorder throughout the temperature range-300 K. This

aN: coordination numbeR: coordination distance? meansquare ~ 'ange of values is consistent with an earlier result which gave
relative displacemenfE,: inner potential correctiov: k-weighting a value of 0.82 obtained by Li et & from Ni EXAFS measured
exponent. SSR: sum of the square of residuals between experimentabat 83 K. The first-shell distance is slightly shorter than the
and calculated spectra. Fits were performed using theoretical standardgrystallographic distance by 0.042.014 A, which is generally
generated from structure d_ata for metallic nickel (see TabléR)= the case for many compounds analyzed using theoretical
E(EXAFS) ~ RIXRD). Allfits were refined over théerange 4-16 standards. This value should be treated as a correction factor

' to be applied to distances determined for compounds with
paths have higher effective disorders, their contributions to the Unknown structures. The disorder of 0.08820055 & for
EXAFS spectra are further reduced. the Ni—Ni atom pair is consistent with results calculated using

Since the information content of the EXAFS data is band- the correlated Debye model using FEFFS. Usi(@K) = 427
width limited, the maximum number of fit parameters was kept K*’ vields a disorder of 0.005 49 Awhich is in excellent
less than or equal to the number of independent data points,agreement with the experimental value. Recent wiskowed
Nigp, given by the formulaNigy = 2AKAR/ + 2, whereAk is that disorders for metallic Ni, calculated usiA@ K) = 427
thek-space range over whigffk) is fitted andARis the filtered K, are in excellent agreement with the experimentally deter-
r-space range-55 In fitting the filtered EXAFS spectra with ~ Mined disorders in the temperature range-300 K.
eg 1, a Gaussian disorder was initially assumed. Hence, the NiO. Analysis for NiO was made using theoretical standards
third and fourth cumulant terms were both set equal to zero, generated with structure data for both NiO aftNi(OH)..

and only four parameters per shell are usually variNgR, o,2
and an inner potential energy shifhEg) used in the final
definition of the photoelectron wavenumber However, when

Results are summarized in Table 4. A single-shell fit to the
filtered y1(K) using theoretical standards generated from structure
data for NiO yielded aﬂ% value in the range 0.670.74 for

theoretical standards generated with the FEFF code are used, &weighting of 1, 2, and 3. A single-shell fit withlkaweighting
fifth parameter is introduced, namely, the energy independent of 3 using theoretical standards generated from structure data
many-body amplitude reduction fact&. Hence, only the for B-Ni(OH) yielded an% value of 0.72 compared to 0.74
product of§ and N could be determined unless the value of when NiO theoretical standards are used. The local structure
either one was known a priori. In this study, the coordination results are essentially the same regardless of whether theoretica
numbers for all of the compounds investigated are well-known, standards based on structure data for Ni@-dli(OH), are used.
and hence, we have constrairigdo its crystallographic value  The average distance for the first shell is 2.074 A, which is
and usedS as a fitting parameter. A single-shell fit was slightly shorter than the crystallographic distance by 0.015 A.
sufficient to satisfactorily model the filtered(k) andy(k) for The disorder for the first shell of the NiO atom pair is in the
all of the compounds investigated here except in the case ofrange 0.00240.0035 & for k-weighting of 1, 2, and 3. As-
x1(K) for LiNiO, andy2(k) for NiO and KNilOs, where a two- weighted single-shell fit to the filterego(k) using Ni—Ni
shell fit was required to correctly model the experimental data. theoretical standards yielded ﬁwalue of 0.94. This fit is
Consequently, assuming a Gaussian disorder, four floating significantly improved with a two-shell fit which includes the
parameters?é, R, 0,2 and AEy) were employed in the case of contribution from the eight oxygen atoms of the third coordina-
the single-shell fit analysis. The only exceptions were in tion sphere. The sum of the square of residuals (SSR) for the
analyzing the contributions of the third coordination sphere of two-shell fit is smaller than that for the single-shell fit by a
oxygen atoms for NiO and the third coordination sphere of factor of 5. As pointed out by Haskel et &.a separaté\Ep
nickel atoms fora-Ni(OH),, where single-shell fits with four, must be used for each type of backscattering atom, and hence
five, and six floating parameters were employed. The five- and two AEy were used as floating parameters: one forNi and
six-parameter fits included the third cumulant expansion term the other for Ni-O. The k3-weighted two-shell fit yields a
(C3) and the third as well as the fourth cumulant expansion terms many-body amplitude reduction facto&, of 0.89. The
(Cs andCy), respectively, which were used to account for non- second-shell distance of 2.949 A is slightly shorter than the
Gaussian disorder. Tha(k) for LiNiO> required a two-shell  crystallographic distance of 2.954 A. However, the third-shell
fit with both Ni—O contributions to correctly model the distance of 3.454 A is significantly smaller than the crystal-
experimental data. Furthermore, the filtegegk) for NiO and lographic distance of 3.617 A. The third-shell distance also
KNilOg each required a two-shell fit composed of one shell of shows significant dependence on the degree oktweighting
Ni—Ni (for NiO) or Ni—I (for KNilO ¢) and one shell of N+O of the data, with results from theweighted fit being closer to
contributions. Fits were performed in tieranges of 4-16 the crystallographic value than that obtained from tife k
A~1 (nickel) and 4-14 A1 (other samples). We discuss here weighted fit. The third-shell distance obtained from the
the results for each sample. k-weighted fit is 3.531 A; this distance is still significantly
Ni. Analysis for metallic Ni is limited to the first coordination  smaller than the crystallographic value by 0.086 A. Inconsistent
sphere. Analysis of higher coordination spheres is complicated results for the third-shell of NiO were also obtained by Kuzmin
by multiple scattering effects, which are beyond the scope of et al® using the FEFF3 code and a Gaussian pair distribution
this paper. Results of single-shell fit analysis as a function of function. To examine if this discrepancy in the distance of the
k-weighting exponentW) are listed in Table 3. Our results as  third shell of oxygen atoms is due to an asymmetric pair
a function of thek-weighting exponent for the room-temperature  distribution function (PDF), we have performed two-shell fits
data show that the value & is in the range 0.750.78. Itis utilizing (i) the third cumulant termCs, and (ii) the third and
worth pointing out that the value (Sf) increased with decrease  fourth cumulant termsCs; and C,, as floating parameters. A
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TABLE 4: Local Structure Parameters for NiO 2
filtered data

andmodel W  X-Y pair Y N RA) ORA) 021034y C3(104A3)  C,(105%A%  AEy(eV) SSR
%1, M1 3 Ni—O 0.74 6 2078 -—0.011 35 -8.4 19.7
2 Ni—O 0.67 6 2.074 -0.016 3.0 -7.9 0.34
1 Ni—O 0.67 6 2070 -—0.019 2.4 -7.3 0.007
%1, M2 3 Ni—O 0.72 6 2.077 -0.012 3.4 -8.3 20.6
¥ M1 3 Ni—Ni 091 12 2945 —0.009 5.5 -5.3 93.5
%2 M1 3 Ni—Ni 0.89 12 2949 —0.005 5.4 —6.4 18.1
Ni—O 8 3454 -—0.163 9.3 -1.8
3 Ni—Ni 0.95 12 2955 +0.001 5.7 -7.3 10.9
Ni—O 8 3562 —0.055 5.4 15.6 -5.0
3 Ni—Ni 0.99 12 2952 -0.003 6.2 —6.5 5.4
Ni—O 8 3.615 —0.002 12.8 16.8 17.9 —8.6
x12, M1 3 Ni—O 0.87 6 2071 -0.017 5.0 -6.3 35.7
Ni—Ni 12 2946 —0.008 5.3 —-5.6
Ni—O 8 3510 -—0.107 13.5 -6.3
3 Ni—O 0.87 6 2.074 -0.015 4.9 -7.0 22.9
Ni—Ni 12 2947 —0.007 5.0 -6.3
Ni—O 8 3.609 —0.008 4.7 31.6 -7.0
3 Ni—O 0.86 6 2.075 —0.014 4.9 -7.0 22.3
Ni—Ni 12 2945 —0.009 5.0 —6.0
Ni—O 8 3.603 -—0.014 6.6 31.3 5.0 -7.0

aN: coordination numberR: coordination distances? mean square relative displacemeAEy: inner potential correctior: k-weighting
exponent. SSR: sum of the square of residuals between experimental and calculated spectra. Fits were performed using theoretical stg
generated from structure data for NiO (model M1) ghNi(OH), (model M2) (see Table 1)iR = R(EXAFS) — R(XRD). All fits were refined
over thek-range 4-14 A2,

TABLE 5: Local Structure Parameters for f-Ni(OH),?
filtereddata W  X-Y pair g N R(A) orRe (R) OR (A) ORe (R) 0% (1073A?) AEq (eV) SSR

X1 3 Ni—O 0.70 6 2.064 —0.009 —0.016 —0.077 4.5 -7.9 8.5
2 Ni—O 0.70 6 2.066 —0.007 —0.014 —0.075 4.5 —8.4 0.15
1 Ni—O 0.69 6 2.071 —0.002 —0.009 —0.070 4.5 —8.9 0.003
x2 3 Ni—Ni 0.83 6 3.128  +0.002 +0.007 +0.007 6.3 -7.1 6.9
2 Ni—Ni 0.84 6 3.130 +0.004 +0.011 +0.004 6.4 —7.4 0.17
1 Ni—Ni 0.88 6 3.132  +0.006 +0.013 +0.006 6.9 —7.6 0.007
XA1.2 3 Ni—O 0.76 6 2.059 -0.014 —0.021 —0.082 5.1 —6.7 13.4
Ni—Ni 6 3.127 +0.001 +0.008 +0.001 5.9 —6.8
2 Ni—O 0.75 6 2.059 -0.014 —0.021 —0.082 5.2 —6.9 0.28
Ni—Ni 6 3.127 +0.001 +0.008 +0.001 5.7 —6.8
1 Ni—O 0.77 6 2.059 -0.014 —0.021 —0.082 5.8 —6.9 0.009
Ni—Ni 6 3.126 +0.000 +0.007 +0.000 5.7 —6.7

aN: coordination numberR: coordination distances®> mean square relative displacement,: inner potential correctioriwW:k-weighting
exponent. SSR: sum of the square of residuals between experimental and calculated spectra. Fits were performed using theoretical ste
generated from structure data f&Ni(OH), (see Table 1)0R2 = R(EXAFS) — R(neutron diffraction) fo3-Ni(OD),, 60R° = R(EXAFS) — R(neutron
diffraction) for 8-Ni(OH),, anddR*= R(EXAFS) — R(XRD) for 5-Ni(OH),. All fits were refined over thé-range 4-14 A1,

two-shell fit which included th&€; term as a floating parameter  generated with structure data for NiO gfdNi(OH),. Results
reduced the value of SSR by a factor of 2. Further improvement are essentially the same, and hence, only those basgeNon
in the value of SSR (a factor of 2) was obtained when t&&¢h (OH), are summarized in Table 5. Due to the low backscat-
andC, were included as floating parameters. The second- andtering amplitude of hydrogen, contribution from the second
third-shell distances of this fit are 2.952 and 3.615 A, respec- coordination sphere, which consists of six hydrogen atoms, is
tively. These distances are shorter than the crystallographicnegligible, and hence, reliable structure analysis for this shell
values by only 0.002 A for each shell. TI% value of 0.99 of atoms is not possible. A single-shell fit to the filtergdk)
obtained from fitting the filteredy,(k) data is, however, data yields arﬁ% value of 0.70, which is independent of the
significantly greater than the value of 0.74 obtained from fitting k-weighting exponent, compared to 0.85 (average value) ob-
the filteredy(K) data using thé&3-weighted fit. To resolve this  tained from fitting the filtereg»(k) data, which shows only a
issue, we performed a fit to the filtered Ak) data. This fit slight dependence on tHeweighting exponent. A fit to the
yielded an% value of 0.86, which is intermediate to values filteredy; AK) data gives an intermediate value of 0.76 (average
obtained from fits to the filteregdi(k) andy2(k) data separately.  value), which is independent of theweighting exponent and
This value ofS] is much closer to that obtained for metallic Ni  is close to that obtained for metallic Ni. TheND distance
by Li et al56 and by us here. obtained from the single-shell or two-shell fit is clearly
Finally, we have found that the disorders for the-@i and significantly shorter than the distance determined from the X-ray
Ni—Ni atom pairs cannot be reproduced with the correlated diffraction data but is in excellent agreement with the distance
Debye model using a single Debye temperature. Instead, twodetermined from neutron diffraction data. The-\Wi distance

Debye temperatures must be usetl~ 940 K for the Ni-O for the third coordination sphere is in agreement with the
first-shell disorder and ~ 470 K for the Ni-Ni second-shell distance determined from either the X-ray or the neutron
disorder. diffraction data. Hence, our results, which are based on analysis

B-Ni(OH),. Analysis was made using theoretical standards using theoretical standards as well as earlier réshised on
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filtereddata W  X-Y pair 3 N R@A) O0RA) 02(103A2)  C3(10*A3)  C,(105A%  AE(eV) SSR
e 3 Ni—O 073 6 2036 —0.197 6.4 —6.5 6.7
2 Ni—O 073 6 2038 -0.195 6.4 —6.8 0.11
1 Ni—O 071 6 2041 —0.192 6.2 —-7.2 0.002
x2 3 Ni—Ni 0.66 6 3.092 +0.009 8.3 —6.6 18.1
3 Ni—Ni 0.67 6 3133 +0.050 8.2 4.4 -9.7 12.9
3 Ni—Ni 105 6 3.133 +0.050 15.1 4.4 12.5 -9.8 4.1
¥12 3 Ni—O 077 6 2031 +0.202 6.9 -5.3 10.6
Ni—Ni 6 3133 +0.050 11.4 4.6 7.0 -9.4

aN: coordination numberR: coordination distances%

mean square relative displacemefEy: inner potential correctionW:k-weighting

exponent. SSR: sum of the square of residuals between experimental and calculated spectra. Fits were performed using theoretical ste
generated from structure data f&Ni(OH). (see Table 1)0R = R(EXAFS) — R(idealized model for-Ni(OH),) from ref 24. Al fits were refined
over thek-range 4-14 A2,
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Figure 5. Experimental filtered data (solid curve) and calculated fit data (dotted curve)fiOH).: a—c correspond tdcy:(k), imaginary part

of FT, and magnitude of FT, respectively, using one shell ef@®j d—f correspond td®y,, imaginary part of FT, and magnitude of FT, respectively,
using one shell of NNi.

empirical standards, show that the neutron diffraction data give  a-Ni(OH)». Analysis was made using theoretical standards
an accurate description of the structure of both the oxygen andgenerated with structure data fGfNi(OH),. A summary of
nickel atoms. Despite variations in the valueﬁfobtained local structure parameters is listed in Table 6. Comparisons of
from the various sets of filtered data, variations in the disorder calculated and experimental spectra are shown in Figures 5 anc
are small. The NtO first-shell disorder is in the range 0.0045 6. As is the case fgf-Ni(OH),, reliable structure analysis for
0.0058 R, while for the Ni~Ni third shell it is in the range the second coordination sphere, which consists of six hydrogen
0.00570.0069 &. atoms, is not possible. A single-shell fit to the filtergdk)
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Figure 6. Experimental filtered data (solid curve) and calculated fit data (dotted curve)ftiOH),: a—c correspond td®y,, imaginary part of

FT, and magnitude of FT, respectively, using one shell ef Niiwith six parameters varied includin@ andC, from the cumulant expansion:-d
correspond td3y; », imaginary part of FT, and magnitude of FT, respectively, using one shell-eONind one shell of NiNi with six parameters
varied (includingCs and C, from the cumulant expansion) for the NNi contribution.

data using a Gaussian disorder yields nvalue of 0.73, disorder based on the facts that (i) the thermal vibrations are
which is independent of theweighting exponent. Comparisons very small at 77 K, (i) the distance contraction was temperature
of calculated and experimental spectra, shown in Figure 5 (a, independent, and (jii) the distance was the same regardless of
b, and c) for ak-weighting of 3, indicate a high-quality fit. A whether empirical standards used in the analysis were derived
single-shell fit to the filteredy,(k) data using a Gaussian from NiO or 5-Ni(OH), data. In our opinion, all of these
disorder, on the other hand, gives a poor fit, as shown in Figure observations are not decisive in answering the question of
5 (d, e, and f) for &-weighting of 3. Results as a function of whether the contraction is real or due to structural disorder. The
the k-weighting exponent (not shown here fé&r and k- first and second scenarios indicate that the contraction in the
weighting) show% values in the range 0.661.07, which second-shell distance cannot be due to asymmetry because o
should not be the case. Despite the poor quality of the fit, the thermal disorder. Since structural disorder is temperature
Ni—Ni distance of 3.09 A is in good agreement with the distance independent (excluding the possibility of a phase transition
extracted based on the idealized structure model proposed bywhich is not the case), it cannot be ruled out. The third
Bode et al. for-Ni(OH),.2* This distance, however, is shorter  observation merely shows that both NiO ghdNi(OH), are

than that observed fg8-Ni(OH), by 0.04 A. The contraction  appropriate models for analyzing the local structurexefii-

in the Ni—Ni distance fora-Ni(OH), relative to that fois-Ni- (OH),. However, accurate distance determination depends on
(OH), is in agreement with an earlier result where a contraction using an accurate model for the disorder. Here, we provide
of 0.05 A was observe#l.However, it was pointed out that the ~ evidence that the apparent contraction observed in the distance
apparent distance contraction is not real but is due to disorderof the Ni—Ni third coordination sphere is not real. The quality
and particle size effect. More recently, Pandya et dhsserted of the single-shell fit to the filteregl»(k) data is significantly
that this distance contraction is real and is not due to structuralimproved using an asymmetric instead of a Gaussian pair
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TABLE 7: Local Structure Parameters for LiNiO ,2

filtered data w X-Y pair S5 N R(A) OR(A) 02(103A2) AEy(eV) SSR
1 3 Ni—O 0.63 6 1.924 8.1 -5.9 21.2
P 3 Ni—O 0.63 4 1.911 3.7 -9.0 8.4
Ni—O 2 2.048 3.7
x2 3 Ni—Ni 0.67 6 2.874 —0.008 3.6 -5.1 19.7
2 Ni—Ni 0.71 6 2.875 —0.007 4.0 —5.4 0.67
1 Ni—Ni 0.81 6 2.879 —0.003 5.1 —-6.0 0.025
x12 3 Ni—O 0.66 3.8 1.901 3.7 —7.4 17.6
Ni—O 2.2 2.038 3.7 -7.4
Ni—Ni 6 2.872 —0.010 3.7 —4.7
2 Ni—O 0.71 4.0 1.912 4.7 —-8.2 0.38
Ni—O 2.0 2.059 4.7 —8.2
Ni—Ni 6 2.871 —0.011 4.0 —4.5
1 Ni—O 0.79 4.3 1.931 5.8 -9.9 0.008
Ni—O 1.7 2.106 5.8 -9.9
Ni—Ni 6 2.869 —0.013 4.8 —4.1
K12 3 Ni—O 0.67 4 1.904 4.0 -7.3 17.6
Ni—O 2 2.045 3.3 -7.3
Ni—Ni 6 2.872 —0.010 3.7 —4.7
2 Ni—O 0.71 4 1.912 4.7 —-8.2 0.38
Ni—O 2 2.058 4.9 -8.2
Ni—Ni 6 2.871 —0.011 4.0 —4.5
1 Ni—O 0.79 4 1.927 5.4 -10.0 0.008
Ni—O 2 2.091 7.1 —-10.0
Ni—Ni 6 2.869 —0.013 4.8 —4.1

aN: coordination numberR: coordination distances? mean square relative displacemeAEy: inner potential correctior: k-weighting
exponent. SSR: sum of the square of residuals between experimental and calculated spectra. Fits were performed using theoretical ste
generated from structure for LINKOSR = R(EXAFS) — R(XRD). All fits were refined over thé-range 414 A%,

distribution function. A five-parameter-single-shell fit which  0.0082-0.0114 . These disorders are higher than those for
includes the third cumulant expansion term as a floating S-Ni(OH),, indicating a high degree of structural disorder for
parameter reduces the sum of the square of residuals by a factooi-Ni(OH),. The high degree of structural disorder is not
of 3, and a distance of 3.13 A is obtained; this is the same assurprising in light of the extremely weak intensities of its X-ray
for -Ni(OH),. Thus, the apparent contraction in the-\Wi diffraction peaks and the large degree of hydration.

distance can be explained by using an asymmetric pair distribu-  |iNiO ,. Analysis was made using theoretical standards
tion function to model disorder. Additional improvement in  generated with structure data for NiO and LiNiCBoth models

the qua“ty of the fit is obtained with a SiX-parameter-singIe- y|e|ded the same resu|t3, and hence, 0n|y those based or
shell fit which includes both the third and fourth cumulant structure data for |_|N|@ are summarized in Table 7. Com-
expansion terms. Comparisons of calculated and experimentalparisons of calculated and experimental spectra are shown in
spectra shown in Figure 6 (a, b, and c) indicate the high quality Figures 7 and 8. Due to the low backscattering amplitude of
of the fits. In this case, the sum of the square of residuals is |ithium, contributions from the third coordination sphere, which
reduced by a factor of 4.5 (Table 6), and the-Nii distance i consists of six lithium atoms, were neglected. We have found
again the same as that f6tNi(OH).. The sixth parameter fit,  that a single-shell fit to the filteregh(k) data is not sufficient
however, provides ai%; value which is larger than that for  to model the structure of the first coordination sphere of the
metallic Ni due to the high degree of correlation betw%n Ni—O atom pair, as evidenced by the poor quality of the fit
0,2 and C4. This degree of correlation is reduced with a shown in Figure 7 (a, b, and c). The quality of the fit is
combined fit to they. k) data, which gives a many-body significantly improved with a two-shell fit. In this fit, the sum
amplitude reduction factor of 0.76 forkaweighting of 3 (Figure of the coordination numbers for the two subshells was con-
6d,e,f). Small variations in the value 8 were obtained as a  strained to be equal to 6, and all atoms were assumed to have
function of thek-weighting exponent. The single-shell fit to the same disorder. An optimum fit (see Figure 7d,e,f) was
the filteredy1(k) data and the two-shell fit to the filtered »(k) obtained wheN; andN, were set equal to 4 and 2, respectively,
data give a Ni-O distance of 2.0282.041 A. Thus, the first- yielding distances of 1.91 and 2.05 A. A fit in which the
shell distance foo-Ni(OH), appears to be shorter than that for disorder for each subshell of atoms was used as a floating
B-Ni(OH), by 0.02-0.04 A. Whether the contraction in the parameter yielded disorders that were too small to be physically
Ni—O first-shell distance is real or due to structural disorder meaningful. A single-shell fit to the filteregh(k) data, on the
cannot be established in this case using the cumulant expansiomther hand, is sufficient to analyze the structure of the second
method. The low backscattering amplitude for oxygen atoms coordination sphere. It yielded a distance of 2.88 A, which is
at highk values k > 8 A=) reduces sensitivity to structural  in agreement with distance determined from the X-ray diffrac-
disorder which dominates in the higfregion of the spectrum.  tion data. The single-shell fit to the filtereg(k) gave an%
However, in light of the results for the NiNi shell of atoms, value in the range 0.660.81 fork-weighting exponents from
the apparent NiO distance contraction is most likely due to 3 to 1. The local structure was also obtained from a fit to the
structural disorder and is not real. The-MNi distance of 3.13 filtered y; oK) data. In this case, a three-shell fit with two shells
A is again similar to that obtained from the single-shell fit to accounting for oxygen backscatterers and one shell accounting
the filteredy»(k) data. Despite variations in the value ng for nickel backscatterers was performed. Initially, we assumed
obtained from the various sets of filtered data, variations in the that all oxygen atoms have the same disorder and Nseohd
disorder are small. The NiO first-shell disorder is in the range N, for the two subshells of oxygen atoms as floating parameters,
0.0062-0.0089 &, while that for the second shell is in the range  but with their sum being constrained to be equal toN for
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Figure 7. Experimental filtered data (solid curve) and calculated fit data (dotted curve) for LiNi©c correspond td3y;, imaginary part of FT,
and magnitude of FT, respectively, using a single-shell fit employingQitheoretical standards:-d correspond tdéy1, imaginary part of FT,
and magnitude of FT, respectively, using a two-shell fit employing Mitheoretical standards witk; = 4 andN, = 2.

the nickel backscatterers was set to be equal to 6, as determine@.87 A. Our EXAFS results are consistent with the results of
from the X-ray diffraction data. Results f@weightings of 1, a recent EXAFS study by Rougier, Delmas, and Chadfick
2, and 3 show that the fits converged fdr values around 4  which gives four and two oxygen atoms at 1.91 and 2.09 A,
andN, values around 2 with distances similar to those obtained respectively, and six nickel atoms at 2.87 A, as deduced from
from the two-shell fit to the filteregli (k) data. Next, to examine  EXCURV92 analysis procedure. In this study, the distorted
the validity of the assumption that all oxygen atoms have the octahedral coordination was interpreted in terms of a Jahn
same disorder, we sdi; and N, to be equal to 4 and 2, Teller effect of trivalent nickel in the low spin state. Later in
respectively, and assumed that each subshell of oxygen atomghe text, we provide an alternative mechanism for the local
has a different disorder. It can be seen from estimates of thedistortion based on oxygen holes. The average ®ibond
sum of the square of residuals that the quality of this fit is similar length of 1.96 A (from our EXAFS results) is consistent with
to the one in which the disorder for all oxygen atoms was the average NiO bond length extrapolated far= 0.5 based
assumed to be the same; the results of both fits look acceptableon results of a neutron diffraction study ofNi;—xO for x
Results of this latter fit show that disorders for the two subshells values in the range 0.3%.4 by Pickering et &2 On the basis
of oxygen atoms are roughly the same and are comparable toof the ionic radii of N£, low-spin N#*, and Li* and the neutron
those of the former fit especially fdrweighting exponents of  diffraction results, Pickering et al. concluded that Ni in
2 and 3. LixNi@1-xO is present as R and NP* in proportions varying
The local structure of the first shell of Ni in LiNi©&consists with x. More recently, two Ni-O bond lengths (1.91 and 2.06
of four oxygen atoms at 1.91 A and two oxygen atoms at 2.06 A) which are independent of composition were observed in an
A, which is contrary to XRD results (Table 1). The second EXAFS study of LiNig—xO for x values in the range 0.5
coordination sphere consists of six nickel atoms at distance of 0.4 by Pickering et #? In this study, the data were interpreted
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Figure 8. Experimental filtered data (solid curve) and calculated fit data (dotted curve) for kiNi©c correspond td3y,, imaginary part of FT,
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FT peak) with Ni=Ni theoretical standards.

in terms of two different models. Model 1 assumed that the
holes reside on the Ni atoms, and hence3*NiO%~ (short
distance) and Ni—0?~ (long distance) bonds with proportions
varying with x should be present. Model 2 assumed that the
holes reside on the oxygen atoms, and henc&,-ND~ (short
distance) and Ni—0?~ (long distance) bonds with proportions
changing withx should be present. In this study, model 1 was
marginally favored. According to model 1, far= 0.5 (i.e.,
LiNiO ), only Ni#*—0O?~ bonds should be present, and hence,
only the short Ni-O distance should be observed. Based on
model 2, forx = 0.5 one should observe three?Ni-O~ (short
distance) and three Ki—02~ (long distance) bonds. Assuming

3.9 and the number of long bonds is 2.1; these are in excellent
agreement with our EXAFS results. Our results are thus
consistent with the fact that the charge-compensating mechanisr
largely is due to holes residing on the oxygen atoms rather than
the nickel atoms, in agreement with results based on the O
K-edge spectra. An estimate for the average nickel valency
can be determined from the number ofNi-O?~ bonds, which
gives 2.3. This average valency is less than that estimated on
the basis of edge energies, which is in the range 2589.
Thus, our XANES data (Figure 2) suggest that the edge energy
is sensitive to changes in the electronic structure regardless of

that the density of holes on oxygen is 0.7, as pointed out by whether the holes reside on the nickel or the oxygen atoms since

Kuiper et al.#2 model 2 predicts that the number of2Ni-O~
bonds is 2.1 and the number of 2-O%~ bonds should also

the NP*—O~ bond length is the same as the3N+-O?~ bond
length. Taking into account the number of both thé™NiO2~

be 2.1. Since, the remainder of the holes must reside on theand NF*—O~ gives an effective valency for nickel of 2.7, which

nickel atoms, model 1 predicts that the number of"NiO?~
bonds is 1.8. Accordingly, the total number of short bonds is

is in excellent agreement with estimates based on the edge
energies. It is the distance of the-ND bond that alters the
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TABLE 8: Local Structure Parameters for KNilO ¢

filtered data w X-Y pair S5 N R(A) OR(A) Ac? (103 A2 AE, (eV) SSR
¥1, M1 3 Ni—O 0.74 6 1.879 34 -9.8 375
x1, M2 3 Ni—O 0.73 6 1.878 3.3 -9.8 39.1
x1, M4 3 Ni—O 0.72 6 1.878 3.2 -8.9 36.4
x1, M5 3 Ni—O 0.86 6 1.877 3.8 -95 29.5
2 Ni—O 0.83 6 1.878 35 -9.7 0.61
1 Ni—O 0.81 6 1.875 3.3 —9.4 0.018
¥2 M5 3 Ni— 0.73 3 2.869 0.000 1.8 —6.9 71.4
¥2, M5 3 Ni—I 0.71 3 2.864 —0.005 1.7 —5.4 6.9
Ni—O 6 3.586 4.1 —-13.0
2 Ni—I 0.71 3 2.864 —0.005 1.7 -5.3 0.12
Ni—O 6 3.597 3.8 —-14.0
1 Ni—I 0.68 3 2.865 —0.004 15 —-5.6 0.004
Ni—O 6 3.604 2.8 —14.2
%12 M5 3 Ni—O 0.78 6 1.876 33 -9.0 46.4
Ni—I 3 2.866 —0.003 2.1 —6.0
Ni—O 6 3.556 4.6 —-9.0
2 Ni—O 0.78 6 1.876 3.1 -8.8 1.01
Ni—I 3 2.866 —0.003 2.1 —-6.1
Ni—O 6 3.538 5.3 -8.8
1 Ni—O 0.81 6 1.872 3.2 -8.2 0.026
Ni—I 3 2.870 +0.001 2.4 —6.7
Ni—O 6 3.504 8.0 -8.2

aN: coordination numberRk: coordination distances>. mean square relative displacemehEy: inner potential correctioV: k-weighting
exponent. SSR: sum of the square of residuals between experimental and calculated spectra. Fits were performed using theoretical ste
generated from structure data for NiO (model MANi(OH). (model M2), and KNil@ with structure data from ref 29 (model M4) or refs 27 and
28 (model M5). All fits were refined over thierange 4-14 A1,

edge energy regardless of whether the change in distance is dushould not be the case. Therefore, a fit to fhe(k) data, in

to holes on the nickel or the oxygen atoms. which the inner potential for the third shell of oxygen atoms
KNilO . Analysis was made using theoretical standards was constrained to that for the first shell of oxygen atoms, was
generated from structure data for Ni®Ni(OH),, and KNilGs. made. This fit gives a many-body amplitude reduction factor,

A summary of the results is listed in Table 8. Comparisons of S, of 0.78, which is similar to that obtained for metallic nickel
calculated and experimental spectra are shown in Figure 9. Aand nearly is independent of tikeweighting exponent. The
single-shell fit to the filteredyi(k) data using theoretical  Ni—O first-shell distance was the same as that obtained from
standards generated from structure data for NGENi(OH), the single-shell fit to the filteregh (k) data, and the Nil second-
and KNilGs (ref 29 for KNilOg) yielded essentially the same  shell distance was the same as that obtained from the two-shell
results and the same quality of fits with roughly the same value fit to the filteredy,(k) data. The Ni-O third-shell distance was,
for the sum of the square of residuals. %walue of roughly however, smaller than that obtained from the two-shell fit to
0.73, with only a weak dependence on kaeeighting exponent, the filteredy»(k) data and is now closer to that based on the
was obtained. The quality of the single-shell fit was improved X-ray diffraction data.

when a theoretical standard generated using more recent A summary of local structure parameters obtained from
structure data for KNil@(refs 27 and 28) was used. The more averaging the most reliable results listed in Table§3 shown
recent X-ray diffraction structure data give a-ND distance of in Table 9. In Figure 10, we show the dependence of the first-
1.80 A, which is closer to the true distance than the 2.18 A shell Ni-O bond length on nickel valency. The solid curve is
distance obtained from earlier results (Table 1). Therefore, we 5 guadratic polynomial fit (used here to guide the eye). Clearly,
have adapted the theoretical standards generated using the moste Ni—O bond length decreases with increase in nickel valency
recent structure data for the analysis of the first, second, andin a nonlinear manner. We would like to point out that if one
third coordination spheres. A single-shell fit (Figure 9a,b,c) assumes that all of Ni in LiNi@is present as Ni with a
yielded anS value of 0.86 compared to 0.74 for the other distorted octahedral coordination as proposed by Rougier,
models. Note that the distance remained the same regardles®elmas, and Chadwiékand the average of the short and long
of whether theoretical standards generated from structure datadistances is taken to be characteristic of'Nthen the N-O

for NiO, 5-Ni(OH)., or KNilOg were used. A single-shell fit  bond length decreases linearly with increase in Ni valency, as
to the filteredy2(k) data using Ni-I theoretical standards yielded we have shown in an earlier publicati&h.

a very poor fit. The quality of the fit was improved significantly

when the contribution of the third coordination sphere of oxygen cgnclusions

atoms was included. A reduction in the sum of the square of

residuals by a factor of 10 was obtained. Comparisons of In general, we can make the following remarks. Local
calculated and experimental spectra are shown in Figure 9 (d,structure analysis should always be made at ledst andk3-

e, and f). An§ value of 0.71 was obtained, compared to the weighting. Large variations in local structure parameters (such
value of 0.86 obtained from the fit to the(k) data. The Ni-I as%, N, R, ¢9) as a function of thé-weighting exponent can
second-shell distance of 2.864 A is consistent with the distance point out important structural information. We present here two
determined from X-ray diffraction. The NIO distance for the examples: first, the need for an asymmetric distribution function
third shell of oxygen atoms of 3.60 A is, however, significantly instead of a Gaussian distribution function to model disorder
larger than that based on the X-ray diffraction data. Note that as is the case for the NNi contribution ina-Ni(OH),; second,

the inner potential for the third shell of oxygen atoms differs the need to include the contribution of the third shell of oxygen
significantly from that for the first shell of oxygen atoms, which atoms in addition to the NiNi and Ni—I when analyzing the
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Figure 9. Experimental filtered data (solid curve) and calculated fit data (dotted curve) for KNBOSc correspond td3y;(k), imaginary part of
FT, and magnitude of FT, respectively, using one shell of ®j d—f correspond tdcy,, imaginary part of FT, and magnitude of FT, respectively,
using one shell of Ni-l and one shell of Ni-O; g, h, and f correspond tc1 ., imaginary part of FT, and magnitude of FT, respectively, using
two shells of Ni-O and one shell of Nil.

TABLE 9: Summary of Local Structure Data for Various Nickel Compounds Obtained by Averaging Most Reliable Results
Listed in Tables 3—8. The Errors Quoted Are the “n—1" Standard DeviationCompound

compound X-Y pair g N R A OR A 02, 103 A2 Cs, 104 A3 Cas, 105 A4
Ni Ni—Ni 0.77+0.02 12 2.47%9 0.001 —0.013 5.4+ 0.2
NiO Ni—O 0.78+0.14 6 2.074+ 0.003 —0.015 35+1.1

Ni—Ni 12 2.949+ 0.005 —0.005 5.6+ 0.8

Ni—O 8 3.609+ 0.008 —0.008 9.7+ 44 24.1+ 10.3 11.5+9.1
B-Ni(OH), Ni—O 0.764+ 0.07 6 2.063+ 0.005 —0.010 4.9+ 0.5

Ni—Ni 6 3.128+ 0.002 +0.002 6.2+ 0.5
a-Ni(OH), Ni—O 0.80+ 0.14 6 2.03A 0.004 6.5+ 0.3

Ni—Ni 6 3.133+ 0.000 13.3+ 2.6 4.5+ 0.1 9.8+ 3.9
LiNiO» Ni—O 0.71+ 0.07 4 1.914+ 0.010 4.5+ 0.8

Ni—O 2 2.061+ 0.021 4.8+ 1.7

Ni—Ni 6 2.873+ 0.004 —0.005 4.2+ 0.6
KNilOg Ni—O 0.77+ 0.06 6 1.876+ 0.002 3.4+ 0.3

Ni—I 3 2.866+ 0.002 —0.003 1.9+-0.4

Ni—O 6 3.564+4 0.039 4.8+1.8

second peak in the Fourier transforms of NiO and KNjIO  § ando? Most reliable results were obtained when analysis

respectively. This is an important result that shows that the was made on combined contributions of two or three shells
second peak in the Fourier transforms of NiO and KNitloes rather than a single-shell contribution. Our results indicate that
not represent a smgle-_s_hell contribution an_d, henqe, should noty o inner potential parameter depends very weakly on the type
be used to extract empirical standards for-Ni and Ni—I atom of backscattering atoms (such as oxygen vs nickel). In most

pairs. The effect of theoretical standards generated using ) . g .
different structure models (such as NiOAANi(OH),) on local cases, at least for nickel oxides, one inner potential parameter
is sufficient for analyzing all shells. It is also reasonable to

structure parameters is very weak. The-ii and Ni-Ni bond : - )
lengths are almost invariant when different structure models are 8SSUme that the many-body amplitude 'reductlon factor Is shell
used. The greatest variations were observed in the values ofindependent. Arg of 0.77 & 0.03 for Ni K-edge absorption
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