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An EXAFS study of lithium-intercalated NiPS, has been performed at the nickel K edge for various
lithium contents. The large modifications of EXAFS spectra in the intercalates can be related to the
displacement of reduced nickel atoms from their initial octahedral sulfur sites to tetrahedral ones
within the slab. The results are discussed in comparison with previous physical measurements. Hy-

potheses for the reduction process and the induced structural modifications are proposed.
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I. Introduction

The lamellar thiophosphates MPS; (M:
transition metal in oxidation state II) can be
considered as substituted disulfides TS, in
which one third of the transition metal at-
oms is replaced by phosphorus—phos-
phorus pairs in octahedral sulfur sites (I).
Like the well-known lamellar disulfide
TiS,, some MPS; compounds, especially
NiPS; and FePS;, have been extensively
studied during the last 10 years for their
ability to reversibly interacalate lithium (2—
4). However, if we consider this intercala-
tion, the thiophosphate behavior is very dif-
ferent from that of TiS,. In effect, no
noticeable modification of X-ray powder
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diffraction patterns has been observed in
lithium-intercalated phases Li,MPS; for
x < 1.5, whereas TiS, shows continuous
parameter variations corresponding to a
cell volume expansion. Structural consider-
ations could explain the absence of expan-
sion of the van der Waals gap due to its
initial large size (5). Because the transition
metal has such a low oxidation state, many
experiments have been performed in order
to determine the redox center in the
thiophosphates. *'P NMR (6) and “Fe
Mossbauer (7) spectroscopies have shown
that the transition metal atom is reduced at
the oxidation state zero, when MPS; (M =
Fe, Ni) intercalates lithium which has been
confirmed by the band structure calcula-
tions (8). This intercalation follows a micro-
biphased process. The reduction of the
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transition metal must necessarily be accom-
panied by a local expansion of the sites re-
lated to the size increase of this cation. In
order to observe the local structural modifi-
cations induced by lithium intercalation in
the MPS; compounds (M = Ni and Fe),
EXAFS experiments were performed at the
transition metal K edge. This technique is
well known to be powerful in observing
such modifications and has already been
used for the substituted—intercalated MPS,
phases (9, 10). Preliminary results were
briefly given in a previous paper (/1). We
describe here a complete and detailed study
on lithium-intercalated phases of nickel
thiophosphate and discuss the experimental
results taking into account the previous
physical results. A parallel study made on
the iron derivatives will be published else-
where.

II. Materials, Data Acquisition,
and Analysis

Pure NiPS; has been obtained by heating
the elements in stoichiometric proportions
at 700°C in evacuated silica tubes. Using
the butyllithium technique (12) NiPS; was
intercalated as powders (diameter < 0.1
mm) at various compositions of Li,NiPS;
with x = 0.30, 0.55, 0.90, 1.22 and 1.49. The
latter phase was deintercalated at the com-
position Li, ;;NiPS; using an iodine solution
in acetonitrile and reintercalated at the
composition Li; 4 NiPS; in order to observe
the reversibility of the phenomenon. The
lithium content was determined by atomic
absorption spectroscopy. Because of their
very high air sensitivity, the intercalated
compounds had to be handled in an inert
atmosphere. Due to this reactivity to mois-
ture and in order to obtain a good and re-
producible signal/noise ratio in the EXAFS
experiments, the powders were mixed with
dry boron nitride in suitable proportions
(about 1/3 for NiPS;/BN in weight) and put
between two adhesive Kapton tapes in a
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void (5 X 30 mm?) hollowed in a 1-mm-thick
aluminum plate.

The X-ray absorption data of these pow-
dered samples were recorded at room tem-
perature at the nickel K edge between 8150
and 9150 eV using the synchrotron radia-
tion emitted by the DCI storage ring at
LURE. The monochromator was a Si (331)
double crystal allowing harmonic rejection.

The EXAFS spectra were analyzed using
a well-known procedure. The preedge ab-
sorption was fitted by a Victoreen expres-
sion extrapolated beyond the edge. The
atomic absorption coefficient was approxi-
mated by a second degree polynomial ex-
pression and the remaining long wavelength
oscillations removed by a multi-iteration
curve smoothing. The Hanning window
was applied to the &3y (k) weighted data be-
fore Fourier transforming extended from 50
to 700 eV. The origin of the energies E, was
taken at half of the edge jump found at 8332
eVv.

The backtransformed contribution of
each of the various shells has been ana-
lyzed through the classical EXAFS for-
mula, expressed with the notation

N
x(k) = =D, =% exp(—20%?)
3 kR X

- exp(=2y,Ri/k) * |fi(w, k)|sin(2kR; + ¢;)

with ¢; = 28 + ;(k), where 8, ;, and |fj(m,
k)| are respectively the central atom phase
shift and the phase and the amplitude of the
backscattering atom, o is the Debye—~
Waller-like factor, and vy is related to the
mean free path of the photoelectron. In or-
der to model the experimental spectra, we
used theoretical amplitude and phase shifts
obtained by Teo and Lee from ab initio cal-
culations (13). o and vy values were deter-
mined using the starting compound NiPS,
as a model. Calculations performed on the
first coordination shell using experimental
amplitude and phase shifts extracted from
the EXAFS of NiPS; gave very comparable
results.
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Previous structural determination per-
formed by single crystal X-ray diffraction
of NiPS; (I1b) shows an octahedral sulfur
coordination of nickel atoms wtih an aver-
age nickel-sulfur distance of 2.463(5) A.
The second coordination shell of nickel
contains three nickel atoms at 3.357 A and
six phosphorus atoms at 3.524 A.

HI. Results

Figure 1 compares the moduli of the
Fourier transforms of EXAFS spectra for
the studied compositions in the LiNiPS;
system. The first peak observed in NiPS,
corresponds to the octahedral sulfur envi-
ronment of nickel atoms. When lithium is
intercalated, a new peak appears at a
shorter distance. Its intensity increases
with lithium content at the expense of the
starting peak. At the same time the inten-
sity of the second peak of NiPS; decreases
regularly and moves to longer distance.
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Fic. 1. Moduli of the Fourier transforms of the
k3x (k) data at the Ni K edge for various compositions
in the Li,NiPS; system (0 = x < 1.5) (uncorrected for

phase shift). D and R correspond respectively to the
deintercalated and reintercalated phases.
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A. Analysis of the First
Coordination Shell

The occurrence of the short distance cor-
responding to the new peak in the Fourier
transform moduli must be interpreted as a
modification of the nickel environment, ex-
cluding an undesirable appearance of oxy-
gen atoms to which correspond shorter
bond distances of about 2 A as found in the
gel of amorphous NiPS; (/4). The most
probable hypothesis to consider is that of a
migration of nickel atoms into tetrahedral
sulfur sites. In effect the hypothesis of an
off-centered position of the nickel atoms in
the octahedral sites would correspond to
the observation of a doublet at shorter and
longer distances. Therefore the EXAFS
spectra corresponding to the first coordina-
tion shell were fitted taking into account
tetrahedral and octahedral sulfur environ-
ment for the nickel atoms. Values of y and
o for octahedra were calculated from the
known NiPS; to respectively 1.74 A-! and
0.10 A. A preliminary fit on the richer inter-
calated phase Li,; 4,NiPS; gave the value of
0.10 A for o and a tetrahedral site. It is
evident that the most important parameter
variation in this case is the number of sulfur
atoms corresponding to each type of site.
Unfortunately, it is well known that this pa-
rameter is obtained by EXAFS with a
rather low accuracy, usually between 10
and 20%. Furthermore, this value is
strongly correlated with that of o. In order
to improve the accuracy and to obtain co-
herent results for all the series, we choose
in the fits to keep o at the above value (0.10
A), v being kept at 1.74 A-1.

The results obtained in these fits are sum-
marized in the Table I and a comparison
between experimental and calculated sig-
nals can be found on Fig. 2. The Ni-S dis-
tances R1 and R?2 are fairly constant for all
the series, in consistency with the previ-
ously observed microbiphased process.
These values fit well, for the octahedral site
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TABLE I

RESULTS OF THE FITS FOR THE FIRST NICKEL
COORDINATION SHELL

xin Li;NiPS; N1 R1(A) N2 R2A) AE,eV) r% X1 X2
0.00 0.1 230 59 244 132 024 0.02 098
0.30 0.7 230 42 245 13.8 0.2t 0.17 0.70
0.55 1.1 227 3.0 244 150  0.40 0.28 0.50
0.90 19 228 1.7 245 168 241 047 028
1.22 24 228 10 244 178 235 0.60 0.17
1.49 28 228 0.1 245 167 170 070 0.02
0.37D 12 229 33 245 13.6  0.29 030 0.55
1.47R 3.0 229 02 244 183 192 075 0.03

Note. N and R represent respectively the number of sulfur atoms and
the Ni—S distances. 1 and 2 refer respectively to tetrahedral and octahe-
dral environment. X1 and X2 are the fraction of nickel atoms in each type
of site (X1 = N1/4 and X2 = N2/6). AE, and r represent the edge
variation and the reliability factor of the fit.

(dNi-Sop, = 2.45 A) with the value calcu-
lated by X-ray structural determination
(2.463 A), and for the tetrahedral one (dNi-
Sta = 2.28 A) with the value encountered
for tetrahedral nickel coordination, as, for
example, in Ta,NiSs (2.25 A) (I5). The E,
variation is small but quite regular and must
correspond to the new coordination and ox-
idation state of nickel. As it is suggested by
the variations observed on Fig. 1, the val-
ues of N1 which represents the number of
sulfur atoms forming a tetrahedral coordi-
nation increase with x. At the same time
N2, which corresponds to octahedra, de-
creases. In order to have a more realistic
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point of view, we have calculated the X1
and X2 values which represent the fraction
of nickel atoms respectively in tetrahedral
and octahedral sulfur environment, simply
dividing N1 by four and N2 by six. We will
discuss later the X1 + X2 values lower
than 1.

B. Analysis of the Second
Coordination Shell

If we consider the spectra on Fig. 1, the
only noticeable modification of the second
contributions which appear around 3 A in
the different moduli concerns the intensity,
but neither the shape (no stretch of thin
peak is observed) nor the position of the
peak. Thus the fits were performed taking
into account the nickel and phosphorus en-
vironment of the absorbing nickel atom. As
above, the EXAFS spectrum of the starting
compound NiPS; allowed us to determine
the two values of o and vy, respectively,
0.102 A and 0.087 A for oy and op, and
1.705 A~ for y. These terms were kept con-
stant in the fits for all the series. Figure 2
contains an example of comparison be-
tween experimental and calculated signals.
Table II summarizes the results of the fits
obtained by varying the numbers of nickel
and phosphorus atoms, the nickel-nickel
and nickel-phosphorus distances, and the
edge energy E,. The values of the inter-
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Fi1G. 2. Some fits between experimental (dots) and calculated (solid lines) signals at the nickel edge.
(a) First coordination shell for Li, NiPS;. (b) Second coordination shell for Li, ,;NiPS, reintercalated

phase.
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TABLE 11

OUVRARD ET AL.

RESULTS OF THE FITS FOR THE SECOND NICKEL

COORDINATION SHELL

xin Li,NiPS; Ny; DI(A) Np D2A) AE(eV) r%) Y1 12
0.00 3.0 329 6.1 3.53 46 018 1.00 1.02
0.30 25 329 45 3.54 42 022 083 075
0.55 1.6 329 42 31.53 43 040 053 070
0.90 13 328 31 352 21 080 0.43 0.52
.22 06 328 25 352 20 096 020 0.42
1.49 0.5 327 20 3.54 39 043 0.17 033
037D 1.2 327 42 353 24 029 040 0.70
L&7R 62 328 19 353 19 207 007 0.32

Note. Ny; and Np represent the numbers of nicke! and phosphorus
atoms surrounding absorbing nickel. D1 and D2 are the Ni-Ni and Ni-P
distances. ¥1and Y2 are the fractions of nickel atoms keeping the start-
ing environment deduced respectively from Ny; and Np (Y1 = Ny/3 and
Y2 = Np/6). AE, and r represent the edge variation and the reliability
factor of the fit.

atomic distances do not vary in the series
and are consistent with those obtained by
X-ray diffraction (3.28 A and 3.35 A for Ni-
Ni, 3.53 A and 3.52 A for Ni-P). As above,
from the fitted numbers of nickel and phos-
phorus atoms, the fraction of nickel atoms
keeping the pristine environment was cal-
culated by dividing respectively Ny; and Np
by three and six. The corresponding values
Y1 and Y2 are gathered in Table II.

IV. Discussion

Successively we will consider the results
obtained by EXAFS in terms of local struc-
tural modifications and, taking into account
the previous results obtained by physical
experiments on these intercalated phases,
we will try to structurally describe the in-
tercalation process.

A. Modification of the Close
Nickel Environment

In Fig. 3, the values of X1 and X2 (Table
I) corresponding to the fractions of nickel
atoms respectively in tetrahedral and octa-
hedral environments versus x in Li NiPS;
are marked. They can be compared with
two lines of slope 1 (full line) and —1 (dotted
line) representing the variations of the num-

bers of reduced and unreduced nickel at-
oms in the hypothetical intercalation reac-
tion,

x Li + NiHPS3 i LiiNig/zNi%]_x/zps_’;,

or, if we consider that the intercalation
process is microscopically biphased be-
tween the starting compound NiPS; and a
completely reduced phase Li,NiPS;,

x Li + NillPS; — x/2 Li{Ni'PS;
+ (1 — x/2) Nil'PS;.

We can observe that the X1 values (Fig.
3, solid circles) fit remarkably well with the
solid line indicating that the nickel atoms
reduced by lithium intercalation move from
their initial octahedral sites to tetrahedral
ones. This behavior, although unexpected
if we consider previous results, is not really
surprising since, in the literature (16), all
the solid state chemistry examples of nickel
in the oxidation state zero are found in the
tetrahedral environment {only for com-
plexes like Ni(CO),, Ni(PF;)4, Ni(CNR),).
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FiG. 3. Fitted fractions of nickel atoms in tetrahedral
(X1) and octahedral (X2) sulfur sites. The solid line
and the dotted line represent respectively the fraction
of reduced and unreduced nickel atoms for the hypoth-
esis of a regular reduction from the oxidation state two
to zero. The broken line corresponds to another hy-
pothesis with a slope (i) —1 for x < 0.5 and (ii) —3 for
x > 0.5. The circled values correspond to the deinter-
calcated and reintercalated phases.
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From the known structure of NiPS;, the
distance between the center of a tetrahe-
dron and its corners can be estimated at
2.19 A in the van der Waals gap and 2.15 A
in the slab. The nickel-sulfur fitted distance
(2.28 10\) corresponds to a volume expan-
sion of tetrahedral sites of about 15%. It is
surprising that such a meodification has
never been detected on X-ray diffraction
powder patterns. However, this may be
compensated by an expected shrinking of
the adjacent octahedron left by the migrant
nickel.

If we consider now the X2 values on Fig.
3 (stars), it can be observed that they do not
follow the dotted line, but are always situ-
ated below this theoretical line, corre-
sponding to an apparent deficiency of
nickel atoms in octahedral sites. Such a defi-
ciency has no physical meaning, as EXAFS
refers always to the environment of one
atom, and must be explained either by an
unsuited treatment of EXAFS spectra or a
more complex structural situation.

The first hypothesis would correspond to
a modification of the o value for the nickel
atoms in octahedral environment. An in-
crease of the o value in the sulfur octahe-
dra, characteristic either of a site distortion
or of a slight off-centered new position of
nickel atoms, would result in a reduction of
the corresponding EXAFS spectrum. As
we chose to keep the Debye—Waller terms
constant in the fits, such a reduction would
give lower than expected values for the
number of sulfur atoms. In order to test this
hypothesis, new fits were performed vary-
ing all the parameters except y. As pointed
out above, this procedure gives rather er-
ratic N and o values, but a Debye—Waller
term greater than 0.10 A (value choosen for
the first fits) has never been observed for
all the series. Moreover, this hypothesis,
which would correspond to a local modifi-
cation of the starting phase, is not consis-
tent with a biphased process.

To explain the apparent deficiency of
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FiG. 4. Simulated EXAFS spectra for one sulfur
atom (broken line) and one nickel atom (solid line)
surrounding absorbing nickel at a distance of 2.46 A.

nickel atoms in octahedral sites, the second
possibility takes into account a first coordi-
nation shell of nickel atoms more complex
than the one considered in the fits. Figure 4
shows, for example, that the EXAFS sig-
nals of sulfur and nickel backscatterers are
almost in phase opposition, especially for
E > 200 eV. If the displacement of the re-
duced nickel aioms is such as to form
biatomic entities at a suitable distance, it
would correspond to a strong decrease of
the signal attributed to the nickel-sulfur oc-
tahedral environment. We will see later, in
general structural considerations, that this
environment may be probably still more
complex.

The point corresponding to the X1 value
of the deintercalated phase (Fig. 3) is situ-
ated slightly but significantly above the
solid line indicating that, upon deintercala-
tion, a part of reoxidized nickel atoms keep
their tetrahedral environment. Thus the
lithium intercalation process in NiPS; is not
completely reversible and the formation of
a ‘‘tetrahedral”” phase could explain the
forming process observed in the function-
ing of the lithium cells built with this mate-
rial. The X2 value for this deintercalated
phase is consistent with the one obtained at
the first intercalation. At the same time, the
results obtained for the richer intercalated
phases (x = 1.49 and x = 1.47) at the first
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and the second intercalation are very close.
This fairly good reversibility confirms defi-
nitely that the thiophosphate is not de-
stroyed by lithium intercalation.

In Fig. 5, Y1 and Y2 values extracted
from Table II can be compared with the the-
oretical line of slope —% which represents,
in the above intercalation reaction, the
number of unreduced nickel atoms. The
good fit between the calculated values and
the theoretical line shows that the reduced
nickel atoms, in their new position, have no
more atoms at the initial distances, namely
in the 3.30-3.60 A range. This result allows
the conclusion that the nickel migration
takes place in the slab and not in the van
der Waals gap. In effect, in this last hypoth-
esis, the nickel atoms would have, as sec-
ond neighbors, one phosphorus atom at
3.29 A and three phosphorus atoms at 3.69
A. The regular decrease of Y2 (number of
phosphorus atoms divided by six) following
a1 — x/2 law rules out such an hypothesis.
The Y1 and Y2 values of deintercalated and
reintercalated phases are in agreement with
those obtained in the first intercalation ex-

V1(o)1 Y2(%)
1 F1
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FiG. 5. Fitted fraction of nickel atoms keeping the
initial second coordination shell calculated either from
the numer of atoms of nickel (Y1) or phosphorus (Y2).
The solid line represents the number of unreduced
nickel atoms in the first hypothesis. The circled values
correnpond to the deintercalated and reintercalated
phases.
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cept Y1 for the deintercalated compound.
Its low value is consistent with the above
consideration where a part of reoxidized
nickel atoms keep their tetrahedral environ-
ment and do not contribute to the second
coordination shell as they were doing in the
starting compound.

B. Global Structure of the
Intercalated Phase(s)

From the EXAFS study, we can con-
clude undoubtedly that when lithium is in-
tercalated in the lamellar structure of
NiPS;, the reduced nickel atoms move
from their initial octahedral sites to tetrahe-
dral ones in the siab. From this new and
unexpected result, it is interesting to rein-
vestigate the previous results obtained by
magnetic susceptibility measurements and
3P NMR spectroscopy to try to determine
and explain the structural and electronic
nature of the reduced materials. Consider-
ing that the lithium can be put in NiPS; and
taken out, we may assume that the initial
structure of NiPS; is globally maintained
but locally modified by the intercalated lith-
ium and the motions of the nickel atoms. In
other words we assume that the (P,S¢)*~ ar-
rangement which characterizes the com-
pound framework remains the same. The
3P NMR experiments (6) detect, only for
lithium content greater than 0.5 mole per
mole of NiPS;, the occurrence of a
diamagnetic phase that can be explained by
the occurrence of atoms at the oxidation
state zero. At the same time, the magnetic
susceptibility measurements (/7) confirm
this hypothesis through the observation of a
regular decrease of the room temperature
susceptibility. These results led us in par-
ticular to determine the formation of the
completely reduced intercalated phase
Li,NiPS;, but asked the question of the re-
dox process at the beginning of the interca-
lation (0 < x < 0.5 for which no apparent
change is seen on *'P NMR spectra).

A projection of a NiPS; slab structure
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F16. 6. (A) Projection of a slab perpendicularly to
the ab plane in the monoclinic cell of NiPS,. The ar-
rows indicate a possible migration for the reduced
nickel atoms. (B) Hypothetical structure of the com-
pletely reduced Li,NiPS, phase resulting from the mi-
gration of A.

perpendicularly to the ab monoclinic plane
is represented in Fig. 6A. A given nickel
atom in an octahedral site has six adjacent
tetrahedra in the slab for a possible migra-
tion. We can observe that all these tetrahe-
dra are also adjacent to an octahedron con-
taining a phosphorus—phosphorus pair.
Thus, when nickel moves into a tetrahe-
dron, it comes closer to the phosphorus
atoms. Calculations performed for an un-
modified NiPS; anionic structure give
nickel-phosphorus distances of 1.95 and
2.55 A. Therefore it is very important to
note that the first coordination shell con-
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tains at least four different atoms. It is well
known that it is impossible to fit EXAFS
spectra with so many parameters. Further-
more, it is very difficult to similate the influ-
ence of these phosphorus atoms, as the ac-
tual nickel-phosphorus distances are not
known. Nevertheless it is possible to put
forward two main different hypotheses for
the structure of the reduced phase(s).

The first one takes into account a regular
increasing deficiency of X2 values as com-
pared to the theoretical dotted line in Fig. 3.
Such a variation can be explained by the
occurrence of biatomic nickel-nickel enti-
ties when nickel atoms move in tetrahedral
sites. In effect, in a perfectly regular com-
pact stacking, the distance between the
center of an octahedron and its corners is
exactly equal to the distance between the
centers of two adjacent tetrahedra. As seen
above (Fig. 4), the nickel and sulfur back-
scattering phases are almost exactly in
phase opposition and the occupation, by re-
duced nickel atoms, of adjacent tetrahedra,
sharing an edge, gives nickel-nickel dis-
tances equal to nickel-sulfur distance in oc-
tahedra in NiPS,. The formation of such
groups explains well the apparent defi-
ciency of the proportion of nickel atoms in
octahedra and its increase with lithium con-
tent. This hyphothesis sustains a biphased
reduction process between the starting
compount NiPS; and the completely re-
duced phase Li,NiPS; where nickel atoms,
at the oxidation state zero, occupy, two by
two, adjacent tetrahedra. It must be men-
tioned that the formation of such biatomic
entities is sustained by the variation of the
number of nickel atoms surrounding ab-
sorbing nickel in the second coordination
shell. In effect, we have seen that all the
reduced nickel atoms have lost all neigh-
bors at a distance of about 3.4 A and it is
impossible for these atoms to occupy the
tetrahedra in the gap at distances very dif-
ferent of 3.4 A without forming biatomic
groups. Figure 6A shows a possible coordi-
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nated migration of nickel atoms (arrows)
and the hypothetical resulting structure of
the Li;)NiPS, phase is represented on Fig.
6B. This hypothetical structure maintains
the initial frame of NiPS; with the space
group C2/m explaining why no extra dif-
fraction lines appear in powder X-ray dif-
fraction experiments. It corresponds to the
formation of cationic lines along the a pa-
rameter with successively a P, pair in an
octahedron, two Ni atoms in two adjacent
tetrahedra, one P, pair in an octahedron,
and so on. Theoretical X-ray powder dif-
fraction patterns were calculated using the
Lazy pulverix program (/8) for this hypo-
thetical structure and others where Ni at-
oms occupy always two by two adjacent
tetrahedra in the slab. These patterns differ
largely from one hypothesis to another one
and show always large modifications versus
the NiPS; one (occurrence for example of a
line around d = 5 A corresponding to 020 or
110 indices). As stated above, such modifi-
cations have never been observed. This
phenomenon probably is to be related to the
microbiphased intercalation process with
grain size lower than the X-ray diffraction
correlation length. In effect, ESR measure-
ments performed on the parent compound
FePS; (19) allowed the estimation of the
number of unit cells containing the reduced
transition metal. Twenty-five and 200 cells
were found respectively for x = 0.5and x =
1.1.

Octahedral empty sites, previously occu-
pied by Ni atoms, are available for an occu-
pation by intercalated lithium atoms, or
their migration. This intercalation scheme
is not completely satisfactory as it does not
explain why the NMR and magnetic sus-
ceptibility measurements detect the
diamagnetic phase only for lithium content
greater than 0.5 instead of a continuous
process from the very beginning as sug-
gested by the EXAFS results.

The second hypothesis is based on a
slightly different variation of X2, following,
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forx < 0.5,alawin —x and, for x > 0.5, a
law in —x/2 (represented by the broken line
on Fig. 3). Such a variation, with a break
for the composition Liy sNiPS;, is very sat-
isfactory if compared with the NMR and
magnetic susceptibility results. It supposes
that the intercalation process is mono-
phased for x < 0.5 and, after this composi-
tion, biphased between LiysNiPS; and
Li,NiPS; phases (although this latter can-
not be reached for the whole sample). As
mentioned above, the results obtained for
the second coordination shell evidence the
formation of biatomic nickel entities, con-
firming the final term of the intercalation:
Li,NiPS;. The main difference concerns
the beginning of the intercalation, where a
phase, containing nickel atoms in tetrahe-
dral and octahedral sites, must be consid-
ered. In such a phase, the distance between
a given nickel atom in a tetrahedron and
another one in an adjacent octahedron is
exactly equal to the nickel-sulfur distance
in a tetrahedron NiS,, as far as a perfect
compact stacking is considered. The above
argument about the nickel and sulfur back-
scattering phases led us to consider a deficit
in the number of nickel atoms in tetrahedral
sites. The variation of X1 in x/2 would be
an accident and would correspond in fact to
a variation in x reduced by adjacent posi-
tion of reduced nickel atoms in tetrahedra
and the others in octahedra. The intermedi-
ate phase Liy sNiPS; would then correspond
to the following reduction process (for x <
0.5),

x Li + Ni"PS3 — Li;Ni;Ni{",PSs,

in order to fit with the observed variation of
the proportion of nickel atoms in octahedral
environment following a law in 1 — x. This
intercalated phase where nickel is reduced
at the oxidation state I is not diamagnetic
and can explain why no diamagnetic phase
has been detected before the composition
Liy sNiPS;. From a structural point of view,
this process agrees well with the supposed
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early lithium intercalation in 2d octahedral
sites of the van der Waals gap. These sites
are ordered and are completely full at the
composition LiysNiPS;. For lithium con-
tent greater than 0.5 the Nipg—Nigy groups
would progressively disappear to the bene-
fit of Niry—Niyq ones, corresponding then to
an apparent deficit of nickel atoms in the
octahedra. This second hypothesis fits bet-
ter than the first one with the previous
physical measurements but it supposes that
the so nice variation of X1 following a law
in x/2 is in fact an accident.

It is impossible to explain completely the
intercalation process by this EXAFS study.
In effect, mainly depending on the variation
of X1 and X2 versus x in Li NiPS;, two
hypotheses can be supported. The values of
N1 and N2, which give X1 and X2, were
fitted very carefully but it is well known
that their accuracy is usually not very good.
Moreover, in order to confirm, or not, the
break at x = 0.5, which makes the differ-
ence between the two hypotheses, it would
be interesting to perform the EXAFS study
for a greater number of different composi-
tions. In the same manner, a study of a
wide range of deintercalated phases would
be very fruitful. It is however difficult to
prepare chemically a great number of dif-
ferent phases, especially the deintercalated
one, for different intercalation ratios. That
is the reason why we have undertaken the
design of an electrochemical cell on which
EXAFS spectroscopy could be performed
in situ. It could then be possible to obtain
very quickly, on the same sample, many
accurate compositions for either interca-
lated or deintercalated samples and not
only at the first cycle.

Y. Conclusion

The EXAFS study of lithium-intercalated
phases of the lamellar thiophosphate NiPS;3
gave a new insight on the intercalation pro-
cess. A structural rearrangement has been
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observed during this reaction, correspond-
ing to a migration of the reduced nickel at-
oms from their initial octahedral sulfur sites
to tetrahedral ones in the slab. This behav-
ior may explain the forming observed in cy-
cling the electrochemical cells using this
intercalation and may be thought to partici-
pate to the gradual amorphization of the
thiophosphate. This correponds to the for-
mation of a new phase NiPS; containing a
fraction of nickel atoms tetrahedrally coor-
dinated. Such a phase can be related to the
amorphous form a-NiPS; (20), obtained by
a coprecipitation reaction at room tempera-
ture, where some nickel atoms may occupy
tetrahedral sites.

Unfortunately, it is impossible from this
study to describe completely the lithium in-
tercalation process in NiPS,, taking into ac-
count the previous physical results. The ob-
served nickel motion must induce some
modifications in the intensities of the X-ray
diffraction lines. A structural study is cur-
rently underway to determine the nature of
such changes. In order to ensure precision
of the above results, an EXAFS study will
be performed in situ in an electrochemical
cell, expecting to obtain a large number of
compositions in the Li,NiPS; system either
at the intercalation or the deintercalation
stage.
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