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Summary

On the basis of FePS; and NiPS; band structure, it has been demon-
strated that electron donation corresponding to lithium intercalation in
these layered structures has to take place on low-lying, partially-filled,
3d-block bands. Past 3P NMR studies on the Li,NiPS; have been reassessed
and are shown to be quite consistent with nickel reduction. Md&ssbauer
spectroscopy studies suggest the occurrence of highly reduced iron sites
with unusual characteristics.

Introduction

Transition metal phosphorus trisulfides (MPS; with M = first row tran-
sition metal) are interesting phases because of their quasi-two-dimensional
properties and their potential application as cathode materials in lithium
batteries [1, 2]. It has been shown in many instances that the MPS; com-
pounds are oxidizing materials and that electron donors (lithium, metal-
locenes, . ..) can reduce them, the guest species being intercalated in the
MPS; host lattice as a cation [3, 4]. The MPS; phases can be considered as
metal and phosphorus double sulfides, but because of their room tempera-
ture cationic exchange abilities [5, 6], they can also be viewed as salts of
M?* and (P,S¢)*™ ions. Thus, in a slab, each M?* ion is surrounded by three
(P,S¢)*~ anions, as depicted in Fig. 1, and with two S atoms from each
(P,S¢)*™, every M?* cation is octahedrally coordinated by six S atoms. Since
the host structure is reduced upon lithium intercalation, the nature of the
reduction sites, i.e., low-lying empty levels of the MPS; that accept the elec-
trons, is raised.

Because no clear picture had emerged concerning the identification of
the oxidizing centres in the MPS; compounds, and in spite of a certain num-
ber of experiments, Whangbo [7] and Mercier [8] carried out tight binding

0378-7753/87/$3.50 © Elsevier Sequoia/Printed in The Netherlands



AL
e o L

Fig. 1. Schematic projection of MPS; slab structure showing (P,S¢)*™ and M** ionic
distribution.

band calculations. After a brief review of FePS; and NiPS; band structures,
a reassessment of past 3!P NMR results shows good agreement with cationic
reduction in the Li,NiPS; intercalates. Recent Mossbauer spectroscopy
studies on Li,FePSj series confirm the role of the transition metal as the
oxidizing centre, the reduced iron exhibiting an unexpected isomer shift
value.

Band structure of FePS; and NiPS;

Figure 2(a) shows the total density of states of an FePS; slab calcu-
lated by employing the special k-point method [7]}. Orbital component anal-
ysis of that density indicates that:

E(eV)\ FePSq
144
[m— }
‘? » E g P’”;-S
=
4T )
}«— D 4S+4P
‘1/;
£ v)é NiPS 5
-6 € ;
-12eV -101\ )
_> c B —
A 125
_164
<W 14’%
{272z
-26
(a) N(E) (b)

Fig. 2. (a) Total density of state of FePS;. (b) Density of states of NiPS; (only low lying
bands are represented), from ref. 8.
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(i) peak A, largely sulfur 3p orbital in character, is identified as the
valence band of (P,S¢)*~ ions;

(ii) peak B is largely composed of metal 3d orbitals and considered as
the t,, sub-band;

(iii) peak C, in which sulfur 3p orbital character is nearly as large as
the metal 3d contribution, is assigned as the e, sub-band;

(iv) at higher energy, the major orbital components of the D peaks are
metal 4s and 4p orbitals, while those of the E peaks are associated with the
o*p_p and 0*p_g orbitals of (P,S¢)* ions; and

(v) the density of states peaks that occur in the energy region below
peak A are largely associated with the 3s orbitals of sulfur and phosphorus.

It is clear from Fig. 2(a) that the metal 3d-block bands (B and C),
which are partially filled with high-spin d® ions, must be responsible for
the electron-acceptor capability.

The low lying density of state bands of NiPS; are shown in Fig. 2(b).
The component analysis shows that:

(i) peak A is identified as the valence band of (P,S¢)* ™ ions;

(ii) peak B is considered as the t,, sub-band, above which a small peak
is a bonding contribution of the P-P type; all these bands are filled, the B
one corresponding to t,,° configurations; and

(iii) at higher energy, peak C is assigned to sub-band e, and is thus the
first, low lying, partially-filled level (d® ion).

As pointed out for FePS,, the accepting levels in NiPS; for electron
reduction are constituted by the Ni?** d orbitals. In both cases, intercalation
of reducing species must, hence, lead to the transition metal in a highly re-
duced state, with characteristics that can be determined in the Li,NiPS;
and the Li, FePS; series through relevant spectroscopic studies.

Properties of Li,NiPS; (0 <x <1.45)

Systematic studies of the bulk electronic properties of Li,MPS3;, such as
the Knight shift of the 3!P host nuclei as a function of the intercalation ratio,
enable information to be obtained on the modification of the electronic
properties of the host resulting from the change in its magnetic properties.
The 3'P NMR spectra of the Li,NiPS; series have shown [9] important and
interesting modifications. In a pure NiPS; matrix, the 31p line shape appears
as a Pake doublet (peaks A in Fig. 3) that does not seem to change in the
early stage of lithium intercalation (x < 0.5 in Li;NiPS3). Its shape, position,
and relaxation time (7, ~ 16 ms) are identical over the entire concentration
range. It has been shown that, as a result of its broadening and shift, this
peak disappears suddenly at 155 K, i.e., close to the anti-ferromagnetic
ordering temperature of NiPS;. For a lithium concentration of x = 0.5, a new
line (peak B) appears. The latter has the same shift as 31p in CdPS;, and a
T, value that is two orders of magnitude longer than that of peak A and
identical with that in the cadmium derivative. This new line, B, progressive-
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Fig. 3. 3P NMR line shape in Li, NiPS; intercalates (0 < x < 1.45).

ly grows at the expense of line A, and does not disappear at T = 155 K, as
does line A. Indeed, it is still present at 4 K. These results lead to the conclu-
sion that a diamagnetic phase has occurred upon lithium intercalation. Since
no cell change is observed upon lithium intercalation in Li,NiPS,, and since
the accepting levels are the e, band of Ni?*, it is possible to say that in
Li,NiPS; some microdomains must exist retaining the original magnetic
properties of NiPS; (with unreduced Ni**) and some diamagnetic micro-
domains containing reduced Ni® atoms. The reduction process may hence be
written as:

xLi + NiPS; - Li*,Ni%*,_, ,,Ni% ,PS;

The unchanged properties of the matrix in the 0 <x < 0.5 concentration
range is a curious phenomenon. It may, in part, be explained by the detec-
tion threshold of the NMR technique, and in part by the fact that xLi are
needed to produce x/2 Ni° which further lowers this threshold. Also, it has
been found [10] that an electronic transfer with slow kinetics takes place
during lithium intercalation in FePS;, and this phenomenon may also cer-
tainly act in the intercalation in NiPS;. Another possibility is that the re-
duced nickel is statistically scattered within the structure, and only gathers
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Fig. 4. Room temperature Mdssbauer spectra of Li, FePS; intercalates (0 < x < 1.45).



210

in detectable microdomains when some critical concentration around x = 0.5
is reached.

These results are consistent with magnetic data that show [3] a de-
crease in the susceptibility with an increase in the lithium content.

Properties of Li, FePS; (0 <x <1.42)

In the Li, FePS; series, the assumed oxidizing species, Fe?*, can be
directly observed by using Mossbauer spectroscopy. The spectra obtained
at room temperature for the Li,FePS, series are given in Fig. 4. For x = 0,
a quadrupole doublet is observed (site Fe(A), § = 0.86 mm s™! and A = 1.52
mm s !), and for x # 0, the lithium intercalates give rise to a second iron
doublet attributed to a second site of reduced iron, called Fe(B), whose
relative intensity increases with x. Fe(A) hyperfine parameters remain almost
the same in the whole concentration range (8 = 0.86 mm s™! and A = 1.55
mm s~ ! for the Li, 4sFePS; sample). Those for Fe(B) decrease slightly from
8=0.47 mms ! and A =0.52 mm s !in Lig soFePS;to § = 0.43 mm s™! and
A =0.48 mm s ! in Li, 4sFePS;. A rather unexpected result is obtained here,
for previous Mossbauer data from lithium intercalate chalcogenides, oxides,
and halogenides have shown that the electron donation is always reflected
by an increase in the isomer shift. In effect, as 'Fe, (AR?) is negative, § in-
crease when |¢,(0)|? decreases, i.e., when the electrons are filling predomi-
nantly Fe-3d like bands. However, it must be pointed out that these previ-
ous studies always dealt with the reduction of iron in a high oxidation state,
whereas in this study, iron is already present as Fe?" in the starting FePS;.

In a phenomenological approach, it may be assumed that reduction of
Fe(A) to Fe(B) in Li,FePS; involves only the population of the 3d and 4s
orbitals. According to the results of Walker et al. [11], the decrease of §
from ~0.85 mms™! for Fe(A) to ~0.45 mm s ! for Fe(B) corresponds to
the change in a free iron configuration from 3d®4s%? to 3d74s%2. Since the
increased 3d orbital population would increase § via its screening effect upon
the 3s orbital, the decrease of § on going from 3d%4s°? to 3d74s%® must be
due to an increased 4s orbital population, whose effect must dominate over
the 3d orbital screening effect. The iron 3d orbitals would be more extended
in a crystal with substantial covalent bonding than with strong ionic bond-
ing, therefore the isomer shift of the former would be less sensitive to a
change in the 3d orbital population. In fact, for the reduction of Fe®* to
Fe?*, the increase of & is 0.4 mm s~ ! for iron sulfides but ~ 1.0 mm s~ for
strongly ionic compounds. Another factor to consider is the overlap distor-
tion of core orbitals, which is known to strongly influence the isomer shift
and may play a role in the Li, FePS; intercalates.

The initial stage of intercalation shows that about two lithium atoms
are needed to produce one Fe(B) site, as if the oxidation state of Fe(B) is
zero. This result is in agreement with observations made for nickel in
Li,NiPS;, and therefore suggests that the oxidation/reduction process on
lithium intercalation in these phases is the same.
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Conclusion

NiPS; and FePS; are cathodic materials able to function as secondary
positives in lithium batteries. Because the cations are present with the low
oxidation state of II in the original phases, reversible reduction to a lower
state appears difficult to envisage. However, following band structure calcu-
lations and further physical experiments, electron transfer was found to
occur on the transition metal leading to highly reduced nickel and iron
species gathered in microdomains in the Li, MPS; intercalates.
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