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요 약. 리튬이온과소듐이온을전기화학적,화학적 인방법으로2차원 층상구조의 FeMoQCl에 층간삽 

입시켰다. FeMoQCl에 대한 충방전 곡선에서 넓은 고용체 영역이 관찰되는더), 알칼리 금속이 층간삽입되므로 

써 발생하는 단위세포 크기의 변화와 전자의 국부화 현상으로 인한 것이다• 리튬이 층간삽입된 경우, 

LiFeMoO’Cl 조성 근처에서 좁은 UFeMoO4Cl(0.95<x< 1.06) 고용체 영역이 형성된다. Armand 모델을 이용 

하여 OCV 곡선 fitting을 수행한 결과, 리튬의 층간삽입에 따른 충방전 곡선의 변화는 층간삽입 과정에서 일어 

나는 이 물질의 전자적, 구조적 변화에 의한 것임을 알 수 있었다.

ABSTRACT. Lithium and sodium ions have been intercalated into two dimensional structure of FeMoO4Cl. 
The electronic localization and the large difference in unit cell parameter between the pristine material and the in
tercalates lead to the existence of large biphased domains. In the case of the lithium system, a narrow range of 
LixFeMoO4Cl (0.95<x<1.06) solid solution has been found around the LiFeMoO4Cl composition. The OCV 
curve fitting has been performed using Armand's model. The occurrence of several parts in the charge-discharge 
curve is related to the electronic and structural modifications of the material during the intercalation process.

INTRODUCTION

In previous papers we have demonstrated that 
FeMQjCl (M=Mo, W) is a ho아 structure for both 
lithium and amine intercalations.1~4 The triangular 
faces of the FeO4Cl square pyramid, being ne
gatively charged, can interact with cations like Li+, 
while the square face which is positively charged 
due to the proximity of the iron ion, is able to in
teract with negative dipolar species like amine to 
form an octahedral environment for the iron atom. 
From this structural point of view, the framework 
of FeMo04Cl exhibits a strong 2D character due 
to the linking of FeC^Cl square pyramids by MOO4 
tetrahedra (Fig. 1) in the xy plane. Nevertheless, 

from a magnetic point of view, this material can 
be considered as being in the border between ID 
and 2D as a result of the ClOFe一ClOFe bonding 
which takes place perpendicularly to the layers.5,6 
In the previous paper, the chemically prepared 
LiFeMoO4Cl has been characterized magnetically1,7 
and by XPS.8,9 Both experiments show that only 
iron is reduced during the lithium intercalation. 
Furthermore, the intercalation of lithium between 
the layers leads to a strong decrease in the in
terlayer spacing which reduces the structural an
isotropy.2,7

In the present work, lithium and sodium ions 
were intercalated into FeMoO4Cl and the elec-
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FeO4CI pyramide

MoO4 tetrahedron

Fig. 1. Schematic representation of the polyhedra link
ing in the FeMoCUCl structure.

trochemical properties for the intercalates have 
been studied to identify the relationship between 
structural change and electrochemical behavior by 
means of charge-discharge experiment and OCV 
curve fitting.

EXPERIMENTAL

FeMoO4Cl has been prepared by chemical vapor 
transport from Fe2O3, MoOs and FeCl3 as pre
viously reported.1 Electrochemical lithium int
ercalation was carried out in lithium cells using a 
lithium foil as negative plate, a 1 M solution of Li- 
CIO4 in PC as electrolyte and a mixture of the po
sitive electrode material and Ketjen black as po
sitive electrode. Such electrochemical cells were 
realized either with FeMoO4Cl or LiFeMoQCL 
The latter was chemically obtained by the reaction 
of Lil on FeMoO4Cl in CH3CN. All materials 
were characterized by powder X-ray diffraction 
with Ni-filtered Cu Ka radiation.

RESULTS AND DISCUSSION

Lithium intercalation
Electrochemical intercalation. Fig. 2 shows 

the variation of cell voltage vs lithium amount (x) 
for two cells discharged at two different current 
densities of 100 and 30 |iA/cm2, respectively. A

xin 니xFeMoQj이
Fig. 2. Variation of the Li/ZFeMMhCl cell voltage in a 
discharge process with the constant current density of (a) 
100 |iA/cm2 and (b) 30 p,A/cm2.

small difference between two discharge curves 
shows that the polarization is small, indicating that 
the intercalation kinetics is rapid. Moreover, about 
90% of the capacity is recovered if the cell is 
discharged at 100 p.A/cm2. The curve shape is 
characteristic of the existence of a large biphased 
domain between FeMoO^l and LiFeMoOYL The 
existence of this two phase domain is confirmed 
by the X-ray diffraction study for the electrode ma
terials recovered at various degrees of intercalation. 
Moreover, as shown in Fig. 2, the intercalation pro
cess is completely reversible. A small cell voltage 
difference between charge and discharge curves 
emphasizes again that the polarization is small.

Fig. 3 shows the electrochemical behavior of a 
Li//FeMoO4Cl cell after a deep discharge down to 
1.2 V vs Li. In these conditions, the Li3FeMoO4Cl 
composition can be reached. Although the shape 
of the charge curve is completely different from 
that of the first discharge, the 2nd discharge ex
hibits a strong similarity with the first one. Nev
ertheless, it should be noted that the extent of the 
first plateau is considerably reduced. At the second 
charge, the curve becomes more monotonous. 
Such a behavior generally characterizes an amorph- 
ization of the material. In order to illustrate this 
behavior, the X-ray diffraction patterns for FeMo-
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V（v）

X in 니xFeMoOQ
Fig. 3. Cycling behavior of the Li/ZFeMoCMCl cell with 
a deep discharge.

O4C1 and the intercalates (LiFeMoOKl and Li3- 
FeMoO4Cl) are 아lown in Fig. 4, indicating die to
potactic character of lithium intercalation reaction. 
The main difference between the pristine and two 
intercalates results from a decrease in symmetry 
from tetragonal to monoclinic. 1,2,7~9 After a deep 
discharge, only the (001) line (20=17°), correspon
ding to the interlayer spacing, remains, where the 
broadening of all the other peaks shows the 
amorphization of the material due to the reduction 
of hexavalent molybdenum. Since three lithium 
ions are intercalated to form LMFeMoOqCl, it 
could be assumed that in this material the iron and 
the m이ybdenum are in the divalent and the tetra-

(001)

Li3FeMo04C I

60* 5(广 40* 30° 20* 10B
20

Fig. 4. Modifications of the powder X-ray diffraction 
pattern depending on the intercalation rate.

yalent states, respectively.
Chemical intercalation. According to Torardi 

et 시; as the voltage of the first plateau is higher 
than the I°/I redox couple potential, Lil can be 
used as the reducing reagent to intercalate lithium 
into the FeMoO4Cl lattice. LiFeMoQCl in the 
present work has been prepared in this way in ord
er to study the electrochemical behavior in the vi
cinity of this composition. The X-ray diffraction 
patterns of LiFeMoO4Cl obtained by both tech
niques (chemical and electrochemical) are identical 
and consistent with that previously reported.7

The intercalation with n-butyl lithium has also 
been tried. As it is well known, this reaction leads 
to a deeply reduced phase, even if a small amount 
of n-butyl lithium is used. With an excess of n-bu
tyl lithium, a LiJeMoOKl phase (x>3) is ob
tained. Its X-ray diffraction pattern is characteristic 
of an amorphous phase. Moreover, the diffraction 
line associated with the interslab spacing (28드 17°) 
that was observed for the electrochemically pre
pared Li3FeMoO4Cl (Fig. 4) has disappeared in 
this case. In fact the reducing character of n-butyl 
lithium is so strong that the structure is completely 
destroyed. This result emphasizes a quite general 
behavior of chemical intercalation using n-butyl 
lithium in oxides. Bringing the material in contact 
with n-butyl lithium solution is equivalent to per
forming a potentiostatic discharge for a Li cell 
down to 1 V, practically without current limitation. 
Since the oxides generally exhibit quite high po
tentials vs Li (3 to 4 V), the reduction reaction leads 
to such a high degree of intercalation that the pro
cess is often no longer reversible. Moreover, the 
very high reactivity of n-butyl lithium in chemical 
intercalation makes it very far from equilibrium, so 
that the relaxation by mechanical constraint is much 
more difficult than in electrochemical experiments 
which are generally close to equilibrium. As a conse
quence, the structure of the chemically intercalated 
material is often rather disorganized.

Sodium intercalation
Sodium can be intercalated in FeMoOQ either 

chemically or electrochemically. As in the case of 
LiFeMoO4Cl,7 NaF^MoO4Cl can be obtained by 
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the reaction of Nal in solution of CH3CN on 
FeMoO4Cl. In fact, this reaction seems to be more 
complex since NaCl is always observed as a side 
product mixed with NaFeMoOqCL This might 
result from a partial decomposition of the material 
or from a I」/C「exchange reaction. Another point 
concerns the very slow sodium intercalation kinet
ics. The reaction with Nal requires about 20 days 
while in the case of the lithium system, 3 days are 
enough to obtain pure LiFeMoO4Cl by the reac
tion of Lil on FeMoO4Cl.

The electrochemical intercalation of sodium in 
FeMoO4Cl is very difficult as 아iown in Fig. 5. 
The voltage vs sodium content curve is charac
teristic of the existence of a two phase domain for 
the smallest sodium amounts. For the range with 
x>0.4, the voltage drops rapidly. The powder X- 
ray diffraction study for the materials recovered aft
er intercalation and OCV experiments shows that 
in the composition range from 0.0 to 1.0 a two 
phase domain is observed. Therefore the strong 
voltage decrease emphasizes a material polariza
tion resulting from the difficulty for Na+ ions to 
move in the NaFeMoO4Cl framework.

Structural comparison of LiFeMoQt기 and Na- 
FeMcQCI phases

The unit cell parameters of Li and Na in-

V(V)

xin NaxFeMoO4Cl
Fig. 5. Electrochemical behavior of the NaZ/FeMoOQ 
cell, (一) continuous discharge at 30 |iA/cn)2 and (■■•) 
OCV curve.

Table 1. Variation in the lattice parameters for FeMoQ*- 
Cl, LiFeMoO4Cl and NaFeMoO4Cl

Compound a(A) b(A) c(A) P(deg)
cell volume 

(A3)

FeMoO4Cl 6.668 6.668 5.223 90.0 232.2
LiFeMoO4Cl 7.010 6.910 5.030 91.3 243.6
NaFeMoO4Cl 7.170 7.180 5.182 90.0 266.8

tercalates are present in Table 1. The increase in 
cell volume results from the steric effect not only 
due to the alkali metal intercalation but also due to 
the larger size of Fe2+ ions compared to Fe3+ ones. 
While the a and b parameters increase from 
FeMoOqCl to LiFeMoC^Cl and NaFeMoO^l, a 
strong decrease in the c parameter (which is equal 
to the interslab distance) upon intercalation is ob
served.

In the intercalated phases, the Fe-Cl bond 
lengths within the FeMoQCl layer and between 
the adjacent ones become nearly equal to 2.528 A 
and 2.493 A, respectively, for LiFeMo04Cl, which 
leads to an octahedral environment for iron and 
therefore to a 3D character.8,9 This point will be 
discussed in the next part from the electrochemical 
view point. As presented in Fig. 6, the Li+ ions are 
situated between two faces of FeOqCb octahedra 
belonging to adjacent FeMoQ+Cl 아leets. This link
ing entails the strong decrease in the c parameter 
(Table 1) compared to the pristine. Even in the 
case of NaFeMoO4Cl the c parameter decreases 
upon intercalation, which explains why the Na+ dif
fusion is so difficult in NaFeMoO4Cl.

The relation between the shape of thermody
namic electrochemical curves and structure

The potential variation for an intercalation elec
trode can be described according to Armand's 
model, considering the alkali metal intercalation as 
the formation of a solution of Li+ ions and elec
trons within the host structure.10

The potential variation (E) vs the site occupancy 
y (y-x/xmax) is given by the following formula;

E = E0-(nRTF) ln[y /(1-y)] + Ky

where n is the number of limitations of the int
ercalation process (n=l or 2) (from an ionic or/and
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(a)

Fig. 6. Perspective view of the AFeMoQKH (A=Li, Na) 
structure (a) and the octahedral environment of lithium 
in AFeMoOQ (b).

electronic origin) and K reflects the interaction 
between the inserted species (ions and electrons) 
and the host lattice or the other inserted species. 
Various shapes of V=f(y) curves are obtained de
pending on the value of K. They characterize the 
existence of a solid solution (continuous variation 
of V vs y) or of a two phase domain (potential pla
teau). In the latter case, Li+ ions are intercalated as 
a result of the electrostatic attractive interaction 
with host, leading to a phase separation.

The OCV experiments, as shown in Fig. 7, have 
been carried out using FeMoO4Cl and LiFeMoOq 
C1 (chemically prepared) as the starting electrode 
materials. Those cells have been discharged and 
charged with relaxation periods, respectively. The 
electrode material has been considered as being in 
equilibrium (i.e. without concentration gradient 
within the grains) when the slope of voltage vs 

time curve was smaller than 0.1 mV per hour (Fig. 
7). The ideal open circuit voltage curve is represent
ed by the continuous line as shown in Fig. 7b. As 
previously discussed, this behavior is characteris
tic of a biphased domain with a narrow solid elu
tion in the vicinity of x=1.0.

The cells consisting of the chemically prepared 
material were electrochemically charged and dis
charged around the composition range of x=1.0, 
with relaxation periods till reaching to an e- 
quilibrium. The two curves are represented in Fig.
8. Their shapes show the existence of a solid solu
tion around x=1.0 with biphased domains on both

V(V)

x in LixFeNloQi이

(b)
Fig. 7. Experimental (a) and theoretical (b) potentials vs 
composition cuwes for the Li/ZFeMoCgCl cell.8
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sides (the left one is the same as that reported in 
Fig. 7). The OCV values have been fitted using 
Armand's model. In the present case, y is equal to 
x, the amount of Li+ intercalation.

From the results of magnetic study1,7 and the 
sample colors, it is thought that the electrons are 
localized (Fe3+ or Fe2+) in both limiting phases. In 
the ionic point of view, all Li+ sites are occupied 
for x=l. Therefore, n has been chosen as 2 be
cause there are two limitations of the intercalation 
process for this system. The results of OCV curve 
fits are shown in Fig. 7b (dotted line) and Fig. 8. 
With the value of K=0.8, the best fitted results 
could be obtained for the first one denoted as (I) 
in Fig. 8. This K value characterizes strong elec
trostatic attractive interactions between Li+ ions 
and host FeMoO4Cl, leading to a very large bi
phased domain. In this respect, it could be as
sumed that the energies of the end member phases 
of FeMoO4Cl and LiFeMoO4Cl are very different 
from one another, due to the electronic localization 
and the change of interlayer spacing. Therefore, at 
the beginning of the intercalation, the large value 
of K induces the topotactic germination and 
growth of the L*=iFeMoC)4Cl phase.

The OCV curve 아lows the existence of a solid 
solution in the range of 0.95<x< 1.06. For higher

Fig. 8. Comparison between experimental and theoret
ical curves for the Li/ZFeMoChCl cell in the vicinity of 
the LiFeMoOiCl composition. Two cells have been real
ized from the starting phase; one has been charged and 
the other has been discharged.

values of x, another biphased domain is observed, 
where the voltage plateau at 2.8 V is very nanow. 
Then the voltage drops rapidly to the following pla
teau at 1.7 V (Fig. 3). For x>l, the electroc
hemical intercalation implies the reduction of hex
avalent molybdenum to the pentavalent one. Dur
ing this reaction, an amorphization of the material 
occurs as previously discussed. A biphased domain 
is therefore also expected.

The (II) curve -shape in Fig. 8, conesponding to 
electrostatic repulsive interactions (K< 0.204), 
results from the beginning of occupancy for the 
second type of tunnels by Li+ ions and from the 
reduction of hexavalent molybdenum. For higher 
intercalation amounts (x>1.06) (curve (III) in Fig. 
8), the structure becomes unstable and consequen
tly a phase separation occurs. The curves (II) and 
(III) in Fig. 8 have not been fitted, but they were 
drawn in order to show the various domains.

The relation between the voltage of lithium 
and sodium cells and the structural dimensiona
lity of the positive electrode material

The voltage plateau of Li and Na cells are equal 
to 3.36 and 3.08 V, respectively. This difference 
corresponds practically to that in potential between 
Li and Na electrodes in an absolute scale. When 
an intercalation process involves very strong elec
trostatic attractive interactions, leading to a broad 
biphased domain, the voltage plateau is fixed by 
the limiting lithium composition close to AFeMoO4- 
C1 (A=Li and Na) in our case, where the voltage 
value is given by the ^maximum of the calculated 
curve as shown in Fig. 7b. Thus LiFeMoO4Cl and 
NaFeMoO4Cl (in fact the lower limit of the solid 
solution around the AFeMoO4Cl composition) 
have approximately the same potential in an ab
solute scale. Due to the similarity of their elec
tronic properties, it can be concluded that both ma
terials have very close Madelung energies. A sim
ilar behavior has been found for several int
ercalation compounds with 3D framework struc
ture like AFe2(MoO4)3 (A=Li and Na)11 and Am 
Ti2(PO4)3.12,13 When the Li and Na cells were built 
with the AFe2(MoO4)3 and Ai+xTi2(PO4)3 materials 
as positive electrodes, the cell voltage difference 
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results ex이usively from the contributions of the ne
gative plates.

On the contrary, for the AxM02 layer com
pounds, the difference in voltage between Li and 
Na cells is equal to about 1 V. This behavior has 
been attributed to a strong modification of the Fer 
mi lev아 position resulting from the Madelung en
ergy modification due to the difference in interslab 
spacing between Li and Na layered phases.14"16

As a conclusion, the electrochemical behavior of 
the intercalates LiFeMoQQ and NaFeMoQCl 
can be correlated with their structure with 3D 
skeleton, in contrast to the 2D character of the pris
tine phase.
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