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ABSTRACT

The reaction product of FeOCl with aniline in water was subjected to various analyses before and after its discharge
and charge to determine its physical state and electrochemical reactions. From these analyses, it can be seen that there are
two possible states for the reaction product before the discharge; one is a mixture of y-FeOOH and aniline derivatives
(polymer or oligomer of aniline), and another is a mixture of y-FeOOH and FeOOH incorporating aniline derivatives.
Atomic absorption analyses during discharge and charge cycles show that the steady-state discharge and charge processes
are associated with a reversible change in lithium content in the solid matrix which change corresponds to the amount of
electric charge passed. The Fourier transform infrared spectra indicate that the redox reaction of aniline derivatives
(doping and undoping with anions) occurs during discharge and charge cycles. These results show that aniline derivatives
exist in a different state from that of a simple mixture of the states of aniline derivatives and FeOOH.

Introduction

A means for the storage of excess electric power pro-
duced at night from electric power plants or generated by
solar cells is essential. For this purpose, the feasibility of
large scale battery systems such as the Na-S battery and
the redox flow cell has been investigated. For small power
supplies for various kinds of electronic devices recharge-
able lithium batteries have been developed. Rechargeable
lithium batteries have the highest theoretical energy den-
sity of various conventional batteries which are operated at
ambient temperature. Recently, rechargeable lithium bat-
teries have also been considered as candidates for electric
vehicles and load leveling.! A great amount of material is
needed for such large scale applications. LiCoO, and
LiNiO, have been proposed as high performance cathodes
for these batteries.>® However, the cost of these cathode
materials is high compared with iron or manganese com-
pounds. Iron oxides also may be a suitable material for the
cathode in a rechargeable lithium battery, and various
kinds of iron oxides have been investigated for such use.*”
However, iron oxides are usually unstable to the insertion
of lithjum.*” The displacement of iron ions from most iron
oxides has been observed during the course of the insertion
of lithium. Recently, we reported that the reaction product
of FeOCl with aniline in water (FAW) is a good candidate
for cathode material.*® FAW was prepared by the ion ex-
change reaction of the intercalation compound between
FeOCl and aniline. FAW can be cycled many times (more
than 100 cycles), and its structure and physical properties
have been investigated using Fourier transform infrared
spectroscopy (FTIRS), x-ray diffraction (XRD), density
measurement, electron probe microanalysis, atomic ab-
sorption, and standard chemical analysis.*® From these
analyses, we proposed that FAW is comprised of y-FeOOH
and an aniline derivative. Compared to iron oxides, FAW
has superior discharge and charge characteristics as a
cathode material. Since this may be due to its physical
state, the present study examined the discharge and charge
of FAW to determine in more detail the physical state and
the electrochemical reaction of FAW.

Experimental

The cathode material was prepared by the ion exchange
reaction of FeOCl as follows. FeOCl was generated by heat-
ing a mixture of a-Fe,0; and FeCl; (molar ratio: 3 to 4) at
350°C for 2 days. FeOCl (5 g) was then immersed in an
aqueous solution containing 0.1 mol dm™ aniline (200 cm?)
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for 3 days while being stirred continuously. After this pe-~
riod, the reaction product was washed with water and ace-
tone and then dried in a vacuum at 100°C. The characteris-
tics of the reaction product before and after the discharge
and charge cycle were determined by chemical analysis,
atomic absorption, XRD, and FTIRS.

The cathode pellet for the electrochemical measurements
was prepared by pressing a mixture of the reaction product,
acetylene black, and poly(tetrafluoroethylene) in a weight
ratio of 50:45:5. The discharge and charge cycle tests were
performed with a standard electrochemical cell. The
weight of the cathode pellet used in the cell was 50 mg and
the apparent electrode area was 0.785 cm? Lithium foil was
used for both the counter- and reference electrodes and
propylene carbonate with 1.0 mol dm™ LiBF, or LiClO, as
the electrolyte. The discharge and charge cycle was per-
formed under galvanostatic conditions at 0.26 or 0.064 mA
cm . All experiments were performed under a dry argon
atmosphere at ambient temperature.

Results and Discussion

The FTIR spectrum of FAW has been reported in our pre-
vious paper® and is shown in.Fig. 1, which also shows the
FTIR spectra of y-FeOOH and polyaniline. The more de-
tailed peak assignment for the FTIR spectrum of FAW was
obtained from a comparison of the FTIR spectra of FAW
with those of y-FeOOH and polyaniline in this study. The
point group of y-FeOOH is Dy, and its symmetry of crystal
structure produces several vibration modes. The point
group indicates that three lattice modes (translational
modes B,,, B,,, and B;,)) can be expected to appear in the
FTIR spectrum in the wave number range from 200 to
400 cm™ and that three other peaks as their overtone
modes should be observable in the wave number range
from 400 to 800 em™'. ¥ The three absorption peaks ob-
served at 520, 600, and 720 cm™! in the FTIR spectrum of
v-FeOOH were assigned to overtones of lattice modes in
accordance with a standard reference.'? The broad absorp-
tion peak was observed at 500 cm ™! in the FTIR spectrum of
FAW, which was different from that of y-FeOOH. This sug-
gests that the atomic arrangements of Fe™ ions and 0% ions
in FAW are not the same as in y-FeOOH. This may be due to
the difference in their crystal structure which in turn may
be caused by the presencé of hydrogen bonds in the
v-FeOOH structure. FeOCI, which does not have any hy-
drogen bonds in its crystal structure, has only a single
broad absorption peak at ~500 cm ™. * The absorption peak
for hydrogen bonds between FeOOH layers appears at
1020 em™, 1*'* A strong, sharp peak in the FTIR spectrum
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Fig. 1. FTIR spectra of (a) y-FeOOH, (b} polyaniline {reduced form},
and [c) FAW.

of v-FeOOH was observed at 1020 em™, indicating the
presence of hydrogen bonds.'*** A corresponding peak was
not observed in the FTIR spectrum of FAW as a strong peak,
50 that FAW probably does not include a substantial -
FeOOH structure. The absorption peaks corresponding to
overtones of lattice mode (Fe-O) and hydrogen bonds sug-
gest that the FAW structure is different from the y-FeOOH
structure.

Peaks at 825, 1140, 1300, 1500, 1600, 3200, and 3400 cm ?
were observed in the FTIR spectrum of FAW. The peak as-
signments are summarized in Table I. Peaks at 825 and
3200 cm ™! were assigned to bending vibrations of C—H and

Table 1. Peak assignment for the FTIR spectrum of FAW.

Wave number
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Fig. 2. XRD patterns of (a) v-FeOOH and (b) FAW.

stretching vibrations of O—H, respectively. Peaks at 1500,
1600, and 3400 cm ™’ were assigned to bending vibrations of
C—C, stretching vibrations of C=C, and stretching vibra-
tions of N—H for secondary amine, respectively. These
absorption peaks shows that secondary phenyl amines
exist in FAW. Moreover, all peaks were very broad com-
pared with aniline monomer.® This suggests that oligomers
or polymers of phenyl amines exist in FAW as aniline
derivatives.

The crystal structure of FAW has also been investigated
in our previous paper.® Figure 2 shows the XRD patterns of
FAW and y-FeOOH to compare results obtained from FTIR
spectra with XRD analysis. The observed diffraction angles
are summarized in Table II together with those for vy-
FeOOH. The figures in this Table suggest that y-FeOOH
may be part of the reaction product, or that FAW has a
similar structure to that of y-FeOOH, although the peak
intensities were very weak compared with high crystalline
v-FeOOH. This indicates that the amount of y-FeOOH in
FAW is a very small and/or the crystallinity of FAW is low.
The half-width peak of these peaks were large. From this
result, it can be seen that the erystallinity of y-FeOOH in-~
volved in FAW is low or that FAW has a similar structure to
that of less crystalline yv-FeOOH. Since the FTIR spectra
also suggest that the y-FeOOH structure is not a significant
component of FAW, FAW seems to consist mainly of FeOOH
with a structure similar to that of less crystalline y-FeOOH.
Other structures were not detected by XRD.

Table II. XRD peaks of v-FeOOH and FAW.

(em™) Assignment of vibration mode
3400 N—H stretching vibration
3200 O—H stretching vibration
1600, 1500 C—C ring stretching
1300 C—N stretching amine (aromatic amine)
1140 C—H in-plane bending vibration
1020 O—H—O (in y-FeOOH) bending vibration
825 C—H out-of-plane bending vibration
740, 520, 480 Overtones of lattice modes of Fe—O
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Table lll. Chemical analysis data for FAW [weight percent).

C H N Fe Cl (0]
Product 14.34 2.05 2.79 42.70 3.24 34.88
Product® 15.92 2.28 3.10 47.40 — 38.72
Theoretical® 16.04 1.35 3.10 49.85 — 28.51

® After correction to FeOCl remaining in FAW, the amount of
FeOCl was calculated from the amount of Cl.
» Calculated from the chemical formula of FeQOOH + 1/4 aniline.

Table III shows the chemical analyses data for FAW
where the content of Fe was determined from atomic ab-
sorption. The O content was calculated by subtraction of
the sum of C, H, N, Cl, and Fe from the total content, but the
detailed discussion of the Cl content in FAW was not in-
cluded in our previous paper,’ so that for this report the C1
content was taken into account for the estimation of the
chemical formula of FAW. Remaining Cl may show that
some FeOCl still remains after the reaction. The FeOCl con-
tent was estimated to be less than 9% of that of the Cl
content. The chemical composition of FAW was recalcu-
lated by subtraction of the remaining FeOCl content from
FAW. The theoretical values for FeOOH including one-
quarter aniline derivatives [FeOOH(aniline derivatives),,]
is also shown in Table III where aniline derivatives are as-
sumed to be polymers or oligmers of aniline. The C and Fe
content of FAW was similar to that of FeOOH(aniline
derivatives),,,, while the H and O content was larger. The
amount of excess hydrogen was roughly twice as large as
that of oxygen, probably due to H,0 adsorbed on the sam-
ple surface. Thus, the chemical formula of FAW is ex-
pressed by FeOOH(aniline derivatives), ;.

Table IV shows densities of various FeOCl derivatives
and polyaniline. These values were obtained from several
references.**'" The density of FAW was 2.34 g cm™®, which
was smaller than that of either y-FeOOH or FeOCl. The
density of the mixture of polyaniline and vy-FeOOH in a
molar ratio of 1:4 was calculated and is also shown in
Table IV. This value (2.97 g cm™®) was larger than that of
FAW. From these results, it can be seen that FAW has a more
open structure than do other FeOCl derivatives. This may
indicate that the main reaction product of FAW is not a
simple mixture of aniline derivatives and y-FeOOH. Such a
low density further suggests that the density of the FeOOH
or aniline derivatives is much smaller than that of other
FeOOHs (a-FeOOH, 3-FeOOH, y-FeOOH) or polyaniline.

The main components of FAW consist of aniline deriva-
tives and FeOOH which are different from those of a-
FeOOH, B-FeOOH, and y-FeOOH. The XRD method indi-
cated that the intercalation compound between FeOCl and
aniline was formed at the initial stage of the preparation of
FAW. ® Aniline exists in the interlayer space of FeOCl at
least before the ion exchange reaction of Cl™ ion with OH™
ion. Therefore, there are two possibilities for the location of
aniline derivatives. Aniline derivatives may escape from
the interlayer space of FeOCl during the ion exchange reac-
tion or remain in the solid matrix of FeOOH. The former
case would result in a simple mixture of FeOOH and aniline
derivatives, and the latter in aniline derivatives remaining
in the FeOOH solid matrix. The electrochemical behavior

Table IV. Densities of FeOCl, v-FeOOH, the mixture of
FeOOH and polyaniline, and FAW.

Densit;z Molar volume
Substance (g cm™) (cm®)
FeOCl 3.33 32.2
v-FeOOH 4 22.2
FeOOH + 1/4 polyaniline® 2.97 37.7
Reaction product 2.34 53.4

? Assuming that a molar ratio between FeOOH and polyaniline is
to be 4:1, where the density of polyaniline was estimated to be 1.5
from the reference.
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of FAW should depend on these two possible physical states
of FAW. Therefore, the electrochemical reduction and oxi-
dation of FAW were examined. If the aniline derivatives
could be shown to have a similar electrochemical behavior
to polyaniline (PA) as shown in Eq. 1, the electrochemical
reaction of the aniline derivatives in nonaqueous elec-
trolyte could be explained by the doping and undoping
with anions

discharge
PA™ (ClO;), + ye- <—> PAF™¥* (ClOy),-, + yClO; [1]
charge

Li*ions are not part of this redox reaction. The redox reac-
tion of the FeOOH in FAW has never been formulated be-
fore, but it can be expected from the discharge and charge
reaction of transition metal oxides to be as follows

discharge
FeOOH + xe™ + xLi" <=——= Li,FeOOH [2]
charge

This redox reaction involves a change in the concentration
of Li* ions in the FeOOH solid matrix. If the main reaction
product of FAW is a mixture of aniline derivatives and
FeOOH, these should be capable of being oxidized or re-
duced simultaneously, and therefore, both anions and
cations being inserted or extracted into/from FAW. The
measurement of the amount of Li* ions inserted or ex-
tracted into/from FAW provides information on the physi-
cal state of the reaction products as well as the reaction
mechanisms of FAW.

The amounts of Li and Fe in FAW, which were discharged
or charged in propylene carbonate containing 1.0 mol dm™
LiBF, or LiClO,, were measured by atomic absorption. The
molar ratio of Li and Fe in FAW was obtained from these
analyses. The amount of electrons utilized during the dis-
charge or charge process was calculated from the electric-
ity passed during these processes, after which the molar
ratio of utilized electrons and Fe in FAW was calculated.
Figure 3A shows the relationships between these two ratios
during discharge and charge cycles. The discharge and
charge cycle was performed under galvanostatic conditions
at 0.26 mA cm™2 The solid lines in Fig. 3A show the theoret-
ical lines when the electrochemical reaction of FAW takes
place according to Eq. 2. The relationship between the mo-
lar ratio of Li and Fe and that of utilized electrons and Fe
in FAW for the discharge was in good agreement with the
theoretical line. This indicates that lithium is inserted into
the reaction product as the electric charge is passed
through the cell in the course of the discharge. The rela-
tionship between these molar ratios for the charge from 0 to
80% was also in agreement with the theoretical line. How-
ever, when 100% charge was reached, the relationship de-
viated from the theoretical line. This suggests that a small
amount of lithium remains in FAW and, that probably,
some parasitic reactions take place during the last part of
the first charge. The most probable side reaction is the de-
composition of the electrolyte, since the potential at the
end of charge was more positive than 4.2 V vs. Li/Li*. The
reversible insertion and extraction of lithium was observed
in the discharge and charge cycles after the first cycle be-
cause the polarization of FAW decreased during the charge
after the first discharge and charge cycle. Figure 3B also
shows the relationships between the molar ratio of Li and
Fe and that of utilized electrons and Fe in FAW during the
discharge and charge cycle at 0.064 mA cm™? The solid
lines in Fig. 3B also show the theoretical lines which were
obtained assuming a one-electron reaction involving only
the Li" ion. The measured values for the discharge and
charge cycles were in agreement with the theoretical lines.
This indicates that lithium is inserted or extracted into/
from the reaction product as the electric charge is passed
through the cell in the course of the discharge and charge
processes. In this case, the polarization was smaller than
that at 0.26 mA cm™2. Thus the steady-state discharge and
charge mechanisms of FAW are mostly related to the
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Fig. 3. Relationship between the molar ratio of Li and Fe (Li/Fe)
obtained from atomic absorption for lithium and iron and the molar
ratio of utilized electrons and Fe {e”/Fe) calculated from the electric
charge passed during the discharge and charge cycle. The discharge
and charge current gensiﬁes: (A) 0.26 mA cm~2 and (B) 0.064 mA
cm™2, The elecirolyte consisted of propylene carbonate containing
1.0 mol dm 3 LiClO, or LiBF,. <: during the first discharge in propy-
lene carbonate containing 1.0 mol dm™3 LiCIO,, T: during the first
discharge in propylene carbonate containing 1.0 mol dm ™ LiBF,, O:
after the second discharge or charge in propylene carbonate contain-
ing 1.0 mol dm~2 LiClO,, A: after the third discharge or charge in 1.0
mol dm~2 LiClO,.

amount of lithium, while anions are not involved in the
discharge and charge processes. Therefore, the electro-
chemical reaction of FAW involves the redox reaction of
FeQOH. Thus, Fe* ion is reduced to Fe® ion in the course of
the discharge and Fe* is oxidized to Fe*, in accordance
with the lithium insertion and extraction, respectively. This
result shows two possibilities. One is that polyaniline is not
active in the electrochemical reaction, the other is that the
main product of FAW is not a simple mixture of aniline
derivatives and FeOOH.

Figure 4 shows several XRD patterns obtained in the
course of the first discharge arid charge cycle. The peaks
observed in the XRD pattern before the discharge were
similar to those of the y-FeOOH structure. At 50% cathode
depth discharge these peaks become broad and their inten-
sities are much smaller than before the initial discharge.
The XRD pattern after 100% discharge depth is similar to
that after 50% discharge. Moreover, this pattern did not
change after recharging and in the following discharge and
charge cycles (mostly amorphous). The XRD pattern
change indicates that an irreversible structural change oc-
curs during the first discharge. This seems to be due to an
increase in the amorphous nature of the FeOOH structure
included in FAW. The cathode material shows excellent
rechargeability (more than 100 cycles) after the first dis-
charge and charge cycle.' This strongly indicates that the
amorphous phase in the cathode material plays an impor-
tant role in the discharge and charge characteristics. The
disappearance of FeOOH was also observed from FTIR
spectra. Figure 5A shows the stretching vibration mode of
O—H. This peak was observed at 3200 cm™* before the dis-
charge. It then shifted to a higher wave number and over-
lapped with the stretching vibration mode of N-H. This
change is probably due to the destruction of hydrogen
bonds existing between FeOOH layers (from H—O—H to
O—H), corresponding to the weak interaction between
FeOOH layers. The peak corresponding to H—O—H hydro-
gen bonds can be observed in Fig, 5B, but its intensity was
originally very weak and almost disappeared during the
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Fig. 4. XRD patterns of FAW (a) before the first discharge, (b) after
the first discharge up to 50% of the theorefical capacity, (<} after the
first discharge by 100% of the theoretical capacity, and (d) after the
first charge, the discharge current was 0.64 mA cm™2,

discharge process. This may be more evidence for the de-
struction of the FeOOH structure in FAW producing amor-
phous FeOOH. These spectra changes may be related to the
change in the XRD pattern in Fig. 4.

Figure 6 shows the FTIR spectra corresponding to vari-
ous vibrations for aniline derivatives during the initial
discharge and charge cycle. The two peaks at 1500 and
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before the discharge, (b} at (B) affer the first discharge (30%), (c} at (B}
after the first discharge {70%), {d} at {B} after the first discharge
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Fig. 6. FTIR specira of the various absorptions of FAW during the
discharge and charge cycle. (a) Before the first discharge, (b) after the
first discharge (30%), (c} after the first discharge (70%), {d) after the
first discharge (100%), and (e} after the first charge {100%).

1580 em™ correspond to the C—C stretching vibrations in
an aromatic compound. Two different vibration modes
were observed, while the relative intensity of these peaks
changed during the discharge. After the next charge, these
peaks were again clearly observed at 1500 and 1580 em™,
so that the ratio of intensity of these peaks had returned to
the initial values. The C—H bending vibration in the aro-
matic compound was observed at 1140 em™. This peak be-
came broader and its intensity decreased as the discharge
proceeded. After the next charge this peak returned to its
original value. These spectrum changes were also observed
for subsequent steady-state discharge and charge cycles,
indicating that a reversible change in aniline derivatives in
FAW occurs during the discharge and charge cycle. Similar
changes in the absorption peaks for C—C and C—H bonds
have been observed when polyaniline is discharged and
charged in nonaqueous electrolyte.!”'® Before the dis-
charge, aniline derivatives in FAW are similat to the
quinonoid form of polyaniline, and after the discharge, to
the benzenoid form of polyaniline. Thus, these FTIR spec-
tra show that the insertion or extraction of lithium into/
from FAW influences the physical state of aniline deriva-
tives during the discharge and charge cycling. This may be
explained by the effect of the electronic state of FeOOH on
aniline derivatives, or the strong inductive effect of the Li*
ion inserted into FAW. If polyaniline is an active material,
anions can be expected to be inserted and extracted into/
from it during the cycling. However, the results obtained
from atomic absorption indicate that the discharge and
charge processes for FAW are totally accounted for by

J. Electrochem. Soc., Vol. 142, No. 7, July 1995 © The Electrochemical Society, Inc.

lithium insertion and extraction. Thus, these results cannot
be explained by the assumption that the main product of
FAW is a simple mixture of aniline derivatives and FeOOH.

The chemical lithiation of FAW was performed with the
use of n~butyl lithium in hexane. In the course of this chem-
ical lithiation, the formation of butane was observed. Fig-
ure 7 shows both the FTIR spectra of FAW and the reaction
product of FAW with n-butyl lithium. Before chemical
lithiation, there are two clear absorption peaks at 1500 and
1580 cm™, which correspond to the C—C stretching vibra-
tion in an aromatic compound. This result indicates that
two C—C bonds with different chemical bond strengths
exist in this aromatic compound. The absorption corre-
sponding to the C—N stretching in this aromatic compound
is observed at 1310 cm™, the strong peak at 1140 cmm ™" rep-
resents the absorption by the C—H bending in-plane mode,
and the weak peak at 825 cm™! was assigned to the absorp-
tion by the C—H bending out-of-plane mode. These FTIR
absorption peaks indicate that aniline derivatives are the
quinonoid form which is similar to the oxidized state of
polyaniline. The broad, strong peak at 500 cm™ corre-
sponds to the Fe—O bond, and the peaks at 1025 and 740
cm™ represent the absorption due to y-FeOOH. After the
chemical lithiation, one peak corresponding to the C—C
stretching vibration decreased, while the other increased.
The absorption peak corresponding to the C—H bending
in-plane mode became broader and less intense after the
chemical lithiation. These changes correspond to the for-
mation of the benzenoid form of polyaniline which is simi-
lar to a reduced state of polyaniline. This spectrum change
is similar to that for polyaniline during its electrochemical
reduction.’®*® This indicates that aniline derivatives are re-
duced during the chemical reduction of FAW or are influ-~
enced by a strong inductive effect of the Li* ion. Moreover,
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Fig. 7. FTIR spectra of {a) FAW and (b) the product of FAW with
n-butyl lithium.
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