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The formation of a new lithium ferrite modification structurally similar to y-Fe203 and LiFeJOg by 
direct precipitation from Fe(II1) solutions is described. It is used as intermediate in the preparation of 
other lithium ferrites and contains no Fe(H) as revealed by Mossbauer spectroscopy and chemical 
analysis. Thermogravimetric results show a complex water loss at 80-500°C yielding a solid solution of 
y-Fe2O3 and LiFeJOt, that decomposed to LiFeSO* and o-Fe24 at 850°C. Hydrothermal treatment 
of the initial gel at 160°C leads to the progressive formation of (Y, p, and y-LiFeOr. 8 1988 Academic 

Press. Inc. 

Introduction crystallization from Li20-B203-Fe203 
melts (4, 5). Recently, the lithiation prod- 

Lithium ferrites, LiFesO and LiFe02, ucts of Fe203 and Fe304 were prepared by 
are prepared by calcination of fine powder chemical reaction of the oxides with n-butyl 
mixtures of Li2C03 and Fe203 (1-3) or by lithium (6). Divalent metal ferrites MFe204 

(M = Fe, Mn, Co, Ni, Mg) can be obtained 
* To whom correspondence should be addressed. by the air oxidation of aqueous suspensions 

0022-4596188 $3.00 I32 
Copyright 6 1988 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



LITHIUM FERRITE FORMATION 133 

of FeOOH and M(OH)z (7-9). In contrast, 
the preparation of lithium ferrites by wet 
procedures is less frequent (10). Recently 
(II), the ordered form @LiFejOg was ob- 
tained by the reaction of Li with alkaline 
suspensions of iron(II1) hydroxide. Simi- 
larly, y-FeZ03 is prepared by thermal (12- 
24) or mechanochemical (15) decomposi- 
tion of y-FeOOH or by oxidation of Fe304 
(16, 17), while the corindon-structure phase 
a-Fez03 can be obtained by precipitation 
reactions. 

In the present paper, we study the direct 
precipitation of a new lithium ferrite modifi- 
cation structurally similar to y-FezOj and 
LiFesOs. The effect of thermal and hydro- 
thermal treatments of this phase is also 
studied. These treatments allow the forma- 
tion of known phases of the Li-Fe-O sys- 
tem without the high temperatures required 
in the ceramic method. 

Experimental 

All the chemicals used, Fe(NO&. LiOH, 
LiN03, and NaOH, were of analytical 
grade (Merck). Distilled water was used for 
the preparation of chemical solutions. 

In order to study the effect of Li+ and 
total OH- concentration on the composi- 
tion and structure of the phases obtained by 
the direct precipitation procedure, several 
experiments were performed with LiOH/ 
NaOH solutions of variable concentration. 
The volume was fixed to 100 ml and the 
reaction temperature was 90°C. The prod- 
ucts were washed with ammonium oxalate 
buffer solution of pH 3 to eliminate possible 
ferric gels. They were also repeatedly 
washed with water until the water was free 
from Li+ ions. Total Fe and Li contents 
were determined with an atomic absorption 
spectrometer (Perkin-Elmer Model 302). 
The Fe(U) contents were determined by the 
o-phenantroline method. 

Thermal analysis of the precipitates was 
performed on a simultaneous TG and DTA 

Stanton Redcroft apparatus Model STA 
781. 

The hydrothermal transformation of the 
original gel was carried out with a labora- 
tory autoclave (Phaxe 2005). 

The different products were examined by 
X-ray diffraction, Mossbauer spectros- 
copy, and electron microscopy. The 20 an- 
gles of the diffraction peaks were calibrated 
against a standard Si powder by using Fe- 
filtered Co& radiation or Ni-filtered Cuba! 
radiation. The size of the coherently dif- 
fracting domains and the content of micro- 
strains was estimated by profile fitting to 
Pearson-VII functions (18). The electron 
micrographs and electron diffractograms 
were obtained with a JEOL 200CX micro- 
scope with side-entry stage. Transmission 
Mossbauer spectra of powder samples were 
recorded at RT, 77 K, and 14 K in a con- 
ventional constant acceleration spectrome- 
ter equipped with a 57Co/Pd source and a 
helium closed-cycle cryostat. Spectra were 
computer fitted to Lorentzian lines using 
the alternative version to fit sextets of 
Stone’s program (19). 

Results 

The phases identified in the course of 
several experiments carried out under dif- 
ferent experimental conditions are included 
in Fig. 1, which visualizes the influence of 
Li+, Na+, and OH- concentrations in the 
nature of the final product. The aging pe- 
riod of all precipitates was fixed to 7 days, 
since the degree of crystallinity remains al- 
most unaltered after this period of time as 
will be discussed below. Low Li+ concen- 
tration leads to the formation of iron oxyhy- 
droxide (a-FeOOH) and/or a-Fe20j while 
high Li+ and low OH- concentrations lead 
also to similar phases. For Li+ and OH- 
concentrations greater than 1 and 2 M, re- 
spectively, a new phase structurally similar 
to y-FezO, and P-LiFesOR is obtained (see 
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FIG. 1. Phase composition of the precipitates ob- 
tained with different Li and OH concentrations (IOH- 
= ILi+l + INa+l): (0) a-Fe20,, (A) a-Fez03 + a- 
FeOOH, (0) a-Fe203 + cr-FeOOH + Intermediate, 
(0) a-FeOOH + Intermediate, (A) Intermediate. 
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FIG. 2. XRD pattern of intermediate (a) untreated, 
lb) heated to 7OO”C, and (c) heated to 850°C (*: (Y- 

Fig. 2a). Henceforth this phase will be re- 
ferred to as Intermediate phase. 

The crystallinity of the initial gel im- 
proves progressively with the aging time 
(Fig. 3). This results in a sharpening of the 
originally diffuse bands. After 7 days the 
Intermediate phase consists of aggregates 
of small particles (ca. 10 nm) which appear 
to be sheet-like morphology and flaky mi- 
crostructure (Fig. 4). The observed mean 
size and particle shapes of the Intermediate 
phase obtained in all the concentration 
range were similar. On the other hand, Li 
concentration affects the degree of crystal- 
lization as reflected in Fig. 5. Higher Li+ 
concentration and the increase in the pre- 
cipitation temperature lead to a faster rate 
of crystallization as indicated by the plot of 
Fe,/Fe, ratio against aging time. The ratio 
Fe,/Fe, is, however, only a rough measure- 
ment of the degree of crystal growth, since 
the ammonium oxalate buffer solution can 

313 

FIG. 3. XRD pattern evolution with aging time of the 
bO3). initial gel. 
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FIG. 4. Electron micrograph of the Intermediate. 

partially disolve the Intermediate phase be- 
cause of the small size of its particles (20). 

The lattice constant of the Intermediate 
showed little variation with the preparation 
conditions; the mean value was 0.833 nm, 
close to the literature value for y-Fe203 and 
LiFesOB (4, 21). Chemical analysis of pure 
Intermediate showed a constant Li content 
(Li/Fe = 0.130). Neither Fe(I1) nor Na was 
detected in the samples. It is noteworthy 

that this product was not identified in the 
preparation procedure used in (II). How- 
ever, these authors indicate that for a low 
particle size it is possible to obtain a mate- 
rial with Li/Fe ratio lower than the unity 
that they ascribe to the presence of ex- 
tremely fine superparamagnetic particles 
intermingled with ferromagnetic cubic par- 
ticles of P-LiFeSOs. 

The RT Mossbauer spectrum of the In- 

0 10 20 50 too 200 0 10 20 50 100 2M 

LOG. TIME (hours) 

FIG. 5. Rate of crystallization of the initial gel for /OH-l = 6 M. (a) Effect of Li and (b) effect of the 
temperature for ILi’[ = 6 M. 
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FIG. 6. Miissbauer spectra of the Intermediate phase (a) and the Intermediate after heating at 850°C 
(b). 

termediate (Fig. 6a) yields very broad unre- 
solved components characteristic of fine 
particles in the vicinity of the transition 
temperature. The maximum magnetic field 
calculated from the experimental spectrum 
is about 470 kG. The 77 and 14 K spectra of 
the Intermediate reveal at least two mag- 
netic contributions, clearly reflected in the 
asymmetrical broadening of line 6 (Fig. 6a). 
The Mossbauer parameters obtained from 
the fitting to two sextets (Table I) indicate 
two different environments of Fe(III), 
which can be interpreted as octahedral (Si) 
and tetrahedral (&) sites (24-26). 

The thermal analysis curves of the Inter- 
mediate showed a complex weight loss in 
the temperature interval 80-500°C which 
can be due to water release, indicating the 
possible presence of hydroxyl groups or 
water molecules in the solid. 

The thermal treatment of the Intermedi- 
ate at 700°C leads to the formation of a hy- 

drogen-free oxide with a composition in the 
range of the solid solutions of LiFesO and 
y-FezO3. The X-ray and electron diffraction 
data show that the particles have ordered 
vacancies in a tetragonal superstructure 
equivalent to that found in crystalline y- 
Fe203 with c = 3a (22). 

The RT Mossbauer spectrum of the sam- 
ple annealed at 700°C shows a magnetic 
sextet with broadened lines typical of a par- 
ticle size distribution. Low-temperature 
spectra of this sample have a morphology 
similar to that of the unreacted Intermedi- 
ate. Differences in linewidth and H (Table 
I) and between low-temperature spectra of 
the Intermediate and the product at 700°C 
are attributable to differences in particle or 
crystallite size (Table II). 

At 850°C the solid solution decomposed 
to a mixture of two phases. Quantitative 
evaluation of X-ray diffi-actograms showed 
a composition of 67% of a-LiFeSOB and 
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TABLE I 

M~SSBAUER PARAMETERS 

Temp. Sextet S (mm * see-I) A (mm * set-I) H (kG) F (mm . set-1) I,, 
Sample (“K) label (kO.02) (kO.02) (53 (kO.05) (kO.04) 

Interm. RT Unresolved components H,,,,, = 470 kG 
77 s1 0.39 0.05 527 0.53 0.57 

s2 0.34 0.01 502 0.53 0.43 
14 SI 0.40 0.06 536 0.49 0.58 

s2 0.34 0.01 513 0.49 0.42 

Interm. after heating RT Magnetic distribution 440-500 - - 
at 700°C 77 Sl 0.39 0.06 533 0.45 0.56 

s2 0.32 -0.01 513 0.45 0.44 
14 ST 0.40 0.06 537 0.43 0.58 

s2 0.32 0.03 517 0.43 0.42 

Interm. after heating RT S, 0.34 0.02 505 0.35" 0.32 
at 850°C s2 0.29 -0.01 489 0.48 0.39 

s3 0.38 -0.13 518 0.35” 0.29 
77 .% 0.50 0.21 539 0.51 0.58 

s2 0.37 -0.03 522 0.51 0.42 
14 SI 0.49 0.19 542 0.48 0.59 

s2 0.37 -0.04 524 0.48 0.41 

Note. 6, Isomer shift relative to a-Fe; A, quadrupole splitting; I, full-line width at half maximum; H, hyperhne 
magnetic field. 

a Parameter value constrained in the fitting. 

33% of y-Fez03, in good agreement with the 
Li/Fe ratio of 0.12 found by atomic absorp- 
tion spectrometry. Lithium sublimation re- 
ported for other lithium ferrites (2) was not 
detected. The electron diffraction data of 
this product supports the presence of the 
crystalline modification of LiFesOB. The 
transformation takes place at a temperature 
considerably higher than that correspond- 
ing to the y-Fe203 -+ cu-Fe203 phase transi- 
tion and is accompanied by a high recovery 
of the crystallinity of the solids, as shown 
by the values of the size of the coherently 
diffracting domains and microstrain content 
(Table II). This transformation is also char- 
acterized by a pronounced sintering pro- 
cess that results in an increase in particle 
size from 0.1 for the sample annealed at 
700°C to 5 pm at 850°C. 

An initial deconvolution of the RT spec- 
trum of the product at 850°C (Fig. 6b) to 
two sextets yielded H values of 514 and 494 
kG, respectively, but the x2/df (= 7) of the 
fitting was unacceptable. The fit to three 
sextets yielded the Mdssbauer parameters 
listed in Table I with x*/df = 4. The S3 pa- 

TABLE II 

COMPOSITION AND STRUCTURAL PARAMETERS OF 
THE INTERMEDIATE AND ITS DECOMPOSITION 
PRODUCTS 

Sample 
Crystallite 
size (nm) Microstrains Li/Fe a (nm) 

Intermediate 11.5 0.0098 0.130 0.834, 
485°C 17.8 0.0001 0.134 0.8339 
700°C 27.2 0.0075 0.133 0.8336 
850°C 442.6 0.0030 0.130 0.8324 
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rameter matches those corresponding to (Y- 
Fe203 (27), whereas those from Si and S2 
sextets are comparable to those of the Li 
FesOs phase (22, 24-26). If equivalent re- 
coil-free fractions for the three sextets are 
assumed, the hematite concentration can 
be obtained from the percentage of S3 area 
in the spectrum. The obtained value of 29% 
is in acceptable agreement with the X-ray 
diffraction results. In the same way as the 
spectra of the Intermediate and the product 
of decomposition at 700°C the 77 and 14 K 
spectra of samples decomposed at 850°C 
show asymmetry in the l-6 lines and were 
fitted to two sextets (Fig. 6b). H values of 
Si and SZ (Table I) are close to those of 
LiFesOs (24-26) but the quadrupole split- 
ting A value of Si and the higher linewidth 
of both low-temperature subspectra in the 
product of decomposition at 850°C suggest 
the presence of a hematite phase (28). At- 
tempts to fit both low-temperature spectra 
to three sextets did not improve the x2 and 
yielded an unusually high H value (550 kG) 
for one of the sextets. It is to be noted that 
in the low-temperature spectra of the Inter- 
mediate and the samples obtained by de- 
composition at 700 and 850°C the intensity 
ratio of S2 to Si sextets is in the range 0.69- 
0.78 (Table I). The theoretical intensity ra- 
tio for y-Fe203 is 0.60 for all vacancies in 
octahedral sites (29, 30). 

Finally, hydrothermal treatment of the 
initial gel obtained in the presence of high 
Li+ concentration (6 M) and Na+ absence 
at 160°C leads to the formation of different 
modifications of LiFe02. When the aging 
time was 24 hr the product obtained was the 
disorder phase a-LiFe02, as shown in the 
X-ray diffraction pattern in Fig. 7a. From 
24 to 336 hr of aging a progressive conver- 
sion of ar-LiFe02 into the monoclinic (33) 
phase Qn ( p-LiFe02) takes place. From 336 
to 912 hr the monoclinic Qii phase trans- 
forms in the ordered Qi (y-LiFeO2) phase. 
The X-ray diffraction pattern of this prod- 
uct (Fig. 7d) indexed in the tetragonal sys- 

I 
20 36 52 66 ~2c4h] 

FIG. 7. XRD pattern of the product obtained by hy- 
drothermal treatment at 160°C (a) 24 hr, (b) 120 hr, (c) 
336 hr, (d) 912 hr. (0) a-LiFeOz, (+) P-LiFeO*, (*) y- 
LiFeOZ. 

tern leads to the unit cell parameters a = 
0.408 and c = 0.865 nm, in good agreement 
with the literature values (I, 32). 

Discussion 

The Intermediate was identified as a 
monophasic lithiated solid with a structure 
similar to y-Fe20j, shown by the distribu- 
tion of Fe(II1) ions in tetrahedral and octa- 
hedral sites and a tetragonal superstructure 
with ordering of vacancies. This structure 
is not equivalent to /3-LiFeSO which can be 
prepared by a similar procedure (II). Li is 
incorporated in the structure of the solid 
during Fe(II1) precipitation for high OH- 
concentrations. Under these conditions, (Y- 
Fe203 and a-FeOOH are not formed. How- 
ever, the formation of the Intermediate by a 
wet procedure allows the simultaneous in- 
corporation of hydrogen. This is evidenced 
by several types of water released in the TG 
experiment, which may include structurally 
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bound hydrogen. The introduction of H+ 
and Li+ ions in the structure without chang- 
ing the formal III oxidation state of iron is 
possibly due to the structural similarities 
between y-Fe203 and LiFesO (21, 23) and 
the low size of H+ and Li+ ions. In fact, 
some authors proposed that y-FezOJ may 
be a hydrogen iron oxide H1-xFe5+x,308 
(21). The formation of the Intermediate in 
the presence of Li may allow the partial 
substitution of Li by H in a structure which 
is intermediate between y-Fe203 and Li 
Fe50s. Additionally, the Intermediate is 
stable as colloidal particles with high spe- 
cific surface (185 mVg), favoring the exter- 
nal hydroxylation of the particles and the 
hydration of the final product. 

On the other hand, the presence of Li and 
H in the structure of the solid favor a higher 
thermal stability of the Intermediate after 
losing the external water as compared with 
y-FesOX (12). However, the loss of the 
structural hydrogen leads to the formation 
of a solid solution in the LiFe508-Fe203 in- 
terval, namely, Li0,62FeS.1308. This product 
is stable in a short temperature interval 
(730-800°C). Since the Li/Fe ratio is ~0.2, 
at higher temperatures, LiFesO and the 
sesquioxide a-FezOj, which is a stable mod- 
ification at the transformation temperature, 
are formed. 

Although LiFe02 cannot be prepared by 
direct precipitation, the hydrothermal reac- 
tion of the initial gel used in the preparation 
of the Intermediate leads to the formation 
of LiFeOz, whose crystalline structure de- 
pends markedly on the reaction time. 

If we take into account the low tempera- 
ture in which the hydrothermal treatment is 
carried out (16O”C), it is noteworthy the 
short periods of time needed for the trans- 
formations between the various LiFeOz 
phases, as compared with time required by 
thermal treatment (3,31). These results and 
the fact that the hydrothermal transforma- 
tions proceed through a disorder (Q) + or- 
der (p and y) conversion may indicate that 

the phase transitions involve chemical 
transport in liquid and/or vapor phase. This 
effect increases ion mobility and conse- 
quently the rate of conversion. 

On the other hand, the sequence of trans- 
formations under hydrothermal conditions 
(Y + p + y is in agreement with that pro- 
posed by Anderson and Schieber (1) in 
which p-LiFe02 is suggested as an interme- 
diate phase during the ordering process. 
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