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CoFe2O4 and NiFe2O4 synthesized by sol–gel procedures
for their use as anode materials for Li ion batteries
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bstract

Cobalt and nickel spinel ferrites with CoFe2O4 and NiFe2O4 stoichiometries have been prepared by a sol–gel process based on a vacuum
ublimation of a citrate precursor. Several samples of CoFe2O4 were obtained by varying the conditions of citrate precursor formation and further
nnealing. SEM images demonstrated the strong influence of synthesis parameters on the morphologies of secondary and primary particles. The
ormation of layered flake-like aggregates defining a macroporous system is assumed to improve the electrolyte–electrode contact in iron-containing

amples. An enhanced electrochemical performance was achieved for samples annealed at high temperatures, especially for CoFe2O4 heated at
000 ◦C for 24 h. Capacity values higher than 700 mAh g−1 was recorded after 75 cycles. 57Fe Mössbauer spectroscopy was used to clarify aspects
f the mechanism of the electrochemical reaction.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Conversion reactions have opened a new line of research in
he field of electrode materials for Li ion batteries [1]. Transi-
ion metal oxides can be reduced to their metal state and then be
eoxidized providing a large reversible capacity for a large num-
er of cycles. Surprisingly, insertion and/or Li alloying reactions
re not the main processes involved upon charge or discharge.
nstead, a complete structural degradation occurring during the
rst discharge yields nano-sized particles of metal and Li2O.
nlike to tin compounds, this alkaline oxide matrix is reversibly

educed on charging, reforming metal oxide and lithium [2,3].
i2O, intimate mixed with metallic particles may act as an
xygen reservoir promoting metal oxidation [4]. Conversion
eactions have been also demonstrated for other compounds as
itrides, halides, sulfides [5–7], etc. In most cases, the reversibil-
ty of the lithium salt has been evidenced as responsible of the

ell cycling [8], but for Cu3N, the oxidation of Cu to form CuO
ontributes to the increase of capacity with cycle number [9].
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Another interesting feature concerning this kind of lithium
eaction involves the formation of an organic polymeric layer
rapping the discharged products. Some authors have proposed

he presence of oligomer chains of poly(ethylene oxide) pro-
uced from solvent decomposition and CO2 release [10]. This
ayer is continuously formed and dissolved on cycling not hin-
ering the lithium migration from the electrolyte to the active
aterial.
In previous works, our group has proposed the study of

ixed transition metal oxides as NiFe2O4 and NiCo2O4 [11,12].
he use of Mössbauer and X-ray photoelectron spectroscopies
llowed clarifying interesting features related to the reversible
eaction with lithium and sodium. Nevertheless, the use of
olid-state reaction or co-precipitation methods precluded the
chievements of good electrochemical performances in a long-
erm cycling. Also, the influence of particle size effect has been
eported [13,14] what lead us to search for alternative prepara-
ion routes. Because of the great success of these spinel type
errites in the field of magnetic materials, a number of papers
ocused on the synthesis of nano-powdered particles are avail-

ble [15–17]. Moreover, sol–gel methods have been successfully
ssayed on related oxides acting as electrodes in lithium cells
18]. Vacuum sublimation using a freeze dryer has been reported
s a useful method to precipitate a citrate precursor with a ran-
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bonding in the citric acid are substituted by one diffuse band
at near 3158 cm−1 in the citrate salts corresponding to a proto-
nated hydroxyl group. The broad band at about 3500 cm−1 can
be attributed to crystallisation and/or coordination water. From
80 P. Lavela, J.L. Tirado / Journal o

om distribution of metals. Namely, finely disperse LiCoO2 and
iNiO2 were prepared [19,20].

The aim of this work is to test the influence of synthesis
arameters as ligand to metal ratio, pH of the final solution
nd annealing conditions on particle morphology. Also, the
valuation of the electrochemical performance of lithium cells
ssembled with these materials, as working electrodes will be
iscussed.

. Experimental

Spinel oxides with nominal stoichiometries CoFe2O4 and
iFe2O4 were prepared by a sol–gel method using a citrate

igand to complex the metal ions. For this purpose, a 0.3 M solu-
ion of both metals was prepared from the appropriated ratio
f nitrate salts. Then citric acid was added to provide a 1:1
etal:citrate ratio, with a slight excess of 10% of the acid to

nsure the complete chelation of the metal ions. The acidic solu-
ion was neutralized with 30% ammonium solution up to pH 7.
he metal citrate solutions were freezed at −80 ◦C and then sub-

imated in a FTS System at −48 ◦C under 150 mT pressure for
8 h. The so obtained citrate precursor was collected, ground
nd stored in a MBraun glove box to preserve it from hydra-
ion. Alternatively, 1:2 metal:citrate ratio, more basic conditions
pH 10) or more diluted solution (0.15 M) were also tested for
he preparation of CoFe2O4 precursor, named as CoFe2O4Cit2
nd CoFe2O4pH10, CoFe2O4dil, respectively. CoFe2O4 precur-
or was annealed at several temperatures ranging from 600 to
000 ◦C for 24 h in air atmosphere.

X-ray diffraction patterns were recorded in a Siemens D5000
iffractometer, with a Cu K� radiation (1.5406 Å) and a graphite
onochromator. A scan velocity of 2◦(2θ) min−1 was set. The
ervice of Support to Research at the University of Córdoba
rovided a JEOL-SM6300 microscope to obtain SEM images of
he annealed products. A FT-MIR Nicolet Magna-IR550 Series
I spectrometer, with a 4 cm−1 resolution in the spectral range
overing 4000–400 cm−1, was used.

57Fe Mössbauer spectra (MS) experiments were recorded
ith an EG and G constant accelerator spectrometer in trans-
ission mode and at room temperature. The source was 57Co

n a Rh matrix (10 mCi). The velocity scale was calibrated from
he magnetic sextet of a high purity iron foil absorber. Exper-
mental data were fitted to Lorentzian lines by using a least
quare based method [Landry F, Schaaf P. WinISO–Windows

össbauer Fitting Programme (unpublished, 1998)]. The qual-
ty of the fit was controlled by the classical test of χ2. All the
somer shifts are given relative to the center of the �-Fe spectrum
t room temperature.

The electrochemical experiments were carried out by using
wo- and three-electrodes Swagelok type lithium cells. Counter
nd reference electrodes were 9 mm discs of lithium metal and
he working electrode consisted of a mixture of 75% of active

aterial and 10% of graphite, 10% of carbon black and 5% of

VDF binder were coated on a cooper foil of the same diameter.
1 M LiPF6 (EC:DEC = 1:1) electrolyte solution was supported

n Whatman glass fiber discs. An Arbin potentiostat/galvanostat
ultichannel system was used to cycle two electrodes lithium

F
r

er Sources 172 (2007) 379–387

ell at 1 C rate for both charge and discharge branches. Elec-
rochemical impedance spectroscopy (EIS) was carried out in
n Autolab PGSTAT12 system. A three-electrode lithium cell
as successively cycled by passing current between the work-

ng electrode (evaluating material) and the counter electrode
Li). After a period of relaxation, at least 5 h, to achieve a quasi-
quilibrium system, the impedance spectra were recorded versus
Li reference electrode. An ac voltage signal of 5 mV was

pplied from 100 to 2 mHz.

. Results and discussion

The X-ray diffraction patterns of the precursors show a set
f reflections indexed to ammonium nitrate arising from the
sed reagents, but no discernible peaks were observed which
ould be associated to the citrate salts. In fact, the presence
f crystalline NH4NO3 has been also reported in similar pro-
edures when pH values higher than four were fixed for the
recursor solution [21]. In order to get a better characteri-
ation of the citrate precursor, FT-IR spectra were recorded.
he spectrum for citric acid was included as a reference. The
itric acid spectrum contains bands at 1760 and 1722 cm−1

νC O); 1430 cm−1 (δOH(in-plane)), 1300–1200 cm−1 (νC O)
nd 930 cm−1(δOH(out-of-plane)) revealing the presence of car-
oxylic groups. On increasing the metal:citric acid ratio used to
btained the precursor, we observe as these bands are progres-
ively substituted by a new assembly of signals associated to
eprotonated citrate groups. Thus, for the M:Cit 1:1 precursors,
wo characteristic vibrations of –CO2

−, corresponding to the
ntisymmetric and symmetric stretching vibrations (νas and νs)
ocated near 1630 and 1387 cm−1, respectively, are predominant
Fig. 1).

Also, significant differences are observed in the spectrum
egion for which stretching vibrations of OH are visible. Thus,
he narrow bands at 3500 and 3458 cm−1 and the broad bands
t 3307 and 3230 cm−1, revealing the occurrence of hydrogen
ig. 1. FTIR spectra of citric acid and precursor citrates in the 4000–400 cm−1

ange.
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Fig. 2. XRD patterns of CoFe2O4 samples annealed at 900 ◦C for 6 h.

hese results, a triionized citrate ligand chelating the transition
etal ions can be inferred, though the presence of NH4 groups

about 1460 cm−1) may also contribute to the complex structure
f the symmetric mode [20].

The XRD patterns of CoFe2O4 oxides obtained from different
recursors and annealed at 900 ◦C for 6 h are depicted in Fig. 2.
arrow reflections ascribable to high crystalline CoFe2O4 are
bserved in all cases. An additional signal at ca. 33◦ (marked
ith an asterisk), for CoFe2O4Cit2, could be indicative of the
resence of minor impurities, most probably due to hematite.
ig. 3 shows the SEM images corresponding to this set of
oFe2O4 samples. The preparation procedure of the precursor

emonstrated to have a significant influence on the morpholo-
ies of the oxides. On increasing the amount of citric acid to a 1:2
:Cit ratio (Fig. 3a), bulky particles constituted by the aggre-

ation of 100–200 nm CoFe2O4 primary particles were grown.

d
v
v
t

Fig. 3. SEM micrographs of CoFe2O4 samples: (a) CoFe2O4;
er Sources 172 (2007) 379–387 381

hese particles are deposited in such way that big-circled pores
1–2 �m in diameter) are visible on the surface. The increase
f the pH of the final solution to 10 (Fig. 3b), layered aggre-
ates of submicronic primary particles appears now extremely
orrugated forming an interleaved web of microfibers. Some
uthors have reported that the use of diluted solution favours
he formation of smaller particles [22]. Bearing in mind this
ypothesis, a 0.15 M metal solution was also prepared and
reeze-dried (Fig. 3c). Unfortunately, our sample morphology
howed a high coalescence of primary particles, forming less
ayered and porous particles.

The first galvanostatic cycles of lithium cells assembled with
hese oxides are plotted in Fig. 4. The first branch evidences
n initial abrupt decrease of the cell potential followed by a
teady plateau whose charge value agrees well with the electrons
eeded for the transition metal reduction to their metallic state
ccording the following reaction:

oFe2O4 + 8Li → Co + 2Fe + 4Li2O

n close relation with the mechanism reported for NiFe2O4 [11].
Some authors have reported the presence of several plateaus

uring the first discharge, which were ascribed to the sequen-
ial reduction of cobalt and iron, respectively, according to the
ength of the plateaus [23]. Also, lithium insertion in nano-sized
ematite samples [14] and atoms ordering during CuO reduc-
ion were pointed out as responsible of the appearance of new
lateaus at the beginning of the first discharge [4]. An structural

egradation is also observed. At the end of the discharge, the cell
oltage decreases more steeply to finally reach the lower cut off
oltage at 0 V. In this last process, the electrons are consumed
o built an organic polymeric layer coating the inorganic parti-

(b) CoFe2O4Cit2; (c) CoFe2O4pH10; (d) CoFe2O4dil.
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ig. 4. Galvanostatic curves for the first three cycles for (a) CoFe2O4Cit2; (b)
oFe2O4pH10; (c) CoFe2O4dil. Cells were cycled at 1 C rate.

les formed by the reduction. On charging, both the organic film
nd the reduction products are oxidised, although the retrieve of
he crystalline structure is precluded. Because of the energeti-
ally distinct environments of metal atoms at the end of the first
ycle, the second discharge shows a different profile in which

he plateau has been substituted by a continuous decrease of
oltage.

The extended galvanostatic cycling of these samples is shown
n Fig. 5. The increase of pH to 10 did involve a loss of capacity

ig. 5. Extended galvanostatic cycling of CoFe2O4, CoFe2O4Cit2,
oFe2O4pH10 and CoFe2O4dil annealed at 900 ◦C for 6 h. Cells were cycled
t 1 C rate.
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ig. 6. XRD patterns of CoFe2O4 annealed at 600, 800 and 1000 ◦C for 24 h.

or the whole range of measured cycles. Probably the growth
f the microfibers leads to a notorious decrease of sample sur-
ace hindering the lithium reaction. Higher capacity values were
ecorded for the lithium cell assembled with the CoFe2O4 sam-
le obtained from a diluted solution. Nevertheless, the capacity
ading was significant in a long-term cycling. The best capacity
etention was monitored for samples prepared at pH 7 and 0.3 M
n metal concentration. For a further optimization of the syn-
hesis conditions, that precursor obtained with M:Cit 1:1 ratio
as selected to prepare samples at different annealing tempera-

ures.
The XRD patterns were always ascribable to pure and highly

rystalline CoFe2O4 phases (Fig. 6). The broadening of the max-
ma decreased with temperature as expected from the sintering
f particles. This fact could be more easily observed from the
EM images in Fig. 7. At the lowest temperature, the SEM

mages show that bulky aggregates of rough surface are devel-
ped. On increasing the annealing temperature, more layered
articles are detected in which the macroporosity is still undevel-
ped. In turn, the precursor treated at 1000 ◦C for 24 h led to the
ormation of layered aggregates closely similar at those devel-
ped for iron samples heated at 900 ◦C. BET surface areas were
.6 m2 g−1 for the samples annealed at 600 ◦C, 4.7 m2 g−1 for
he 800 ◦C sample and 1.1 m2 g−1 for that calcined at 1000 ◦C.
imilar values have been reported for samples obtained by a

hermal decomposition of an organic salt [20,24]. The electro-
hemical curves did not show remarkable variations arising from
he changes in the synthesis parameter. In turn, the extended
alvanostatic cycling evidenced significant differences in capac-
ty fading (Fig. 8). The first evidence of the influence of the
ew annealing conditions on the electrochemical behaviour is
significant increase in the first discharge capacity and also a
oderate decrease of the irreversibility in the first cycle when

nnealing time increased from 6 to 24 h. Nevertheless, the sam-
les annealed at low temperatures were not able to retain cell
apacity on extended cycling. On the contrary, the sample heated
t 1000 ◦C provided capacity values as high as 740 mAh g−1

fter 75 cycles. Again, we can explain the different electrochem-

cal behaviour in terms of the morphological properties of the
amples. Thus, the lack of a macroporosity and uncompleted
rystallisation detected for samples obtained at 600 ◦C may be
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ig. 7. SEM micrographs of CoFe2O4 samples annealed at (a) 600 ◦C, (b)
00 ◦C and (c) 1000 ◦C for 24 h.

esponsible of the poor performance. The development of the
acroporous layered particles constituted by well-crystallised

rimary particles undoubtedly contributes to the improvement of
he electrochemical behaviour. CoFe2O4 prepared as a polycrys-
alline material deposited in thin film was able to sustain about
10 mAh g−1 after 20 cycles [25]. These authors identified the
etallic product by XPS.
To study the mechanism of the electrochemical reaction of

oFe2O4 with lithium, ex situ 57Fe Mössbauer spectra were

ecorded for samples discharged and charged at several points
uring the first cycle (Fig. 9). The spectrum recorded for the
riginal sample has been widely reported [26,27]. It shows
wo sextets, evidencing the Zeeman interaction occurring at the

a
T
e
s

ig. 8. Galvanostatic cycling of CoFe2O4 samples annealed at several temper-
tures. Kinetic rate: 1 C.

ucleus levels due to the ferrimagnetic character of the crys-
alline material. The isomer shift values (0.40 and 0.29 mm s−1)
orrespond to Fe3+ in octahedral and tetrahedral sites respec-
ively. The relative contribution of the subspectra (14.4 and
5.6%) is indicative of a partial degree of spinel inversion. For
he electrode discharged at 2 F mol−1, the sextets are replaced
y three superparamagnetic signals. The loss of crystallinity,
sually detected in these electrochemical conversion reactions,
nduces the formation of smaller domains and thus preclud-
ng the ferrimagnetic interaction [11]. A split signal appears at.
.00 mm s−1 that could be assigned to electrochemically reduced
e2+. Additionally, two signals at 0.37 and 0.32 mm s−1 are
scribed to superparamagnetic Fe3+ not yet reduced. In a previ-
us work, we described the occurrence of two different locations
or iron atoms in the amorphous electrode [11]. The highly split
ignal is due to iron ions located in more anisotropic sites at
he particle surface, while the less split signal was assigned to
nner atoms in a more isotropic surrounding. On increasing the
harge passed through the cell, Fe2+ signal diminishes and even-
ually disappears at 8 F mol−1. Meanwhile, Fe3+ signals evolved
istinctly. At 4 F mol−1, we observe a slight reduction of the iso-
er shift to 0.30 and 0.27 mm s−1, indicating a certain degree

f reduction. Otherwise, two significant features can be high-
ighted in the spectra recorded at 6 F mol−1. First, a notorious
ncrease of the relative contribution of the highly splitted sig-
al was monitored. The continuous loss of crystallinity yields
maller particles in which a large number of iron atoms are
ocated at the particle surface. Moreover, its isomer shift did
ot decrease and values close to 0.27 mm s−1 remained up to
F mol−1. In fact, these surface ions are more prone to be oxi-
ised by the contact with the electrolyte precluding an effective
lectrochemical reduction. Second, the less split signal isomer
hift continuously decreased and values close to that of metallic
ron (0.11 mm s−1) were recorded for 10 F mol−1.

From these results, a non-homogeneous reduction of iron

toms, affected by their location in the particle, can be inferred.
he reduced oxidation state of the inner iron atoms is more
fficiently preserved, while those atoms located at the particle
urface remain in a higher average valence. Likely, charge trans-
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depressed semicircles appear at high and intermediate frequen-
cies. These semicircles are respectively assigned to lithium
migration through the electrolyte/inorganic SEI film and charge
ig. 9. 57Fe Mössbauer spectra of CoFe2O4, annealed at 800 ◦C for 24 h, and
artially discharged and charged electrodes. Kinetic rate: 1 C.

er occurred with the surrounding electrolyte, thus, contributing
o the formation of the organic polymer layer.

On charging, the reversibility of the process is evidenced
y the iron oxidation. At 1.6 V, the signal attributed to Fe2+

s observed again. At 2.5 V, only two superparamagnetic dou-
lets are present. The isomer shift values 0.26 and 0.28 mm s−1

nvolve a partial oxidation ascribable to an average oxidation
tate rather than the presence of Fe3+ or Fe2+ separately.

The dramatic changes in particle morphology, at which these
amples are submitted upon cycling, are determinant for the
levated polarization detected between charge and discharge

ranches. For this reason, the study of the kinetic response of
he electrode materials was evaluated by cycling lithium test cell
t different rates (Fig. 10). The capacity value at the 10th cycle

F
a

ig. 10. Plot of capacity versus C rate for CoFe2O4 prepared by different sol–gel
outes.

as plotted against the C rate. CoFe2O4 samples obtained from
precursor with a 1:2 M:Cit ratio showed an abrupt decrease of
apacity at 2 C, though more constant values were recorded by
ncreasing the current to a 5 C rate. A more steady decrease in
apacity was detected for CoFe2O4pH10 sample although lower
alues of capacity were measured in the whole range. The effect
f annealing temperature was evaluated in samples heated at 600
nd 1000 ◦C. A linear decrease was observed in both cases being
harper for the sample heated at 600 ◦C.

An explanation of this behaviour may arise from the study
f the impedance spectra measured on samples cycled at

rate. Fig. 11 displays some Nyquist plots obtained for
oFe2O4Cit2 and CoFe2O4pH10. The three electrode test
ells were monitored at the end of selected discharges. Two
ig. 11. Nyquist plots for CoFe2O4Cit2, CoFe2O4pH10 samples after the first
nd fifth discharges.
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Fig. 13. XRD patterns of NiFe2O4 annealed at 600, 800 and 1000 ◦C for 24 h.
ig. 12. Variation of (a) SEI (R2) and (b) charge transfer (R3) resistance val-
es upon several cycles for CoFe2O4Cit2, CoFe2O4pH10, NiFe2O4 samples
nnealed at 900 ◦C for 6 h and CoFe2O4 at 600 and 1000 ◦C for 24 h.

ransfer through the particle surface [28]. At low frequencies,
huge semicircle is barely revealed. A recent report correlated

his last feature to a pseudo-capacitance behaviour, most likely
elated to the growth of the polymeric organic layer [29]. The
ariation of the resistance values ascribed to these processes is
hown in Fig. 12. R3 values were higher than R2 values indicating
hat the lithium migration through the metallic particle surface
mposes a higher energy barrier than the transport through the
i2O matrix. R2 values were more dispersed on cycling than
3 resistance, although the general trend is a steady increase
f the values up to the 10th cycle and constancy for subse-
uent cycling. This result could be related to the capacity fading
bserved for the first cycles. Otherwise, CoFe2O4Cit2, whose
apacity values were more affected by the increase of the kinetic
ate, is also the sample involved in a more notorious increase of
harge transfer resistances on cycling. Moreover, the effect of
he annealing temperature on samples with a 1:1 ligand to metal
atio is clearly evidenced by high R2 and R3 resistance values for
he sample annealed at 600 ◦C. This fact would justify its low
lectrochemical performance as compare to samples prepared at
igher temperatures.

A new set of samples was obtained by substituting Co by Ni

n the ferrite stoichiometry. The XRD patterns plotted in Fig. 13
vidence the purity of the phases annealed at 800 and 1000 ◦C.
or the sample heated at 600 ◦C, a tiny peak at ca. 33◦ reveals

he presence of minor amounts of hematite. The SEM images
Fig. 14. SEM micrographs of NiFe2O4 annealed at (a) 600 ◦C, (b) 800 ◦C and
(c) 1000 ◦C for 24 h.
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ig. 15. First galvanostatic curves for NiFe2O4 annealed at 800 ◦C for 24 h.
inetic rate: 1 C.

f the corresponding samples show significant differences as
ompared to those of CoFe2O4 prepared in the same conditions
Fig. 14). Less rough surfaces appear in all cases and the increase
f temperature involves the occurrence of larger particles closely
ggregated precluding the formation of a macroporous system.

The profile of the galvanostatic curves recorded for the first
ew cycles is quite similar to those previously described for
oFe2O4. In contrast to that occurring to NiFe2O4 thin films
btained by PLD method [30], a unique plateau was recorded
n the first discharge. This result agrees well with a previous
ork carried out by our group on NiFe2O4 obtained by a co-
recipitation of an oxalate precursor [11]. The extent of the main
eduction plateau in the first discharge matches well with the
xpected electron consumption for the reduction of the transi-
ion metal atoms to their metallic state (Fig. 15). The potential of
he discharge plateaus was 0.3 V lower than those of CoFe2O4.
his fact fairly agrees with the less negative Gibb free energy

or the NiO formation [31].
The extended cycling of the lithium cells assembled with

iFe2O4 is plotted in Fig. 15. A capacity fading was recorded
n all samples during the first 20 cycles. However, the sample

nnealed at 800 ◦C for 24 h was able to maintain capacities
igher than 600 mAh g−1 after 80 cycles. The lower elec-
rochemical performance of samples annealed at 600 ◦C and

ig. 16. Galvanostatic cycling of NiFe2O4 samples annealed at different condi-
ions. Kinetic rate: 1 C.
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000 ◦C could be ascribable to the shortage of macroporous due
o either an uncompleted particle formation or excessive parti-
le aggregation, respectively. The analysis of resistance values
easured on the sample annealed at 900 ◦C for 6 h (Fig. 16)

vidences high resistance values in both SEI film (R2) and
harge transfer reaction (R3) as compared with CoFe2O4 sam-
les annealed at the same conditions.

. Conclusions

A sol–gel method based in the precipitation of a metal cit-
ate precursor by a freeze drying procedure has been essayed
o obtain CoFe2O4 and NiFe2O4. This route of synthesis has
emonstrated to be effective for the preparation of pure phases
ith a tuneable morphology by modifying composition, parame-

ers of the precursor synthesis and annealing conditions. Layered
ggregated of primary particles were observed for iron contain-
ng samples annealed over 600 ◦C. This morphology provides a
acroporous system which can favours the electrolyte/electrode
aterial contact during the electrochemical process.
Furthermore, the variation of the synthesis conditions intro-

uced in CoFe2O4 affected significantly to the long-term
ycling. Thus, CoFe2O4 obtained from a precursor with a M:Cit
:1 ratio, 0.3 M metal concentration and a final pH solution equal
o seven demonstrated to be able of sustaining capacities in an
xtended cycling. The corresponding oxide annealed at 1000 ◦C
or 24 h led to a notorious improvement of the cycling perfor-
ance. Values as high as 739 mAh g−1 were achieved after 75

ycles.
57Mössbauer spectra of partially discharged and charged

oFe2O4 electrodes evidenced different electrochemical
ehaviour of core and surface iron atoms. Likely, the high
eactivity of electrochemically produced iron atoms favours
eactions between the transition metals and the electrolyte avoid-
ng a metallic state at the end of the first discharge.

The kinetic response of the electrode materials was also eval-
ated by cycling at different rates and impedance spectroscopy
f electrodes cycled at C rate demonstrate the sensitivity of
oFe2O4Cit2 at high rates. It can be related to the high R2 and
3 resistance values measured from the Nyquist plots. A slow
iffusion of lithium ions through the interfaces clearly affected
o the performance of lithium reaction at higher rates.

The freeze-drying process allowed to prepare pure NiFe2O4.
he annealed samples also developed macroporous aggre-
ated whose beneficial effect on the electrochemical reaction
s reflected in the ability to maintain capacity values higher than
00 mAh g−1 after 80 cycles for the samples obtained at 800 ◦C
or 24 h. The substitution of Co by Ni induced a decrease in the
ell voltage of the discharging plateaus, which agrees with the
xpected changes in the free energy formation of the oxides.
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