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a b s t r a c t

The doped and milled spinels Li1.05M0.02Mn1.98O3.98N0.02 (M = Ga3+, Al3+ or Co3+; N = S2− or F−) are studied
aiming at obtaining an improved charge/discharge cycling performance. These spinels are prepared by
a solid-state reaction among the precursors �-MnO2, LiOH, and the respective oxide/salt of the doping
ions at 750 ◦C for 72 h and milled for 30 min. The obtained spinels are characterized by XRD, SEM, and
determinations of the average manganese valence n. In the charge and discharge tests, the doped spinels
vailable online 4 December 2009
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present outstanding initial values of the specific discharge capacity C (117–126 mA h g−1), decreasing
in the following order: C(Li1.05Al0.02Mn1.98S3.02O3.98) > C(Li1.05Al0.02Mn1.98F3.02O3.98) > C(Li1.05Ga0.02Mn1.98

S3.02O3.98) > C(Li1.05Ga0.02Mn1.98F3.02O3.98) > C(Li1.05Co0.02Mn1.98S3.02O3.98) > C(Li1.05Co0.02Mn1.98F3.02O3.98).
The doped spinel Li1.05Ga0.02Mn1.98S3.02O3.98 presents an excellent electrochemical performance, with a
low capacity loss even after 300 charge and discharge cycles (from 120 to 115 mA h g−1 or 4%).
ithium-ion battery
athode material

. Introduction

In the last decades, the marked increase in the use of portable
lectronic equipments has been accompanied by the tendency
f miniaturization, leading to a demand for batteries of reduced
ass and size, but also with long durability, high safety, and low

ggression potential to the environment when disposed of [1,2].
ithium-ion batteries appear as one of the best options to meet the
emands of portable electronic equipments, providing the highest
nergy density values among rechargeable batteries [3,4].

Transition metal sulfides were the first cathodic materials inves-
igated for use in rechargeable lithium batteries, but a significant
echnological advancement of cathodic materials only occurred
5,6] after the synthesis of LiCoO2 by Mizushima et al. [7]. Since
hen, metal oxides of transition metals of the first series have

een especially attractive as cathodic materials, because they are
trong oxidizing agents that facilitate the occurrence of lithium-ion
nsertion [8]. The lamellar-structure oxides (LiNiO2 and LiCoO2),
xides of inverse-structure spinels (LiNiVO4 and LiCoVO4), and the
ithium manganate (LixMn2O4) with spinel structure are among

∗ Corresponding author. Tel.: +55 16 33518079; fax: +55 16 33518350.
E-mail address: bocchi@dq.ufscar.br (N. Bocchi).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.002
© 2009 Elsevier B.V. All rights reserved.

the oxides commonly used in lithium-ion batteries, which oper-
ate in the potential ranges 3.5–4.2, 3.5–4.5, and 3.0–4.2 V vs. Li/Li+,
respectively [9].

The use of the LixMn2O4 spinel as cathode material in lithium-
ion batteries presents some advantages such as: manganese
abundance, non-toxicity, low cost, and possibility of insertion of
two lithium ions per unit formula. This last aspect is very interest-
ing as lithium-ion batteries can operate either at 4 or 3 V vs. Li/Li+

[10,11]. However, the main disadvantage of using the LixMn2O4
spinel as cathode material is the decrease of the specific capacity
during cycling of the lithium-ion battery, specially at temper-
atures higher than 40 ◦C, at which most electronic equipment
operate [12]. This capacity loss is associated with the lithium-ion
extraction/insertion processes into/out of the LixMn2O4 (0 ≤ x ≤ 2)
spinel during successive charge and discharge cycles, respec-
tively. The LixMn2O4 spinel structure possesses three-dimensional
interstitial spaces through which lithium ions migrate during
extraction/insertion processes. For 0 ≤ x ≤ 1, these processes occur
at 4 V vs. Li/Li+ and the cathode cycling can be considered satis-
factory because the spinel compact cubic structure formed by O2−
ions contracts and expands isotropically during the lithium-ion
extraction/insertion processes [11]. On the other hand, for 1 ≤ x ≤ 2,
at close to 3 V vs. Li/Li+ lithium ions are inserted into the spinel
structure by a reaction that involves two distinct phases [13]. This
reaction corresponds to the beginning of an anisotropic distortion

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bocchi@dq.ufscar.br
dx.doi.org/10.1016/j.jpowsour.2009.12.002
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f the LiMn2O4 compact cubic symmetry to a tetragonal symmetry,
nown as the Jahn–Teller distortion [11,13–16]. This local distor-
ion is related to the vacancy/occupancy of the eg antibonding
rbital of the Mn3+ ion during successive charge and discharge
ycles, respectively.

In addition to the Jahn–Teller distortion, several other phenom-
na have also been pointed out as responsible for the capacity
oss of LixMn2O4 spinels, such as: electrolyte degradation at
igh potentials (>4.4 V vs. Li/Li+); slow dissolution caused by
he 2Mn3+(s) → Mn4+(s) + Mn2+(slv) disproportionation reaction
15,17–21]; instability of the delithiated structure (at the end of
he charging process) due to oxygen loss by the spinel structure
18,22]. Thus, various experimental strategies have been carried
ut in order to minimize such problems of the LixMn2O4 spinels.
mong them, the following are worth noting: change of the pre-
ursors and synthesis conditions during the spinel preparation by
solid-state reaction [23,24]; use of a spinel with a low excess

f lithium ions (Li1.05Mn2O4) [25,26]; use of different methodolo-
ies for spinel synthesis, such as the mechanochemical synthesis
27], polymeric-precursors method (Pecchini) [28], combustion
eaction [29,30], and sol–gel method [31]; change of the mor-
hology and size of the spinel particles [32]; introduction of
tructural defects in the spinel, such as cationic vacancies [33];
eposition of an aluminum film on the surface of the LiMn2O4
pinel [34]; doping of the spinel with different metallic ions
19,35–39]. Among these strategies, doping of the spinel with
mall amounts of cations for substituting the Mn3+ ions (respon-
ible for the Jahn–Teller effect) seems to be promising in order to
btain spinel cathodes with longer useful life during successive
harge and discharge cycles [40]. Accordingly, many researchers
ave considered doping the LiMn2O4 spinel with small amounts
f usually trivalent ions, such as Cr3+, Co3+, Ga3+, Fe3+, Bi3+, etc.
20,35,37,41–47].

Although cationic doping increases the performance of spinel
athodes at room temperature, they still present significant specific
apacity loss at temperatures above 40 ◦C. This has been attributed
o the presence of acidic species from the electrolyte, which cause

slow dissolution of superficial particles of the spinel cathodes
21]. Hence, in order to minimize both effects (Jahn–Teller and
issolution of manganate particles), some authors have proposed
oncomitant cationic and anionic (S2− or F−) doping of these spinels
31,48–58].

As mentioned before, the introduction of structural defects in
he crystalline network and the control of particle size may also
ontribute to the maintenance of the specific capacity of spinel
athodes. In this way, mechanical milling of doped spinels (with
ations and anions) becomes an alternative low-cost method for
ntroducing structural defects into crystalline networks [57]. More-
ver, the use of this methodology, before or after the calcination
f the spinel precursors, allows better control of size distribution
nd particle shape, as well as metal distribution in the host matrix
59]. For this, mechanical milling, combined or not with heat treat-

ent at moderate temperatures, has been used by many authors
o obtain electrodic materials [27,60–66].

In a previous work [67] we showed that the Li1.05Mn2O4 spinel
ould be easily obtained by a solid-state reaction from �-MnO2
with more structural defects than the �-form), using only one heat-
ng step in the thermal treatment. In this work we report results
ttained by doping this spinel with cation–anion pairs, obtaining
he Li1.05M0.02Mn1.98O3.98N0.02 (M = Ga3+, Al3+ or Co3+; N = S2− or
−) spinels. Aiming at improving the capacity performances of these

oped spinels, they were obtained by a solid-state reaction between
he precursors �-MnO2, LiOH, and the respective oxide/salt of the
oping ions (Co3+, Ga3+, Al3+, S2−, and/or F−) at 750 ◦C for 72 h. In
rder to control the particle size, the spinels were milled in a ball
ill for 30 min.
ources 195 (2010) 3293–3299

2. Experimental

2.1. Synthesis of the doped spinels

The following precursors were used in the synthesis of the
doped spinels Li1.05M0.02Mn1.98O3.98N0.02 (M = Ga3+, Al3+ or Co3+;
N = S2− or F−): �-MnO2 (prepared as described elsewhere [68]),
LiOH (Riedel), Ga2O3 (Aldrich), Al2O3 (Aldrich), cobalt acetate
(Merck), Li2S (Aldrich), and LiF (Aldrich). The doped spinels were
prepared by a solid-state reaction among the precursors in the mole
ratios 1.00(Mn1.98 + M0.02):1.05Li and 1.00(O3.98 + N0.02):1.05Li.
After homogenization in a mortar, the precursor mixture was cal-
cined in a tubular oven under static air at 750 ◦C for 72 h and then
slowly cooled at a rate of −10 ◦C min−1. A mixer mill (Spex Certiprep
8000 M) was used for milling all the doped spinels for 30 min.

2.2. Characterization of the spinels

All doped spinels were characterized by XRD, using an auto-
mated diffractometer (Siemens D-5000) with Cu K� radiation and
a graphite monochromator; a scan rate of 2◦ min−1 was employed
in all measurements.

The morphology and average particle size of the doped spinels
were also characterized by SEM, using a Zeiss (DSM 960) micro-
scope.

The average manganese valence in the doped spinels was deter-
mined by the Vetter and Jaeger’s method [69], in which redox
titrations involving the MnO4

−/Mn2+, Fe3+/Fe2+, and Mn3+/Mn2+

redox couples are carried out.

2.3. Electrochemical evaluations

Composite electrodes were prepared by mixing the respective
doped spinel with 10% carbon black (Vulcan XC 72-6P 2800, Cabot)
and 5% of polyvinylidene fluoride (PVDF) (Aldrich) in cyclopen-
tanone (Aldrich). After this mixture was converted to a viscous
and homogeneous paste by using an ultrasonic bath, this paste
was applied on a Pt current collector (10 mm × 3 mm × 0.4 mm). All
composite electrodes were thermo-pressed at 3.45 MPa and 130 ◦C
for 20 min and then kept under vacuum at 80 ◦C for 24 h.

For initial charge and discharge tests, a three-electrode glass
cell and a potentiostat/galvanostat (EG&G Parc 263A) controlled
by appropriate software were employed. The composite electrodes
were used as working electrodes, while Li wires (Aldrich) were used
as reference and counter electrodes; 1 mol L−1 LiClO4 (Aldrich) dis-
solved in a 2:1 (v/v) mixture of ethylene carbonate (EC) (Aldrich;
98%) and dimethyl carbonate (DMC) (Aldrich) was used as elec-
trolyte. The initial charge and discharge tests were carried out at a
constant current density (51 and 102 �A cm−2, respectively) over
the potential range 4.35–3.30 V vs. Li/Li+.

For long cycling studies, a Teflon Swagelok-type cell and a thin
film of polymeric gel electrolyte were employed. This polymeric
gel was prepared from the copolymer poly(acrylonitrile)/poly(vinyl
acetate) (PAN/PVA, M = 140,000 g mol−1, Radicy Crylor), containing
93.6% acrylonitrile, 6.1% vinyl acetate, and 0.3% sodium methyl-
sulfonate. For the polymeric gel preparation, LiBF4 (Aldrich) was
firstly dissolved in a 2:1 (v/v) EC-DMC mixture at room tempera-
ture. Then, the PAN/PVA copolymer was added and dispersed in the
mixture, so that the mole percentages of PAN/PVA:2EC:DMC:LiBF4
were 20:35:37:8. The resultant slurry was heated up to 90 ◦C and
kept at this temperature for a short time to promote a fast and

complete dissolution. In order to favor gel formation, the result-
ing solution was slowly cooled to room temperature. Finally, a thin
film (∼0.5 mm) of the polymeric gel electrolyte was obtained using
a film extensor; discs of 10-mm diameter were then cut for use
in the cycling cell. The complete details on the preparation of this
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ig. 1. Typical X-ray diffractograms obtained for the doped spinels
i1.05Al0.02Mn1.98O4, Li1.05Al0.02Mn1.98S0.02O3.98, and Li1.05Al0.02Mn1.98F0.02O3.98;
he diffractogram for the LiMn2O4 spinel from JCPDS (35-782) is also presented.

olymeric gel electrolyte are described elsewhere [70]. The long
ycling tests were carried out in the same experimental conditions
s the initial tests.

All manipulations of air-sensitive materials as well as assem-
lies were carried out inside a glove box (Labconco 50600), from
hich humidity was continuously removed through a drying-train

ccessory. All the obtained measurements using the glass cell were
erformed inside this box.

. Results and discussion

Typical X-ray diffractograms obtained for the doped spinels
i1.05Al0.02Mn1.98O3.98N0.02 (N = S2− or F−) are shown in Fig. 1. The
ell-defined peaks of these diffractograms agree well with those

rom the JCPDS 35-782 card (also shown in Fig. 1) corresponding to
he stoichiometric spinel LiMn2O4 with a cubic unit cell and Fd3m
pace group; no other LiMnO phase or impurity was detected, as
lso observed by other authors [19,22,48,71]. According to Manev
t al. [72] and Lee et al. [73] the position and full width at half
aximum (FWHM) of the (4 0 0)-plane peak are important factors

ndicating the degree of crystallinity of a spinel powder. Manev et
l. [72] also pointed out that the mean lithium content in spinels
ccurs when the (4 0 0) plane is located at 2� = 43.95◦ and the
WHM value is 0.1. Table 1 presents the positions and FWHM values

f the (4 0 0)-plane peak extracted from the X-ray diffractograms
or all doped spinels synthesized in this work. As it can be seen
n Table 1, only the Al-doped spinels present positions and FWHM
alues for the (4 0 0)-plane peak close to those mentioned above.
herefore, among the obtained doped spinels, the Al-doped ones

able 1
alues of the position and FWHM for the (4 0 0)-plane peak, intensity ratio of the (3 1 1)/(
oped spinels.

Spinel Plane (4 0 0)/degree Ratio of the (3 1 1)/(4

Position/2� FWHM

Li1.05Al0.02Mn1.98O4 43.94 0.22 1.1
Li1.05Al0.02Mn1.98S0.02O3.98 43.96 0.24 0.97
Li1.05Al0.02Mn1.98F0.02O3.98 43.96 0.26 0.97
Li1.05Ga0.02Mn1.98O4 44.00 0.24 1.1
Li1.05Ga0.02Mn1.98S0.02O3.98 44.05 0.26 0.97
Li1.05Ga0.02Mn1.98F0.02O3.98 44.05 0.28 0.97
Li1.05Co0.02Mn1.98O4 44.10 0.24 1.2
Li1.05Co0.02Mn1.98S0.02O3.98 44.14 0.29 0.95
Li1.05Co0.02Mn1.98F0.02O3.98 44.16 0.32 0.93

† a = 8.234 Å for the pure spinel obtained at 750 ◦C for 72 h.
Fig. 2. Values of the unit-cell parameter a calculated for the pure spinel and for the
doped spinels Li1.05M0.02Mn1.98O4−zNz (M = Al3+, Co3+, or Ga3+; z = 0 and 0.02; N = S2−

or F−).

showed the highest degree of crystallinity. Concerning the lithium
content, it is expected that the lithium insertion into the doped
spinels decrease in the following order: aluminum, gallium, and
cobalt. In fact, this is confirmed, as it will be further demonstrated
below through the charge and discharge tests. Moreover, Lee et al.
[73] also observed that Al-doped spinels with intensity ratio of the
(3 1 1)/(4 0 0)-planes peaks in the range of 0.96–1.1 showed good
cycling performance. As most of the obtained doped spinels present
values of such ratio in this range (see Table 1), one may expect that
they will present good cycling performances.

In order to evaluate the influence of the nature of the doping
ions on the crystalline lattice of the obtained spinels, the values
of the unit-cell parameter a (see Table 1 and Fig. 2) were also
calculated from the XRD data by the least-squares method. Table 1
and Fig. 2 also contain the a value (8.234 Å) calculated for the pure
spinel obtained at 750 ◦C for 72 h; from this value it can be inferred
that the composition of the pure spinel is very close to that of
the stoichiometric LiMn2O4 spinel from the JCPDS 35-782 card
(a = 8.241 Å). Amatucci et al. [52] reported a value of a of 8.235 Å
for LixMn2O4 (x = 1.03) obtained by a solid-state reaction at 800 ◦C
for 24 h. As it can be seen in Fig. 2, the values of a calculated for all
the doped spinels were always lower than that for the pure one,
suggesting an effective doping since this process is associated with
the substitution of Mn3+ ions (ionic radius of 0.65 Å) in octahedral

(16d) sites by cations of the same oxidation state and smaller ionic
radius (Al3+, Co3+, or Ga3+ with ionic radius of 0.53, 0.60, or 0.63 Å,
respectively) [74]. For cationic doping, as the respective ionic radius
decreases the value of a decreases in the same order: a(Li1.05Ga0.02

4 0 0)-planes peaks, unit-cell parameter, and average manganese valence for all the

0 0) planes Unit-cell parameter† a/Å Average manganese valence n

8.229 3.56 ± 0.01
8.227 3.57 ± 0.01
8.221 3.57 ± 0.01
8.231 3.60 ± 0.01
8.229 3.59 ± 0.01
8.221 3.59 ± 0.01
8.230 3.58 ± 0.01
8.227 3.57 ± 0.01
8.221 3.58 ± 0.01
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n1.98O4) > a(Li1.05Co0.02Mn1.98O4) > a(Li1.05Al0.02Mn1.98O4). For
ationic and anionic doping, the value of a decreases in the follow-
ng order: a(spinel doped with M3+) > a(spinel doped with M3+ and
2−) > a(spinel doped with M3+ and F−). Although three different
ations were used, the values of a were also affected by the value
f the ionic radius of the anion S2−(1.84 Å) or F−(1.33 Å). However,
his analysis does not explain the values of a calculated for the
pinels doped only with S2−, whose ionic radius is greater than that
f O2−(1.60 Å). In this case, the greater electronic affinity of S2−

ay possibly explain the smaller value of a obtained for the spinel
oped with only S2−. The bond-energy values for the O2− anion in
he spinel lattice may also explain the values of a for the spinels
oped only with anions, as the value of that physical quantity is
reater for S2−–O2− and F−–O2− than for O2−–O2−. In general, the
alues of a calculated for all doped spinels in the present work
gree well with those reported in the literature [13,20,51,54,75].

As in the case of the values of a, the values of the average
anganese valence n are also important in order to evaluate the

oping of spinel samples, since a decrease in the values of a might
sually occur due to an increase in the manganese oxidation state

76]. The values of n for the doped spinels are always greater
han that for the pure one (Fig. 3); this is in agreement with
he values of a calculated for all the doped spinels. Therefore,
he values of both a and n are indicative of the effective dop-
ng of the spinels. Among the spinels doped only with cations,

Fig. 4. Typical SEM micrographs for the following doped spinels: (a) Li1.05Al0.02Mn1
Fig. 3. Values of the average manganese valence n determined for the pure spinel
and for the doped spinels Li1.05M0.02Mn1.98O4−zNz (M = Al3+, Co3+, or Ga3+; z = 0 and
0.02; N = S2− or F−); the bars indicate the average standard deviations for at least
three determinations.

the values of n decrease in the following order: n(Li1.05Ga0.02
Mn1.98O4) > n(Li1.05Co0.02Mn1.98O4) > n(Li1.05Al0.02Mn1.98O4). On

the other hand, the anionic doping practically does not change the
values of n. Some dispersion in the values of n was also observed
by other authors and can be attributed to the presence of either
stoichiometric defects or small amounts of other phases not
detectable by XRD [77].

.98O4; (b) Li1.05Ga0.02Mn1.98O4; (c) Li1.05Co0.02Mn1.98O4; (d) Li1.05Mn2S0.02O3.98.
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Since the surface morphology is also an important factor for the
ycling performance, that was also examined by SEM for all the
oped spinels investigated in this work. Thus, Fig. 4 illustrates typ-

cal SEM micrographs obtained for four different doped spinels;
imilar images were obtained for the other spinels. In all cases,
rains of similar forms and uniform size distribution are observed.
he average grain size is less than 4 0 0 nm. In general, the surface
orphology of the doped spinels is quite similar to those observed

y other authors [49,75,78,79].
Before the cycling studies, cathodes prepared from all the

pinels (pure and doped) were firstly submitted to initial charge
nd discharge tests over the potential range 4.35–3.30 V vs. Li/Li+.
fter the tenth cycle, all spinels presented values of the specific
apacity 5–15% higher than that observed for the pure spinel
∼110 mA h g−1) obtained only by calcination (without further

illing) [67]. These results are possibly related to a more uniform
article size distribution after the milling of the spinel. However, for
illing times higher than 30 min the values of the specific capacity

ecreased significantly due to the formation of other new phases,
onfirmed by XRD (not shown). This is why all the spinels in the
resent work were milled in a ball mill for 30 min. As the values

f specific capacity were practically maintained during the initial
harge and discharge tests, cathodes prepared from all the doped
pinels investigated in this work were submitted to long cycling
ests. The values of specific capacity obtained during 300 charge and

able 2
ain results of cycling performance (initial capacity and its retention) of doped-mangane

ecade.

Researchers Material Synthesis

Pistoia et al. [35] Li1+xMyMn2−(x+y)O4+2 (M = Li,
Cu, Zn, Ni, Co, Fe, Cr, Ga, Al, B,
or Ti)

Solid-state reaction at 730
72 h

Zhang et al. [43] LiCrxMn2−xO4 (0 ≤ x ≤ 0.1) Solid-state reaction at 600
15 h and 650 ◦C for 48 h w
intermittent grinding

Arora et al. [41] LiCoyMn2−yO4 (0 ≤ y ≤ 0.33) Solid-state reaction at 600
6 h and 750 ◦C for 72 h wit
intermittent grinding

Wang et al. [44] LiCrxMn2−xO4 (x = 0, 0.04, 0.06
or 0.1)

Pechini method

Lee et al. [46] LiM0.05Mn1.95O4 (M = Li, B, Al,
Co or Ni)

Citrate–gel method

Sun et al. [54] LiAl0.24Mn1.76O3.98S0.02 Sol–gel method

Myung et al. [53] LiAlxMn2−xO4 (0 ≤ x ≤ 0.6) Emulsion-drying method

Amatucci et al. [52] LiAlx Mn2−xO4−zFz (x = 0.1 or
0.2; 0 ≤ z ≤ 0.5)

Solid-state reaction at 800
24 h

Sun et al. [56] LiAl0.18Mn1.82O3.97S0.03 Sol–gel method

Sun et al. [57] LiNi0.5Mn1.5O4−xSx (x = 0 or
0.05)

Co-precipitation at 500 ◦C
800 ◦C

Wu et al. [49] LiMn1.5Ni0.5−xCoxO4

(0 ≤ x ≤ 0.5)
Spray-drying method

Yi et al. [22] LiAl0.05Mn1.95O4 Adipic acid-assisted sol–g
method at 800 ◦C

Liu et al. [75] LiGaxMn2−xO4 (0 ≤ x ≤ 0.05) Sol–gel method

Li and Xu [34] LiMn2O4 Solid-state reaction at 600
6 h and 750 ◦C for 72 h wit
intermittent grinding

Zhou et al. [20] Agx/LiMn2O4 (0 ≤ x ≤ 0.3) Thermal decomposition

Patoux et al. [42] LiNi0.4Mn1.6O4 Solid-state reaction at 600
for 10 h

Luo et al. [48] LiMn1.8Li0.1Ni0.1O4−nFn (n = 0,
0.1 or 0.15)

Solid-state reaction at 450
12h

Huang et al. [47] LiMxMn2−xO4−yBry

(0 ≤ x ≤ 0.15; 0 ≤ y ≤ 0.05)
Solid-state coordination a
for 10h
ources 195 (2010) 3293–3299 3297

discharge cycles for cathodes prepared from all the doped spinels
investigated in this work in a PAN/PVA-based gel electrolyte are
presented in Fig. 5. Clearly, the spinel concomitantly doped with
Al3+ and S2− presented the highest values of specific capacity while
the spinel concomitantly doped with Ga3+ and S2− presented the
lowest value of capacity loss (4%) after 300 charge and discharge
cycles. As shown in Table 2, this last result is among the best ones
reported in the literature in the last decade for cycling performance
(initial capacity and its retention) of doped-manganese spinels pre-
pared by distinct methodologies. On the other hand, the spinel
concomitantly doped with Co3+ and F− showed the lowest specific
capacity values and also the worst maintenance of these values.
Nevertheless, it is worth pointing out that, even for this last doped
spinel, the capacity loss was only 8%, confirming the excellent per-
formance of the cathodes prepared from all the doped spinels.

It is important to point out again that all the doped spinels were
submitted to a milling process in order to control their particle size.
Comparing the values of the initial specific capacity obtained for the
doped spinels (Fig. 5) with that obtained for the pure spinel with-
out further milling (∼105 mA h g−1), one observes that the former
are approximately 10% higher. Therefore, both the doping (cationic

and anionic) and the milling processes contributed to increase the
specific capacity and to maintain its value during the cycling of
the spinels. The increase in the specific capacity values is possi-
bly related to a better distribution of particles and their smaller

se spinels prepared by distinct methodologies, reported in the literature in the last

Initial capacity (mA h g−1) Number of cycles Capacity loss

◦C for ∼100 150 ∼7%

◦C for
ith

118 (x = 0.1) 200 6.7%

◦C for
h

100 85 2–3%

122 (x = 0.04) 50 7%

125 (Ni-doped) 110 2%

109 50 1% at 25 ◦C
104 50 3% at 50 ◦C
99 50 5% at 80 ◦C
144 (x = 0) 50 17% at 25 and 45 ◦C

114 (x = 0.2) 50 4% at 45 ◦C

◦C for ∼100 (x = 0.2; z = 0.5) 400 15% at 55 ◦C

107 50 3% at 25 and 50 ◦C
100 50 7% at 80 ◦C

and 122 (x = 0.05; 500 ◦C) 50 4%

112 (x = 0.2) 20 1.8%

el 128 (D50 = 17.3 pm) 50 8.3%

118 (x = 0.05) 50 9%

◦C for
h

112 200 6.5%

95 (x = 0.2) 40 3.3%

–900 ◦C 129 1000 20%

◦C for 80 (n = 0) 50 ∼1%

t 700 ◦C 104 (x = 0.15; y = 0.05) 100 14.5%
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ig. 5. Specific capacity as a function of cycle number obtained during charge
nd discharge tests for cathodes prepared from the different doped spinels
i1.05M0.02Mn1.98O3.98N0.02 (M = Ga3+, Al3+, or Co3+; N = S2− or F−) using a PAN/PVA-
ased gel electrolyte; jc = 51 �A cm−2 and jd = 102 �A cm−2.

ize, occupation of sites previously unoccupied, and increase of the
pinel porosity. On the other hand, the maintenance of the specific
apacity values throughout the cycling process is possibly related
o lower volumetric variation of the spinel’s unit cell and decreased
ontent of Mn3+ ions that are responsible for the Jahn–Teller effect
n the uncharged spinels.

. Conclusions

The solid-state reaction among the precursors �-MnO2, LiOH,
nd the respective oxide/salt of the doping ions (Co3+, Ga3+, Al3+,
2− and F−) at 750 ◦C for 72 h yielded high quality (no by-products
etected) and well-defined doped spinels Li1.05M0.02Mn1.98O3.98

0.02 (M = Ga3+, Al3+ or Co3+; N = S2− or F−). The mechanical milling
f the doped spinels in a ball mill for 30 min yielded a uniform
article size distribution, with an average particle size of less than
0 0 nm. The values of the unit-cell parameter a calculated for all

he doped spinels (8.221–8.229 Å) were always lower than that for
he pure one (8.234 Å), decreasing in the following order: a(Li1.05
a0.02Mn1.98O4) > a(Li1.05Co0.02Mn1.98O4) > a(Li1.05Al0.02Mn1.98O4)
a(Li1.05M0.02Mn1.98O3.98S0.02) > a(Li1.05M0.02Mn1.98O3.98F0.02).
he values of the average manganese valence n for the
oped spinels (3.56–3.50) were higher than that for the pure
pinel (3.53 ± 0.01), decreasing in the following order: n(Li1.05
a0.02Mn1.98O4) > n(Li1.05Co0.02Mn1.98O4) > n(Li1.05Al0.02Mn1.98O4)
n(Li1.05M0.02Mn1.98O3.98F0.02) > n(Li1.05M0.02Mn1.98O3.98S0.02). In

he charge and discharge tests, the cathodes of the doped
pinels presented values of the specific discharge capacity C
ecreasing in the following order: C(Li1.05Al0.02Mn1.98S3.02O3.98)
C(Li1.05Al0.02Mn1.98F3.02O3.98) > C(Li1.05Ga0.02Mn1.98S3.02O3.98) > C

Li1.05Ga0.02Mn1.98F3.02O3.98) > C(Li1.05Co0.02Mn1.98S3.02O3.98) > C
Li1.05Co0.02Mn1.98F3.02O3.98). Although the Li1.05Al0.02Mn1.98S3.02

3.98 cathode presented the highest initial capacity (126 mA h g−1),
he Li1.05Ga0.02Mn1.98S3.02O3.98 cathode presented the smallest
apacity loss (from 120 to 115 mA h g−1 or 4%) after 300 charge and
ischarge cycles; this outstanding result is among the best ones

eported in the literature for doped-manganese spinels. Therefore,
oth the doping (cationic and anionic) and the milling processes
ontributed to obtain much improved cathode materials. Besides
resenting an increased specific capacity, the obtained cathodes
aintained its value almost constant even after extensive cycling.
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