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DIFFERENTIAL SCANNING CALORIMETRY
An essential tool to characterize LiMn,0, spinel
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Abstract

A series of LiMn,O4 samples with nominal Li/Mn molar ratio=1/2 has been synthesized at 700 and
750°C by the ceramic procedure from Mn,O5 and several lithium sources. Lattice parameters deter-
mined from X-ray diffraction patterns are within a narrow range, from a.=8.238(1) A to a.=8.245(1) A,
Aay/a<0.1%. The study by differential scanning calorimetry (DSC) shows that the temperatures of the
cubic (Fd3m)  orthorhombic (Fddd) phase transition are spread off in a wide range, from —30 to —2°C
for the exothermic C — O phase transition, and from —21 to +13°C for the endothermic O - C transfor-
mation. Relationships between the lattice parameter values, the temperature of the phase transforma-
tion, and the stoichiometry of the LiMn,O, samples are pointed out. The DSC technique, which reveals
more sensitive than X-ray diffraction to very small variations of composition, is put forward as an es-
sential technique to characterize LiMn,O4 samples.
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Introduction

Lithium-ion or ‘rocking-chair’ batteries are the state of art of the advanced batteries
due to its high potential, elevated energy density, long shelf life and safety [1-3].
LiMn,O4 spinel is the most promising candidate to substitute LiCoO, as positive
electrode in commercial batteries mainly due to the low cost, and acceptable environ-
mental impact of the manganese compounds [4, 5]. That is the reason why in the last
few years the investigations over the lithium manganese spinel based materials have
spectacularly stepped up [5-7].

LiMn,0, is usually synthesized by the ceramic procedure using mixtures of several
manganese and lithium sources heated at temperatures between 600 and 900°C [8-10].
The samples obtained at about 750°C show the best electrochemical performance [8].
LiMn,O, has been also synthesized by several alternative procedures [11-16]. Electro-
chemical studies carried out on the so obtained spinels have shown that they present very
different electrochemical performances. This result indicates that the electrochemical be-
havior of the lithium manganese spinels highly depend on the synthesis conditions such
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as temperature, reagents used as lithium and manganese sources, lithium content, and at-
mosphere [17-21]. Therefore, to understand the features that control the electrochemical
behavior of LiMn,Oy it is necessary to perform systematic studies about the influence of
the synthesis parameters, and to carry out an accurate characterization of the samples. Re-
garding the latter aspect, the structural characterization of LiMn,Oy is usually made by
X-ray powder diffraction. In addition to the lattice parameter, which is the most usually
reported data, this technique also affords information about the purity of the sample. At
room temperature, LiMn,O4 has a spinel type structure with cubic symmetry, space
group Fd3m. Yamada et al. [22] have shown that on cooling, LiMn,0O, undergoes a re-
versible phase transition, which was ascribed to a cubic (Fd3m) to tetragonal (14,/amd)
transformation. Recent Rietveld refinement has shown that the symmetry of the low tem-
perature phase is orthorhombic (Fddd) [23-25]. This structural transformation provokes
the appearance in the differential scanning calorimetry (DSC) curve of an exothermic
peak for the transition from the high temperature cubic phase to the low temperature
orthorhombic phase, and of an endothermic peak for the reverse cubic — orthorhombic
transformation [22, 25]. It has also been reported that any subtle deviation of the
LiMn,0y, stoichiometry provokes changes of the average oxidation state of manganese
around the theoretical value of 3.5", which is reflected on the thermal behavior of the
compound [26, 27].

To assess the sensitivity of the DSC technique in the characterization of LiMn,O4
samples with composition close to the stoichiometric, we have studied a series of
LiMn,0, spinels with nominal Li/Mn molar ratio=1/2 synthesized at 700 and 750°C by
the ceramic procedure from Mn,0;, and different lithium sources. Mn,O5 was selected as
manganese source because it was shown that the LiMn,O4 samples synthesized from this
reagent had the largest capacity at high current in LiyTi50,,/LiMn,Oy lithium-ion cells
[28]. The temperature, enthalpy and hysteresis width for the C « O transformation have
been determined by differential scanning calorimetry. The relationship among the tem-
perature of the phase transition, the value of the lattice parameter and the composition of
the samples has been put forward.

Experimental

LiMn,0O, samples with molar ratio Li/Mn=1/2 were synthesized by reacting in air at
700 or 750°C the appropriate amounts of Mn,0; and several lithium salts, i.e. Li,COs3,
LiOHMH,0, and LiNO;. Mn,0; was obtained from thermal decomposition of MnCO;
(Merck) at 700°C. Li,CO; and LiNO; were previously dried at 120°C overnight under
dynamic vacuum. The reagents were thoroughly mixed in an agate mortar, fired to
700 or 750°C for different periods, and then allowed to cool freely in the furnace. The
products were carefully grounded again, and then annealed at the synthesis tempera-
ture for periods ranging from 24 to 48 h. The samples were labeled C, H and N for
LiMn,0O, obtained from Mn,0; and lithium carbonate, lithium hydroxide or lithium
nitrate, respectively. Numbers have been used to differentiate among samples ob-
tained from the same lithium source but submitted to different thermal treatment. Ex-
perimental details about the synthesis conditions are summarized in Table 1.
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Table 1 Reagents, synthesis conditions, lattice parameter, and temperature, enthalpy and hysteresis width for the cubic « orthorhombic phase
transformation determined from DSC curves of LiMn,0,4 samples

Synthesis Lattice a o
I Temperature/°C Enthalpy/mJ mg ;
Sample Reagents conditions parameter Izztte;/iscls
T/°C/t/h aJA exo (Tc.o) endo(To.c) exo(Tc.o) endo(To.c)
. 700/120
C Li,CO3+Mny0s5 5700/48 8.238(1) 8.2 +4.8 7.2 72 13
LiOHMH,O0+ 700/120
H Mn,O; 5700/48 8.239(1) -22.1 -11.9 —4.34 4.36 10.2
. 700/24
N1 LiNO;+Mn,0; b700/48 8.2385(8) -30.3 -21.6 -3.17 3.04 8.7
700/24
Nlyis Idem 5700/48 8.2382(6) —22.6 -15.2 2.8 33 7.4
700/120
N2 Idem 5700/48 8.238(1) -15.2 -5.7 5.2 5.4 9.5
750/24
N3 Idem 5750/24 8.2418(9) -2.1 +10.4 —6.8 6.8 12.5
750/24
N4 Idem 5750/48 8.245(1) 22 +13.1 8.1 8.1 15.3
N4z N4 heated at 800°for 12 h 8.2463(8) +0.3 +19 -7.6 8.4 18.7
Ndgso N4 heated at 850°for 12 h 8.245(1) +1.2 +27.3 -7.3 7.7 26.1
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X-ray powder diffraction was performed on a Siemens D-501 (CuKy) powder
diffractometer with monochromatized diffracted beam. Patterns were recorded in the
step scanning mode within the range 10<20<80° with 0.02° (20) step scan rate and 3 s
counting time. Lattice parameters were refined with the CelRef program [29].

Morphological studies were carried out by scanning electron microscopy on a Zeiss
DSC (digital scanning microscope) 960 operating at 100 kV. A drop of the sample dis-
persed in acetone was leave to dry onto the sample holder, and then coated with gold.

DSC curves were obtained on a Seiko 220U instrument, between —60 and 60°C.
To avoid instrumental effects, analyses were all carried out under strictly identical
experimental conditions. The curves were obtained in still air, at 10°C min~' heat-
ing/cooling rates. About =25 mg sample was used in each run. Samples were packed
by slightly stepping, and situated in open aluminum crucibles. Curves were recorded
with and without 0-Al,O; as reference material, but no variation in thermal parame-
ters was observed. To check the reproducibility of the experiment, several runs were
performed on each sample. Neither shift of the peaks temperature nor variations of
the enthalpy were observed from one run to another.

Results

X-ray powder diffraction

X-ray patterns recorded for all the samples could be indexed on a cubic spinel-type
cell and lattice parameters are outlined in Table 1. The values are comprised within a
narrow range: from a.=8.238 A for samples synthesized at 700°C to a.=8.245(1) A
for sample N4 obtained at 750°C. In Fig. 1a, the patterns of samples C and N1 synthe-
sized at 700°C from Li,CO; and LiNOs, respectively, are presented.

The effect of the firing temperature was systematically studied on the samples
synthesized from Mn,03 and LiNO;. On increasing the reaction temperature from
700 (N1) to 750°C (N4), the lattice parameter increases from a.~8.2385(8) A to
a.~8.245(1) A. However, further thermal treatment of the sample N4 at 800 (N4gg)
and 850°C (N4gso) does not produce any noticeable variation of the lattice parameter
within the experimental error.

Differential scanning calorimetry

DSC curves recorded at 10°C min™" heating/cooling rate for samples C and N1 are pre-
sented in Fig. 1b. This rate was chosen because it provides well-defined peak and reason-
able scan time. On cooling from room temperature to —60°C, DSC curves show an exo-
thermic peak that is ascribed to the cubic to orthorhombic phase transition [25]. In spite
of the identical X-ray pattern recorded for these two samples (Fig. 1a), the temperature at
the apex of each peak is —8.2 and —30.3°C for samples C and N1, respectively. During the
heating process, a hysteresis is observed, and the temperatures at the minimum of the cor-
responding endothermic effect are +4.8 and —21.6°C for samples C and N1, respectively.
DSC recorded for all others LiMn,0, samples synthesized show a similar pattern indicat-
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Fig. 1 Plot of: a — X-ray powder diffraction patterns of samples C and N1 synthesized
at 700°C from LiCO; and LiNO;, respectively; b — DSC curves of samples C
and N1 recorded at 10°C min™" heating/cooling rate

ing that they undergo similar transformations during the thermal treatment. In Table 1,
the temperature at the apex of the exo- and endothermic peaks, the enthalpy, and the hys-
teresis width determined for each sample have been outlined. It is observed that in spite
of the closeness of the lattice parameters, the interval of temperature at which the phase
transition takes place is very wide. It ranges from —30.3 (N1) to +1.2°C (N4gs) for the
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Fig. 2 DSC curves of samples N1, N4, N4, and Nd4gs, synthesized from LiNO; at dif-
ferent temperatures. Scan rate 10°C min*
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exothermic C - O transformation, and from —21.6 (N1) to +27.3°C (N4gs) for the endo-
thermic O - C transition.

The effect of synthesis temperature on the temperature of the phase transition
has been also analyzed on samples prepared from LiNO;. DSC curves obtained for
samples N1, N4, N4gy, and N4gs, are shown in Fig. 2. It is observed that on increasing
the reaction temperature from 700 (N1) to 750°C (N4), both the exo- and endothermic
peaks significantly shift toward higher temperature. The shift is smaller for the sam-
ples annealed at 800 and 850°C, (N4gg and Ndgso). The effect of the firing tempera-
ture on the temperature of the C — O phase transition is more evident on the DSC
curves recorded on heating from —60°C.

Scanning electron microscopy

Figure 3 shows the SEM micrographs of a selection of LiMn,O4 samples. The samples
N1 and C, which were obtained at 700°C, are very homogeneous, with almost identical
particle size of =0.2 pm (Fig. 3a, b). On increasing the temperature to 750°C (sample
N4), the particles become less homogeneous (Fig. 3c). Further heating to 850°C (sample
N4gs) causes sintering of the particles, being they of =1-2 pm (Fig. 3d).

[ pEa e
Fig. 3 Scanning Electron Microscopy (SEM) pictures of samples: a— N1, b — C,
c—N4andd - N4850

Discussion

X-ray powder diffraction

A series of LiMn,Oy spinels with nominal Li/Mn molar ratio=1/2 has been obtained as
single phases at 700 and 750°C. The lattice parameters of the samples synthesized at
700°C are almost identical, a.~8.238 A, independently of what lithium salt was used in
the synthesis. The lattice parameters of the samples synthesized at 750°C are slightly
larger, ca. 0.007 A (=0.08%). Differences among the lattice parameter of LiMn,Oy syn-
thesized by different procedures and/or different synthesis conditions have been reported
in the literature. Systematic studies carried out on this subject have demonstrated that
these differences are due to deviations from stoichiometry [13, 19, 20, 30-33]. Non-
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stoichiometry arising either from the lithium excess, Li[Li,Mn, ]O4, or from the occur-
rence of cation vacancies, Li; ,[Mn;, »,]Oy4, causes a diminution of the lattice parameter of
up to 1%. In both cases, the diminution of the lattice parameter is accounted for by the in-
crease in the Mn*"/Mn’" ratio. On the other hand, oxygen vacancies formed during the
thermal treatment of LiMn,Oy at high temperature increases the a, value due to the dimi-
nution of the Mn*/Mn®" ratio. The study of the effect of the firing temperature on sam-
ples synthesized from LiNO; has shown that on going from 700 (N1) to 750°C (N3 and
N4) the lattice parameter slightly increases, but it remains almost constant after further
annealing at 800 and 850°C. Having in mind that the Li/Mn ratio remains constant
throughout the thermal treatment, and that the non-stoichiometry due to oxygen vacan-
cies has been reported for samples heated in inert atmosphere and/or quenched from tem-
perature higher than the ones used in this work [10, 17, 34], the observed increase of the
lattice parameter from 700 to 750°C can be accounted for by the removal of the cation va-
cancies present in the samples synthesized at 700°C. This process increases the amount of
Mn**, which ionic radius ('Mn*"= 0.645 A) is larger than the ionic radius of Mn*"
(""™Mn*"=0.530 A) [35] and gives explanation for the increment of lattice parameter ob-
served on increasing the synthesis temperature. A similar evolution with temperature has
been described for Nakamura et al. [19] for LiMn,O, synthesized from several manga-
nese sources, the temperature of the plateau depending on the manganese reagent.

Based on X-ray data it can be concluded that: 1) samples synthesized at 700°C are
indistinguishable independently of what lithium salt was used for the synthesis; ii) sam-
ples synthesized at 750°C, with larger lattice parameter are more stoichiometric than the
ones synthesized at 700°C; and iii) the subsequent annealing above 750°C does not ap-
parently modify the samples.

Differential scanning calorimetry

DSC studies show that the temperatures of the cubic ~ orthorhombic phase transition,
Tc..0, of the samples obtained at 700°C are very different, being they spread off in a
wide interval of =25°C. On increasing the firing temperature, the 7¢. o shifts to
higher values (Table 1). To investigate the origin of these differences we have ana-
lysed the particle size of some selected samples by SEM. Samples N1 and C obtained
at 700°C are very homogeneous and their particle size is almost identical (Fig. 3a, b),
but the difference between their phase transition temperatures is of =25°C. In the
same way, sample N4 obtained at 750°C, with a particle size similar to N1 (Fig. 3a, ¢)
has a Tc..o =30°C higher. However, sample N4gs, with particle size significantly
larger, ca. 1-2 um (Fig. 3d), shows the transition temperatures very close to the 7¢.. o
determined for sample N4 (Fig. 2). These results allow us to conclude that the differ-
ences observed in the 7¢ .. o are not a particle size effect. This conclusion is in agree-
ment with data reported in the literature which show that the effect of the particle size
on phase transitions is minimal [36, 37].

The differences in the 7¢ .. o for samples synthesized at 700°C from different lith-
ium salts can be explained by very small deviations from the theoretical Li/Mn molar
ratio=1/2, which are undetectable by chemical analysis. These deviations arise from
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hardly-controllable experimental parameters such as lithium salts hydration on
weighting, inhomogeneous reaction mixture, etc. It is worth to mention that as the
lithium content in Li,[Li,Mn; ]O, increases, the T ., o decreases progressively, and a
lithium excess of only 1.8% (x=0.035) causes a diminution of 60°C in the T¢ ..o [26].
Having in mind this result, it can be followed that for the samples synthesized at
700°C, the lowest the T¢.. o, the largest the lithium excess, and hence they would be
the less stoichiometric. For the samples synthesized from LiNOs, the increase of the
Tc..o on increasing the firing temperatures can be explained by the removal of cation
vacancies on heating, giving way to more stoichiometric LiMn,O, samples.

The effect of the non-stoichiometry on the 7¢ . o of the LiMn,O, spinels could be
accounted for on the basis of the Verwey transition seen in Fe;0,4 [38, 39]. This transition
is explained by the electronic ordering on the Fe*" and Fe*" ions on cooling from room
temperature. Recently, Brabers et al. [40] have shown that the dope of Fe;04 with diva-
lent and trivalent cations changes the Fe*"/Fe’* ratio on the octahedral sites, disturbs the
charge order and provokes the shift of the Verwey transition to lower temperature. In
LiMn,0,, any deviation from stoichiometry causes the Mn*"/Mn’" ratio to deviate from
the 1:1 ratio existing in stoichiometric LiMn,Oy. It is plausible to assume that, as in doped
Fe;0,, this deviation disturbs the partial charge ordering proposed for the orthorhombic
LiMn,O, [25] and provokes the shift in the 7¢.. o transition temperature.

The enthalpy and the hysteresis width of the C « O phase transformation have also
been analyzed. In Fig. 4, the plot of the enthalpy and of the hysteresis width vs. the tem-
perature for the endothermic O — C transition (75 ¢) is presented. It is observed that the
LiMn,O, samples with higher transition temperature have also higher enthalpy values,
and larger hysteresis width. Having in mind that samples with higher 7, .. ¢ are more
stoichiometric it can be followed that both the enthalpy and the hysteresis width of the
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Fig. 4 Plot of a — enthalpy, and b — hysteresis width vs. temperature for the endother-
mic orthorhombic — cubic phase transformation, 7, c. (Dotted lines are a guide
for the eye)
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C o O phase transformation are higher for samples with chemical composition closer to
stoichiometric LiMn,0O,4. The decrease of enthalpy and the reduction of the hysteresis
width can be ascribed to the diminution of the Mn*"/Mn”" partial charge ordering on in-
creasing the non-stoichiometry, and hence to the stabilization of the cubic phase.

o<\(j 8.248 1 » .
S 8.246 | % %
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£ 8244+ K
5 850
8 8.242 - %
“ N
n H { N3
o 82404 N1 :
= N2 i
T I
- Nly,; B
8.236 bis
-20 -10 0 10 20 20
TO—)C/OC

Fig. 5 Lattice parameter vs. temperature at the apex of the peak for the endothermic
orthorhombic — cubic phase transformation, 7 _c. (The dotted line is a guide for
the eye)

Finally, it is worth to compare data afforded by X-ray diffraction and DSC. In
Fig. 5 the lattice parameter vs. the temperature of the endothermic O — C phase transi-
tion (7o_ c) is plotted. The samples with the largest lattice parameter have the highest
Tc.. o transition, and hence are the most stoichiometric. The likeness among the lat-
tice parameter values for samples synthesized at 700°C would indicate that these
samples could be considered as identical. Nevertheless, the significant differences
among the 7y ¢ determined by DSC clearly show that these samples are different.
This sensitivity to very small variations of the stoichiometry makes the DSC tech-
nique an essential tool for the characterization of LiMn,0O,4 samples.
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