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y of cation disordered Li ion
battery cathode materials, Li1þxM

0
xM

00
1�2xO2 (M0 ¼ Nb

and Ta, M00 ¼ Mn and Fe)†

Tamilarasan Subramania and Alexandra Navrotsky *ab

High temperature oxide melt solution calorimetry studies on Li1þxM
0
xM

00
1�2xO2 (M0 ¼ Nb5+, M00 ¼ Mn3+ and

Fe3+ and x ¼ 0.20, 0.30 and 0.40) oxides and a new family of Ta containing Li excess disordered

cathode materials, Li1þxM
0
xM

00
1�2xO2 (M0 ¼ Ta5+, M00 ¼ Fe3+ and x ¼ 0.20, 0.30 and 0.40), synthesized by

a rapid quenching method, are reported in this study. The enthalpies of formation determined from high

temperature calorimetry studies reveal that the stability of compounds increases with the increasing Li

content per formula unit. The reaction between more basic Li2O and acidic transition metal oxides

results in the more negative enthalpies of formation for these compounds. The work reveals that the

formation enthalpy term ðDH�
f;oxÞ plays a more important role in the stabilization of such disordered Li

ion materials at room temperature whereas configurational entropy along with lattice entropy

(vibrational and magnetic) contributes to the stabilization at high temperature from which the samples

are quenched.
Introduction

Lithium containing oxides are investigated extensively for
application as cathode materials for lithium ion batteries (LIB).
Such research is mostly focused on oxides with highly ordered
structures including layered rock salt phases containing lithium
and transition metals (M) such as LiMO2 and Li2MO3 and
ordered spinels such as LiMn2O4 due to their high perfor-
mance.1–3 Research on cation disordered materials is more
limited as the community focused only on ordered materials.4–6

A lithium rich cation disordered material, Li1.211Mo0.467Cr0.3-
O2, has been shown to display a high discharge capacity and high
energy density, suggesting that excess Li containing cation
disordered materials could be a new class of cathode materials
for LIB.6 The hopping of Li ions from one octahedral site to
neighbouring octahedra via a tetrahedral intermediate site,
similar to the pathway proposed in the ordered oxides is sug-
gested as the diffusion pathway for Li ion migration in the
disordered oxides.6,7 The difference in the Li diffusion in the
ordered and disordered Li oxides arises in the intermediate state.
In the intermediate state, diffusion of Li ions in the ordered Li
oxides proceeds via channels that are surrounded by both Li and
transition metal ions whereas in the disordered Li oxides, the
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46
diffusion occurs through channels which are completely sur-
rounded by Li ions.6,7 Disordered oxides are Li-excess oxides
compared to stoichiometric LiMO2. The excess Li helps in the
diffusion by forming more Li only surrounded channels in
disordered oxides. Many other cation disordered oxides have also
been shown to exhibit high discharge capacities. There are many
Li3NbO4 based materials (Li3NbO4)x–(M

2+O)1�x and (Li3NbO4)x–
(LiM3+O2)1�xwhich crystallize in the disordered structure (Fm�3m)
and display a high capacity of�300 mA h g�1.8 Li1.2Ni1/3Ti1/3Mo2/
15O2, another disordered compound, delivers a discharge
capacity of �250 mA h g�1.9 Similarly, Li(1+x)Ti2xFe(1�3x)O2,10

Li1.3Nb0.3V0.4O2,11 Li2+2xMn1�xTi1�xO4,12 Li2FeVyTi1�yO4 (ref. 13)
and Li1.3Ta0.3Mn0.4O2 (ref. 14) have also been studied recently.
There are also successful efforts to replace oxide ions with uo-
ride ions to develop uoride based disordered Li ion mate-
rials.15–17 Such recent progress shows that disordered oxides offer
many possibilities for application to next generation LIBs.

In order to understand the stability/metastability of Li rich
disordered materials compared to ordered layered cathode
materials and the effect of excess lithium on the stability, we
carried out high temperature oxide melt solution calorimetry on
Li1þxNbxM

00
1�2xO2 (M00 ¼ Mn3+ and Fe3+ and x ¼ 0.20, 0.30 and

0.40). We also synthesized Li1+xTaxFe1�2xO2 (x ¼ 0.20, 0.30 and
0.40), new Ta containing Li excess disordered cathode mate-
rials, by a rapid quenching method and performed high
temperature calorimetry to understand the role of the d0

pentavalent cations (Nb and Ta) on energetics. The results give
understanding of the formation and stability of Li rich disor-
dered cathode materials.
This journal is © The Royal Society of Chemistry 2020
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Experimental methods
Synthesis procedures and structural characterization

Li1þxNbxM
00
1�2xO2 (M00 ¼ Mn3+ and Fe3+, x ¼ 0.2, 0.3, 0.4)

samples were prepared by conventional solid state method by
following the procedure reported earlier.8 The stoichiometric
amounts of Li2CO3, Nb2O5, MnC2O4$2H2O and Fe2O3 were
mixed and 0.1 mol of excess Li2CO3 was added to compensate
the Li vaporization loss at high temperature. The mixture was
heated between 950 and 975 �C to form the pure compounds.
Li1+xTaxFe1�2xO2 (x ¼ 0.20, 0.30 and 0.40) were formed by
a rapid quenching method done in three steps. In the rst step,
stoichiometric amounts of Li2CO3, Ta2O5 and Fe2O3 with excess
Li2CO3 were ground and heated in an alumina crucible at 810 �C
to decompose the carbonate. Then the crucible with the sample
was suspended in a vertical quenching tube furnace and heated
to 1085 �C for 16 h. At the nal step, the sample was quenched
by dropping into liquid nitrogen. The quenching of the sample
from high temperature maximizes the retention of a disordered
high entropy state.

The samples were characterized by powder X-ray diffraction
(PXRD) with a Bruker D8 (AXS) Advance diffractometer with Cu
Ka radiation (40 kV, 40 mA) in the 2q range of 10 to 80� with
a 0.018 step size and a 6 s step time. The PXRD patterns were
rened using the program GSAS-II.18 A ninth-order cosine
Fourier polynomial for the background, zero, LP factor, scale,
pseudo-Voigt prole function (U, V, W, and X), lattice parame-
ters, atomic parameters, and Uiso (total 23 parameters) were
used in renement. The thermal parameters were constrained
to be the same for atoms that occupied the same site (Li, Nb/Ta
and Fe/Mn in all the compounds). The crystal structures are
illustrated using VESTA soware.19
High temperature oxide melt solution calorimetry

High temperature oxide melt solution calorimetry was per-
formed employing a custom build Tian–Calvet twin calo-
rimeter.20–23 Around 5 mg of pelletized sample was dropped
into molten sodium molybdate (3Na2O$4MoO3) solvent at
700 �C of Li1þxNbxM

00
1�2xO2 (M00 ¼Mn and Fe, x ¼ 0.2, 0.3, 0.4)

and at 800 �C for Li1+xTaxFe1�2xO2 (x ¼ 0.2, 0.3, 0.4) to
determine the drop solution enthalpies (DHds) at the
respective temperatures. The higher temperature used for
tantalates ensured their rapid dissolution in the melt. The
drop solution enthalpies of Li1+xNbxFe1�2xO2 are also
measured at 800 �C in molten sodium molybdate (3Na2-
O$4MoO3) solvent to comparison with that of Li1+xTax-
Fe1�2xO2 compounds. The calorimetry glassware was ushed
by oxygen gas at a ow rate of 30 ml min�1 and the solvent
was bubbled with the same gas at 5 ml min�1 throughout
each measurement. At least 8–10 experiments were done per
sample and the results are reported as average values with
error being two standard deviations of the mean. The calo-
rimeter was calibrated using the heat content of 5 mg pellets
of a-Al2O3. The details of the calorimeter and procedures
have been described previously.20–23
This journal is © The Royal Society of Chemistry 2020
Results and discussion
Synthesis and structure

PXRD shows that all the compounds in the series
Li1þxM

0
xM

00
1�2xO2 (M0 ¼ Nb and Ta, M00 ¼Mn and Fe and x ¼ 0.2,

0.3, 0.4) formed single phases in disordered rocksalt structure
similar to (Li3NbO4)x–(LiM

3+O2)1�x (ref. 8) and Li1.3Ta0.3Mn0.4O2

(ref. 14) (Fig. 1). The Rietveld renement was carried out on
series Li1þxM

0
xM

00
1�2xO2 (M0 ¼ Nb and Ta, M00 ¼Mn and Fe and x

¼ 0.2, 0.3, 0.4) using the disordered structural model with the
cubic Fm�3m space group reported in the literature based on
synchrotron X-ray and neutron diffraction studies of Li1.3-
Nb0.3Mn0.4O2 (ref. 24) and Li1.3Ta0.3Mn0.4O2 single crystals.14 In
the crystal structure, 4b sites are occupies by oxygen atoms
forming a cubic close packed structure and Li, M0, and M00

atoms are randomly distributed in 4a sites. Rietveld renement
proles of representative members, Li1.4Nb0.4Fe0.2O2 and Li1.3-
Ta0.4Fe0.3O2, are shown in Fig. 2. The renement proles of all
other compounds are given in Fig. S1–S3 of ESI.† A summary of
crystal structural data for all the compounds is given in Tables 1
and 2. Fig. 3 shows the increase of lattice parameter ‘a’ with
excess lithium content, ‘x’, in Li1þxNbxM

00
1�2xO2: This increase

mirrors the increase in the average ionic radius of the cations in
the octahedral coordination (ionic radius of Li+ – 0.76�A, Mn3+/
Fe3+ – 0.645 �A, Nb5+/Ta5+ – 0.64 �A).25
High temperature oxide melt solution calorimetry

The enthalpies of drop solution and enthalpies of formation of
Li1þxM

0
xM

00
1�2xO2 (M0 ¼ Nb and Ta, M00 ¼Mn and Fe and x ¼ 0.2,

0.3, 0.4) compounds are given in Table 3. The enthalpy of drop
solution of lithium oxide (Li2O), which is hygroscopic and
corrosive, was calculated from the drop solution enthalpy of
lithium carbonate (Li2CO3) at 700 �C using the thermochemical
cycle 1 in the Table 4. The enthalpies of drop solution of other
binary oxides are taken from the literature.20,26,27 The enthalpies
of formation from oxides at 25 �C ðDH�

ðf;oxÞÞ for Li1þxNbxM
00
1�2xO2

compounds (Table 3) are calculated using the thermochemical
cycle 2 in Table 4. The enthalpies of formation from oxides
ðDH�

ðf;oxÞÞ for Li1+xTaxFe1�2xO2 are calculated using thermo-
chemical cycle 3 in Table 4.
Discussion

A plot of formation enthalpies from oxides vs. excess Li content
‘x’ per formula unit of Li1þxNbxM

00
1�2xO2 (Fig. 4(a)) shows that the

enthalpies of formation of Li1þxNbxM
00
1�2xO2 oxides become

more exothermic as the excess Li per formula unit (x) increases
for both M ¼ Mn and Fe. More exothermic formation enthalpies
with increasing Li content in the ordered Li1�xCoO2 and Li1+x-
Mn2�xO4 compounds have been reported previously.28–30 The
result suggests that the compounds become thermodynamically
more stable when excess Li ions are introduced in the structure.
The increase in the stability with higher Li content is most likely
due to acid–base reaction between more basic Li2O bonds and
more acidic transition metal oxides. Further, a comparison of
formation enthalpies of Li1+xNbxMn1�2xO2 and Li1+xNbxFe1�2xO2
RSC Adv., 2020, 10, 6540–6546 | 6541
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Fig. 1 PXRD patterns of Li1+xNbxMn1�2xO2 (a) x ¼ 0.2, (b) x ¼ 0.3, (c) x ¼ 0.4, Li1+xNbxFe1�2xO2 (d) x ¼ 0.2, (e) x ¼ 0.3, (f) x ¼ 0.4 and
Li1+xTaxFe1�2xO2 (g) x ¼ 0.2, (h) x ¼ 0.3, (i) x ¼ 0.4. The small peak around 2q ¼ 38� is due to the instrument holder.

Fig. 2 PXRD Rietveld refinement profile of (a) Li1.4Nb0.4Fe0.2O2 and (b)
Li1.3Ta0.3Fe0.4O2. Observed ( ), calculated ( ) and difference ( ) profiles
are shown. The vertical blue bars () at the bottom indicate Bragg
reflections corresponding to respective space group. The small peak
around 2q ¼ 38� is due to the instrument holder.
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(Fig. 4(a) and Table 3) displays that Mn and Fe analogues have
almost equal formation enthalpies with in the experimental
error. A comparison of formation enthalpies of Li1+xNbxFe1�2xO2

and Li1+xTaxFe1�2xO2 (Fig. 4(b) and Table 3) reveals that niobium
compounds havemore exothermic formation enthalpies than the
tantalum compounds. The higher exothermic formation
enthalpies of niobium compounds could be result of difference
in the acidity between Nb2O5 and Ta2O5 along with the kinetically
controlled factors affecting the formation of Li1þxM

0
xFe1�2xO2 (M0

¼ Nb5+ and Ta5+) compounds.
Table 1 Crystallographic data obtained from PXRD data for Li1þxNbxM
00
1�

Li1þxNbxM
00
1�2xO2

M00 ¼ Mn3+

x ¼ 0.2

Space group Fm�3m
Wyckoff position 4a (0,0,0) ‘Li’ occupancy 0.61(1)

‘Nb’ occupancy 0.11(1)
‘M’ occupancy 0.28(1)

Wyckoff position 4b (0,0.5,0.5) ‘O’ occupancy 1.00
Uiso (�A) ‘Li/Nb/M’ site 0.002(1)

‘O’ site 0.044(1)
Unit cell parameter ‘a’ (�A) 4.1779(1)
Rwp (%) 2.75
GOF 1.90

6542 | RSC Adv., 2020, 10, 6540–6546
Congurational entropy of disordered Li1þxM
0
xM

00
1�2xO2 (M0 ¼

Nb5+ and Ta5+, M00 ¼ Mn3+ and Fe3+)

The higher entropy stabilizes the disordered Li cathode mate-
rials at high temperature. The entropy term arises from two
sources: (1) lattice (vibrational and magnetic) and (2) congu-
rational. In the disordered Li materials, the congurational
entropy due to the cation disordering contributes more to the
Gibbs free energy than the vibrational entropy term at higher
temperature. To quantify the contribution of the congura-
tional entropy to the stability, the congurational entropy of
disordered Li materials is calculated by following the method of
Navrotsky and Kleppa31 and O'Neill and Navrotsky.32–34

Short-range cation ordering has been reported in disordered
Li ion materials.14,35,36 However, the extent of short range order
has not been clearly given. Hence, the random model reported
based on the synchrotron XRD and neutron diffraction studies
of and Li1.3Nb0.3Mn0.4O2 single crystals24 has been used for the
congurational entropy calculations in the present work
considering complete disorder. The effect of short range
ordering on the congurational entropy is discussed below. The
congurational entropy calculation for one of the members,
Li1.3Nb0.3Fe0.4O2, is explained in detail. If Li1.3Nb0.3Fe0.4O2 is
completely ordered in layered rock salt structure, 1.0 Li ions
occupy distinct crystallographic positions in one layer (slab
layer) and 0.3 Li, 0.3 Nb, 0.3 Fe ions occupy distinct
2xO2 compounds

M00 ¼ Fe3+

x ¼ 0.3 x ¼ 0.4 x ¼ 0.2 x ¼ 0.3 x ¼ 0.4

0.65(1) 0.70(1) 0.60(1) 0.65(1) 0.69(1)
0.15(1) 0.20(1) 0.10(1) 0.15(1) 0.20(1)
0.20(1) 0.10(1) 0.30(1) 0.20(1) 0.11(1)
1.00 1.00 1.00 1.00 1.00
0.002(1) 0.007(1) 0.009(1) 0.004(1) 0.004(1)
0.016(1) 0.029(1) 0.013(1) 0.012(1) 0.011(1)
4.1871(1) 4.2007(1) 4.1757(1) 4.1853(1) 4.2029(1)
3.08 4.09 1.48 1.90 2.41
2.01 2.22 1.42 1.59 1.69

This journal is © The Royal Society of Chemistry 2020
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Table 2 Crystallographic data obtained from PXRD data for Li1+xTaxFe1�2xO2 compounds

Li1þxTaxM
00
1�2xO2

M00 ¼ Fe3+

x ¼ 0.2 x ¼ 0.3 x ¼ 0.4

Space group Fm�3m
Wyckoff position 4a (0,0,0) ‘Li’ occupancy 0.61(1) 0.65(1) 0.70(1)

‘Ta’ occupancy 0.11(1) 0.15(1) 0.20(1)
‘Fe’ occupancy 0.28(1) 0.20(1) 0.10(1)

Wyckoff position 4b (0,0.5,0.5) ‘O’ occupancy 1.00 1.00 1.00
Uiso (�A) ‘Li/Ta/Fe’ site 0.002(1) 0.002(1) 0.007(1)

‘O’ site 0.044(1) 0.016(1) 0.029(1)
Unit cell parameter ‘a’ (�A) 4.1779(1) 4.1871(1) 4.2007(1)
Rwp (%) 1.97 1.92 2.24
GOF 2.27 2.25 2.09

Table 3 Drop solution enthalpies in molten sodium molybdate
solvent at 700 �C and at 800 �C and enthalpies of formation from
oxides at 25 �C ðDH�

ðf;oxÞÞ of Li1þxM
0
xM

00
1�2xO2 (M0 ¼ Nb5+ and Ta5+, M00 ¼

Mn3+ and Fe3+)

x in Li1þxM
0
xM

00
1�2xO2 DHds (kJ mol�1) DH

�
ðf;oxÞ ðkJ mol�1Þ

Li1+xNbxFe1�2xO2 measured at 700 �C
0.2 45.63 � 0.53 (8)a �61.72 � 1.61
0.3 44.84 � 0.51 (8) �70.31 � 1.72
0.4 41.97 � 0.36 (8) �76.82 � 1.82

Li1+xNbxMn1�2xO2 measured at 700 �C
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crystallographic positions in alternate layer (interslab layer) as
in case of Li2MO3 (Li1.33M0.67O2) where M ¼ Ti, Ru and Sn.37–39

The molecular formula of the ordered structure can be written
as [Li]slab[Li0.3Nb0.3Fe0.4]interslabO2. The process of disordering is
expected to proceed through two steps (Fig. S4†). In the rst
step, there will be a random distribution of cations (Li, Nb, and
Fe) in the interslab layer, [Li0.3Nb0.3Fe0.4]interslab layer, followed
by random mixing of cations between the slab, [Li]slab, and
interslab, [Li0.3Nb0.3Fe0.4]interslab, layers in the second step.
These two factors contribute to the congurational entropy (Sc),
one given by random mixing of cations in the interslab layers
(Sc,interslab) and the other given by random mixing of cations
between the slab and interslab layers (Sc,interslab–slab). The
congurational entropy arising from by random mixing of
cations interslab layers, [Li0.3Nb0.3Fe0.4]interslabO, (Sc,interslab) is
calculated by

Sc,interslab ¼ �R[0.3 ln 0.3 + 0.3 ln 0.3 + 0.4 ln 0.4]

¼ 9.062 J K�1 mol�1

In the completely disordered state, 0.35 Li ions from slab
layer occupy the cations sites in the interslab layer and 0.15 Nb
and 0.2 Fe ions from interslab layer occupy the cations sites in
the slab layer to yield the molecular formula [Li0.65Nb0.15-
Fe0.2]slab[Li0.65Nb0.15Fe0.2]interslabO2. The congurational
entropy arising from by random mixing of cations between the
slab and interslab layers (Sc,interslab–slab) is calculated by
Fig. 3 Unit cell parameter, ‘a’ vs. excess Li content, ‘x’, per formula unit
of Li1þxM

0
xM

00
1�2xO2 (x ¼ 0.20, 0.30 and 0.40) (a) M0 ¼ Nb5+, M00 ¼ Mn3+

(black) and Fe3+ (red) and (b) M0 ¼ Ta5+ and M00 ¼ Fe3+ (red).

This journal is © The Royal Society of Chemistry 2020
Sc,interslab–slab ¼ �R[0.35 ln 0.35 + 0.15 ln 0.15 + 0.2 ln 0.2]

Sc,interslab–slab ¼ 8.098 J K�1 mol�1

The sum of these two congurational entropies gives the
total congurational entropy of the system.

Sc ¼ Sc,interslab + Sc,interslab–slab ¼ 17.160 J K�1 mol�1

Similarly, the congurational entropies for all the
compounds are calculated and given in Table S1.† Since the
congurational entropy of the fully ordered state is zero, the
change in the congurational entropy due to disorder, DSc, will
be as same as the congurational entropy, Sc, of the disordered
0.2 68.71 � 0.60 (8) �67.08 � 1.65
0.3 61.34 � 0.53 (8) �74.89 � 1.74
0.4 51.09 � 0.50 (8) �80.04 � 1.85

Li1+xNbxFe1�2xO2 measured at 800 �C
0.2 66.06 � 1.40 (8) �65.57 � 2.51
0.3 65.33 � 0.32 (8) �73.96 � 2.24
0.4 63.71 � 0.50 (8) �81.46 � 2.37

Li1+xTaxFe1�2xO2 measured at 800 �C
0.2 46.56 � 0.80 (8) �47.70 � 2.23
0.3 49.14 � 0.76 (8) �60.22 � 2.31
0.4 52.29 � 0.91 (8) �73.30 � 2.48

a Number of drops given in parentheses.

RSC Adv., 2020, 10, 6540–6546 | 6543
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Table 4 Thermochemical cycles employed to calculate the drop solution enthalpy of lithium carbonate (Li2CO3) at 700 �C (cycle 1), enthalpies of
formation from oxides at 25 �C ðDH�

ðf;oxÞÞ for Li1þxNbxM
00
1�2xO2 (M00 ¼ Mn and Fe) (cycle 2) and enthalpies of formation from oxides ðDH�

ðf;oxÞÞ for
Li1þxM

0
xFe1�2xO2 (M0 ¼ Nb5+ and Ta5+) (cycle 3)

Reaction DH (kJ mol�1)

Cycle 1: DHds of Li2O from DHds of Li2CO3 measured at 700 �C
Li2CO3(s,25 �C) / Li2O(sln,700 �C) + CO2(g,700 �C) [1] DH1 161.28 � 1.75
Li2O(s,25 �C) + CO2(g,25 �C) / Li2CO3(g,25 �C) [2] DH2 �223.79 � 2.11a

CO2(g,25 �C) / CO2(g,700 �C) [3] DH3 ¼
Ð 700
25 CpCO2dT 31.94a

Li2O(s,25 �C) / Li2O(sln,700 �C) [4] DH4 �94.46 � 2.74
DH4 ¼ DH1 + DH2 � DH3

Cycle 2: Li1þxNbxM
00

1-2xO2 (M00 ¼ Mn and Fe), DHds measured at 700 �C
Li1þxNbxM

00
1�2xO2ðs;25 �CÞ/ð1þ xÞ=2Li2Oðsln;700 �CÞ þ ðx=2ÞNb2O5ðsln;700 �CÞþ

ð1� 2xÞ
.
2M

00
2O3ðsln;700 �CÞ

[5] DHds � Li1+xNbxM1�2xO2 Table 3

Li2O(s,25 �C) / Li2O(sln,700 �C) [4] DHds � Li2O �94.46 � 2.74
Nb2O5(s,25 �C) / Nb2O5(sln,700 �C) [6] DHds � Nb2O5 93.97 � 0.1.60b

M
00
2O3ðs;25 �CÞ/M

00
2O3ðsln;700 �CÞ [7] DHds �M

00
2O3

M00 ¼ Fe, Fe2O3(s,25 �C) / Fe2O3(sln,700 �C) DHds � Fe2O3 95.63 � 0.50b

M00 ¼ Mn, Mn2O3(s,25 �C) / Mn2O3(sln,700 �C) DHds � Mn2O3 154.70 � 1.00b

ð1þ xÞ=2Li2Oðsln;700 �CÞ þ ðx=2ÞNb2O5ðsln;700 �CÞ þ ð1� 2xÞ=2M00
2O3ðsln;700 �CÞ

/Li1þxNbxM
00
1�2xO2ðs;25 �CÞ

[8] DH
�
f;ox � Li1þxNbxM

00
1�2xO2 Table 3

DH[8] ¼ �DH[5] + (1 + x)/2DH[4] + (x/2)DH[6] + (1 � 2x)/2DH[7]

Cycle 3: Li1þxM
0

xFe1-2xO2 (M0 ¼ Nb and Ta) DHds measured at 800 �C
Li1þxM

0
xFe1�2xO2ðs;25 �CÞ/ð1þ xÞ=2Li2Oðsln;800 �CÞ þ ðx=2ÞM0

2O5ðsln;800 �CÞþ
1� 2x=2Fe2O3ðsln;800 �CÞ

[9] DHds � Li1þxM
0
xFe1�2xO2 Table 3

Li2O(s,25 �C) / Li2O(sln,800 �C) [10] DHds � Li2O �78.32 � 3.28c

M
0
2O5ðs;25 �CÞ/M

0
2O5ðsln;800 �CÞ [11] DHds �M

0
2O5

M0 ¼ Nb, Nb2O5(s,25 �C) / Nb2O5(sln,800 �C) DHds � Nb2O5 127.50 � 0.80b

M0 ¼ Ta, Ta2O5(s,25 �C) / Ta2O5(sln,800 �C) DHds � Ta2O5 111.18 � 1.00d

Fe2O3(s,25 �C) / Fe2O3(sln,800 �C) [12] DHds � Fe2O3 115.78 � 2.20e

ð1þ xÞ=2Li2Oðsln;800 �CÞ þ ðx=2ÞM0
2O5ðsln;800 �CÞ þ ð1� 2xÞ=2Fe2O3ðsln;800 �CÞ

/Li1þxM
0
xFe1�2xO2ðs;25 �CÞ

[13] DH
�
f;ox � Li1þxM

0
xFe1�2xO2 Table 3

DH[13] ¼ �DH[9] + (1 + x)/2DH[10] + (x/2)DH[11] + (1 �2x)/2DH[12]

a Taken from ref. 26 and 27. b Taken from ref. 20. c The enthalpy of drop solution of Li2O at 800 �C is calculated from the enthalpy of drop solution
of Li2CO3 at 800 �C. The experiments were done by M. Abramchuk and A. Navrotsky [results unpublished]. d The enthalpy of drop solution of Ta2O5
at 800 �C used here is measured by S. Hayun, S. J. McCormack, K. I. Lilova and A. Navrotsky [results unpublished]. e The enthalpy of drop solution of
Fe2O3 at 800 �C used here is measured by S. Hayun and A. Navrotsky [results unpublished].
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state. The contribution of TDSc term to the Gibbs free energy at
room temperature for all compounds and given in Table S1.†
This stabilization due to the congurational entropy would be
decreased if there were short-range ordered domains.

Syntheses of ordered polymorphs of all the compounds have
been attempted by slow cooling but without success. Only the
mixture of ordered end members, Li3M0O4 (M0 ¼ Nb and Ta)
and LiM00O2 (M00 ¼ Fe and Mn), were formed by slow cooling.
The small enthalpy difference between ordered and disordered
structures can be illustrated by taking the case of LiFeO2 which
has both ordered (g) and disordered (a) polymorphs. The
6544 | RSC Adv., 2020, 10, 6540–6546
enthalpies of formation of ordered (g) and disordered (a)
LiFeO2 have been determined to be �46.95 � 1.34 kJ mol�1 and
�37.74 � 1.28 kJ mol�1.26

The enthalpy of the order-disorder transition, DHtrans, is 9.21
� 1.85 kJ mol�1. The Gibbs free energy of transition, DGtrans, is
given by DGtrans ¼ DHtrans � TtransDStrans. In the same work, the
order-disorder transition temperature, Ttrans, is given as 475 �C
(748 K). At equilibrium, DGtrans ¼ 0. Thus, DStrans ¼ DHtrans/
Ttrans and is 12.34 J K�1 mol�1. Since 0.5Li and 0.5Fe cations are
distributed at 4a site in a-LiFeO2,40 the congurational entropy
of a-LiFeO2 is given by Sc,interslab ¼ �R[0.5 ln 0.5 + 0.5 ln 0.5] ¼
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Enthalpy of formation from oxides ðDH�
ðf;oxÞÞ vs. excess Li

content ‘x’ per formula unit of Li1þxNbxM
00
1�2xO2 (M00 ¼ Mn3+ and Fe3+

and x¼ 0.20, 0.30 and 0.40) and (b) enthalpy of formation from oxides
ðDH�

ðf;oxÞÞ vs. excess Li content ‘x’ per formula unit of Li1þxM
0
xFe1�2xO2

(M0 ¼ Nb5+ and Ta5+ and x ¼ 0.20, 0.30 and 0.40).
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5.82 J K�1 mol�1. Hence, for a-LiFeO2, the contribution of
congurational entropy to DStrans is 5.82 J K�1 mol�1 with 6.52 J
K�1 mol�1 from lattice entropy an almost equal contribution.
This is in case of a-LiFeO2 which has disorder only between
cations in the slab and interslab layers.

In the disordered Li cathode materials, the contribution of
the congurational entropy is expected to be larger due to the
substitution and random mixing of cations both within the
interslab and between slab and interslab layers. The contribu-
tion of the congurational entropy to the Gibbs free energy is
relatively small at room temperature (Table S1†). However at the
temperature of synthesis (1085 �C/1358 K), the �TDS term
(where T is temperature T ¼ 1358 K and DS is entropy change,
DS ¼ 16.00 � 0.55 J K�1 mol�1 (average entropy value from
Table S1†)) is more signicant, contributing �22.00 �
0.55 kJ mol�1 to the free energy and thus stabilizing the disor-
dered phase.

The aim of calculating congurational entropy is to quantify
the contribution of the entropy term for the stabilization of the
disordered compounds at the high temperature at which they
are synthesized. Short range ordering at room temperature has
been reported in Li1.3Nb0.3Mn0.4O2 and Li1.3Ta0.3Mn0.4O2 single
crystals based on density functional theory calculations.14,36 In
the calculations, cluster models with different cation ordering
schemes have been used. In all the ordering schemes used (ESI
of ref. 14 and 36), only 25% of the cations have been xed in
a site leaving 75% to be distributed randomly. The most stable
cluster model has been found to be MnM

0
5 (M0 ¼ Nb and Ta)

clusters with a random distribution of one Mn and ve M0

cations at the xed site. This randomness at the xed site would
further reduce the effect of short range ordering on the
congurational entropy. As the temperature increases, short
range order will diminish leading to a random distribution of
cations which will increase the congurational entropy. The
cluster based calculations have been carried out to understand
how the short range ordering affects the Li ion mobility at room
temperature in disordered Li materials. As the present study
focuses on the stabilization of disordered structure by cong-
urational entropy at high temperature at which synthesis are
done, the effect of short range order will have at most a minor
effect on the congurational entropy term to the stabilization.
Jones et al. concluded that the correlation length of short range
This journal is © The Royal Society of Chemistry 2020
order in disordered Li1.25Nb0.25Mn0.5O2 depends on the post
synthesis cooling rate, with rapid cooling leading to a shorter
correlation length as expected on thermodynamic grounds.41

The present work quanties the contribution of congurational
entropy to the entropy term that stabilizes the disordered
structure at high temperature with other contribution being
given by lattice entropy (vibrational and magnetic). Thus,
heating to higher temperature increases the randomness of the
atoms leading to complete disorder and the rapid quenching
from higher temperature preserves the disorder. This variation
may suggest that tailoring the cooling regimen might decrease
short range ordering and lead to higher Li ion mobility to
deliver higher discharge capacities and energy densities.

Conclusions

Li1þxNbxM
00
1�2xO2 (M00 ¼ Mn3+ and Fe3+ and x ¼ 0.20, 0.30 and

0.40) and a new family of Ta containing Li excess disordered
cathode materials, Li1+xTaxFe1�2xO2 (x ¼ 0.20, 0.30 and 0.40)
have been synthesized and high temperature oxide melt calo-
rimetry experiments have been carried out. The enthalpies of
formation of all the compounds show that increasing Li content
per formula unit increases the stability irrespective of transition
metal ions. The more exothermic enthalpies of formation for
compounds with higher Li content are attributed to the reaction
between more basic Li2O and more acidic transition metal
oxides. The congurational entropy provides signicant stabi-
lization to the materials at high temperature.
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1 K. Kang, Y. S. Meng, J. Bréger, C. P. Grey and G. Ceder,
Science, 2006, 311, 977–980.

2 J. B. Goodenough and Y. Kim, Chem. Mater., 2010, 22, 587–
603.

3 M. S. Whittingham, Chem. Rev., 2004, 105, 4271–4302.
4 H. Shigemura, M. Tabuchi, H. Sakaebe, H. Kobayashi and
H. Kageyama, J. Electrochem. Soc., 2003, 150, A638–A644.

5 M. Tabuchi, A. Nakashima, H. Shigemura, K. Ado,
H. Kobayashi, H. Sakaebe, K. Tatsumi, H. Kageyama,
T. Nakamura and R. Kanno, J. Mater. Chem., 2003, 13,
1747–1757.

6 J. Lee, A. Urban, X. Li, D. Su, G. Hautier and G. Ceder, Science,
2014, 343, 519–522.

7 A. Urban, J. Lee and G. Ceder, Adv. Energy Mater., 2014, 4,
1400478.

8 N. Yabuuchi, M. Takeuchi, M. Nakayama, H. Shiiba,
M. Ogawa, K. Nakayama, T. Ohta, D. Endo, T. Ozaki,
RSC Adv., 2020, 10, 6540–6546 | 6545

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09759g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
1:

23
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
T. Inamasu, K. Sato and S. Komaba, Proc. Natl. Acad. Sci. U. S.
A., 2015, 112, 7650–7655.

9 J. Lee, D.-H. Seo, M. Balasubramanian, N. Twu, X. Lia and
G. Ceder, Energy Environ. Sci., 2015, 8, 3255–3265.

10 S. L. Glazier, J. Li, J. Zhou, T. Bond and J. R. Dahn, Chem.
Mater., 2015, 27, 7751–7756.

11 N. Yabuuchi, M. Takeuchi, S. Komaba, S. Ichikawa, T. Ozaki
and T. Inamasu, Chem. Commun., 2016, 52, 2051–2054.

12 A. Kitajou, K. Tanaka, H. Miki, H. Koga, T. Okajima and
S. Okadaa, Electrochemistry, 2016, 84, 597–600.

13 R. Chen, R. Witte, R. Heinzmann, S. Ren, S. Mangold,
H. Hahn, R. Hempelmann, H. Ehrenberg and S. Indris,
Phys. Chem. Chem. Phys., 2016, 18, 7695–7701.

14 W. H. Kan, C. Wei, D. Chen, T. Bo, B. T. Wang, Y. Zhang,
Y. Tian, J. Lee, Y. Liu and G. Chen, Adv. Funct. Mater.,
2019, 29, 1808294.

15 J. Lee, J. K. Papp, R. J. Clément, S. Sallis, D.-H. Kwon, T. Shi,
W. Yang, B. D. McCloskey and G. Ceder, Nat. Commun., 2017,
8, 981.

16 R. A. House, L. Jin, U. Maitra, K. Tsuruta, J. W. Somerville,
D. P. Forstermann, F. Massel, L. Duda, M. R. Roberts and
P. G. Bruce, Energy Environ. Sci., 2018, 11, 1–7.

17 D. A. Kitchaev, Z. Y. Lun, W. D. Richards, H. W. Ji,
R. J. Clement, M. Balasubramanian, D. H. Kwon, K. H. Dai,
J. K. Papp, T. Lei, B. D. McCloskey, W. L. Yang, J. Lee and
G. Ceder, Energy Environ. Sci., 2018, 11, 2159–2171.

18 B. H. Toby and R. B. Von Dreele, J. Appl. Crystallogr., 2013,
46, 544–549.

19 K. Momma and F. Izumi, J. Appl. Crystallogr., 2011, 44, 1272–
1276.

20 A. Navrotsky, J. Am. Ceram. Soc., 2014, 97, 3349–3359.
21 A. Navrotsky, Am. Mineral., 2015, 100, 674–680.
22 A. Navrotsky, Phys. Chem. Miner., 1977, 2, 89–104.
23 A. Navrotsky, Phys. Chem. Miner., 1997, 24, 222–241.
24 W. H. Kan, D. Chen, J. K. Papp, A. K. Shukla, A. Huq,

C. M. Brown, B. McCloskey and G. Chen, Chem. Mater.,
2018, 30, 1655–1666.
6546 | RSC Adv., 2020, 10, 6540–6546
25 R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
Theor. Gen. Crystallogr., 1976, 32, 751–767.

26 M. Wang and A. Navrotsky, J. Solid State Chem., 2005, 178,
1230–1240.

27 M. Wang and A. Navrotsky, Solid State Ionics, 2004, 166, 167–
173.

28 M. Wang, A. Navrotsky, S. Venkatraman and A. Manthiram,
J. Electrochem. Soc., 2005, 152, J82–J84.

29 M. Wang and A. Navrotsky, J. Solid State Chem., 2005, 178,
1182–1189.

30 D. M. Cupid, A. Reif and H. J. Seifert, Thermochim. Acta, 2015,
599, 35–41.

31 A. Navrotsky and O. J. Kleppa, J. Inorg. Nucl. Chem., 1967, 29,
2701–2714.

32 H. St, C. O'Neill and A. Navrotsky, Am. Mineral., 1983, 68,
181–194.

33 H. St, C. O'Neill and A. Navrotsky, Am. Mineral., 1984, 69,
733–753.

34 A. H. Tavakoli, H. Kondo, Y. Ukyo and A. Navrotsky, J.
Electrochem. Soc., 2013, 160, A302–A305.

35 H. Ji, A. Urban, D. A. Kitchaev, D. Kwon, N. Artrith, C. Ophus,
W. Huang, Z. Cai, T. Shi, J. C. Kim, H. Kim and G. Ceder, Nat.
Commun., 2019, 10, 1–9.

36 W. H. Kan, B. Deng, Y. Xu, B. Wang, Y. Liu and G. Chen,
Chem, 2018, 4, 2108–2123.

37 K. Kataoka, Y. Takahashi, N. Kijma, H. Nagai, J. Akimoto,
Y. Idemoto and K. Ohshima, Mater. Res. Bull., 2009, 44,
168–172.

38 A. C. W. P. James and J. B. Goodenough, J. Solid State Chem.,
1988, 74, 287–294.

39 G. Kreuzburg, F. Stewner and R. Hoppe, Z. Anorg. Allg. Chem.,
1971, 379, 242–254.

40 M. Tabuchi, K. Ado, H. Kobayashi, I. Matsubara and
H. Kageyama, J. Solid State Chem., 1998, 141, 554–561.

41 M. A. Jones, P. J. Reeves, I. D. Seymour, M. J. Cliffe,
S. E. Dutton and C. P. Grey, Chem. Commun., 2019, 55,
9027–9030.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra09759g

	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...

	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...

	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...

	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...
	Thermochemistry of cation disordered Li ion battery cathode materials, Li1tnqh_x002BxMxtnqh_x2032M1tnqh_x22122xtnqh_x2033O2 (Mtnqh_x2032 tnqh_x003D...




