Energetic Stability and Its Role in the Mechanism of Ionic Transport in NASICON-type Solid State Electrolyte Li1+xAlxTi2-x(PO4)3
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ABSTRACT: We apply high temperature oxide melt solution calorimetry (HTOMSC) to assess the thermodynamic properties of the material Li1+xAlxTi2-x(PO4)3, which has been broadly recognized as one of the best Li-ion conducting solid electrolytes of the NASICON family. The experimental results reveal large exothermic enthalpies of formation from binary oxides (∆Hof,ox) and elements (∆Hof,el) for all compositions in the range 0 ≤ x ≤ 0.5. This indicates substantial stability of Li1+xAlxTi2-x(PO4)3, driven by thermodynamics and not just kinetics, during long-term battery operation. The stability increases with increasing Al3+ content. Furthermore, the dependence of the formation enthalpy upon Al3+ content shows a change in behavior at x = 0.3, a composition near which Li+ conductivity reaches the highest values. The strong correlation among thermodynamic stability, ionic transport and clustering is a general phenomenon in ionic conductors, independent of the crystal structure as well as the type of charge carrier. Therefore, the thermodynamic results can serve as guidelines for the selection of compositions with potentially highest Li+ conductivity among different NASICON-type series with variable dopant contents.
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	Lithium ion batteries (LIBs) play a crucial role as reliable power sources for a myriad of applications ranging from portable devices, such as laptops, cell phones and digital cameras, to electric cars and airplanes 1-5. Conventional LIBs mainly rely on liquid electrolytes including non-aqueous aprotic organic solvents 6. Such use of flammable organic liquid electrolytes can lead to fire hazards from overcharging and short-circuiting arising from the formation of Li-dendrites7. To address the safety issues and enable operation at high voltages, significant research and development are presently targeted on all-solid-state LIBs in which the liquid electrolyte is replaced with a suitable solid state ionic conductor 8-17. The group of Li-containing NASICON-type materials (the “NASICON” abbreviation was introduced by Hong and Goodenough 18 to describe the sodium-containing Na1+xZr2SixP3-xO12 superionic conductors, nowadays referring to all materials with the same crystal structure) is considered very promising due to its satisfactory electrochemical performance, chemical durability, negligible electronic conductivity, and remarkable diversity of compositions suitable for chemical modifications 19-21. The crystal structure of NASICON is a three-dimensional ensemble formed by PO4 tetrahedra and MO6 octahedra sharing common vertices (Fig. 1a, inset). The alkali ions occupy two distinct crystallographic positions within the structure. According to established structural models, the first alkali ion is in the 6b (M1) Wyckoff site, while the second one could either populate the 18e (M2) or be distributed in the disordered 36f (M3) site. In the following, we refer to these sites as “Li1” (6b) and “Li2” (18e or 36f) for simplicity. Such an atomic layout creates a favorable environment for conduction channels between non-equivalent alkali positions connected through triangular oxygen “bottlenecks” 22. The lithium aluminum titanium phosphate Li1+xAlxTi2−x(PO4)3 (LATP) has enhanced Li+ conductivity up to ~ 10-3 (S cm-1) at room temperature 23. Although the structural and electrochemical peculiarities of LATP have been widely investigated over the past decades 20, 24-26, its thermodynamic stability has not been determined and the relation between composition and ionic transport remains highly controversial 23, 27, 28. 
High temperature oxide melt solution calorimetry (HTOMSC) is a well-established experimental method to measure the thermodynamic properties of oxide and non-oxide systems 29-31. Recently, Voskanyan et al. 32 investigated the thermodynamic stability of the prospective LIB anode materials TiNbxO2+2.5x, a family of compounds also known as Wadsley-Roth crystallographic shear phases. Calorimetric experiments revealed endothermic enthalpies of formation and related entropy stabilization in these compounds. The formation enthalpy values suggest that the TiNbxO2+2.5x anode materials with moderate niobium content (x = 2 - 5) should remain relatively stable, while the niobium-rich composition (x = 24) will transform into more stable phases during extended cycling 32. Guo et al. 33 observed two modes of ∆Hof,ox behavior in lithium-doped perovskites such as Li3xLa0.67-xTiO3. It was found that the composition with the highest charge carrier concentration and the lowest activation energy (x = 0.06) exhibits the least exothermic ∆Hof,ox, while the change of the enthalpy trend at x = 0.08 occurs at the highest value of the Li+ conductivity 33. Also, HTOMSC has been successfully applied to various phosphate compounds 34-36. For example, it has been shown that the energetic stability of K3RE(PO4)2 monotonically decreases from RE = Ce to Lu 34. Correlation between the ∆Hof,ox and O2- conductivity for Y and La-doped ThO2, as well as singly or doubly-doped ceria with rare earth ions has been observed. Furthermore, the compositional dependence of ionic conductivity and formation enthalpy in these materials exhibits dome-shaped behavior with a maximum at a certain dopant concentration 37-41. 
In this work, we employed HTOMSC to systematically assess the thermodynamic stability of the LATP solid electrolytes Li1+xAlxTi2−x(PO4)3 (0.0 < x ≤ 0.5). We found a strong correlation between the energetic stability and ionic conductivity in LATPs with a pronounced change of the trends at x = 0.3. 
Since the thermochemical data are highly sensitive to the crystal structure as well as phase and chemical purity of the samples, we performed careful analyses of composition and structure using PXRD and ICP-OES. The X-ray diffraction patterns from all six samples were perfectly indexed with a rhombohedral unit cell , and the absence of impurity peaks confirmed the formation of phase pure LATPs (Fig. S1 in the Supporting Information). Since it is impossible to reliably determine the lithium and oxygen coordinates from PXRD data because of their small atomic form factors, we applied a structural model obtained from previous neutron diffraction studies 42. Figure 1a shows the diffractogram and the corresponding Rietveld refinement for a representative sample of Li1.3Ti1.7Al0.3(PO4)3, a composition in the middle of the LATP series. The lattice parameters and refinement R factors, determined from the Rietveld analysis, are listed in Table S1. There is a systematic shift of h00 and 00l peaks toward higher 2θ angles (Fig. 1b) with respect to x = 0, indicating a linear contraction of both a and c axes with increasing Al3+ content (see Fig. 1c-e). This decrease of unit cell parameters is consistent with the difference in the ionic radii of Ti4+ (0.605 Å) and Al3+ (0.535 Å) in octahedral coordination 43. The variation of the cell parameters is small, and the obtained values are similar to results in the literature 42, 44-46. A gradual substitution of Ti4+ with Al3+ can be inferred from the XRD results, which is in good agreement with the change of the nominal composition. Significant deviation from the nominal composition in any sample would result in corresponding deviation from the linear behavior shown in Fig. 1c-e, which has not been detected. The purity of the synthesized samples was further analyzed by ICP-OES confirming overlap between nominal and experimental values of x (Table S1).
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Figure 1. (a) The representative Rietveld analysis of the sample Li1.3Ti1.7Al0.3(PO4)3. The inset illustrates the structure of Li1+xAlxTi2−x(PO4)3 in which the Li+ cations are distributed in two non-equivalent sites (Li1/Li2). (b) Systematic shift of h00 and 00l reflections toward higher angles indicates contraction of the unit cell with increasing Al3+ content (x). (c,d,e) The unit cell parameters a and c and cell volume V plotted as a function of composition in Li1+xTi2-xAlx(PO4)3. 
The drop solution (ΔHds) and standard formation enthalpies from binary oxides (ΔHof,ox) as a function of the chemical composition (x) in all samples are shown in Figure 2a and Table S2. The standard formation enthalpy of each composition is calculated from the thermochemical cycle shown in Table 1. The values of ΔHof,ox for all LATP compositions are large in magnitude and negative, meaning their substantial thermodynamic stability against decomposition to the component oxides. Moreover, the obtained results reveal a concerted variation of ΔHds and ΔHof,ox as a function of x in Li1+xTi2-xAlx(PO4)3. ΔHof,ox remains almost constant with increase of the aluminum content till x = 0.3 (Fig. 2a). However, in the 0.3 < x ≤ 0.5 region, the magnitude of ΔHof,ox rises by ~30 kJ/mol, indicating a strong increase in the thermodynamic stability. A change of the slope of the energetic stability at x = 0.3 can also be observed in the compositional dependence of the standard formation enthalpy from the elements ΔHof,el (Fig. 2b, Table S2) calculated via the thermochemical cycle presented in the Table S3. 
Table 1. Thermochemical cycle used to calculate the enthalpies of formation of Li1+xTi2-xAlx(PO4)3 from oxides
	Eq.
	Reaction
	Heat effect

	I
	Li2O (s, 298 K)→ Li2O (soln, 1073 K) 
	ΔHds,1

	II
	TiO2 (s, 298 K) → TiO2 (soln, 1073 K)
	ΔHds,2 47

	III
	Al2O3 (s, 298 K) → Al2O3 (soln, 1073 K)
	ΔHds,3 47

	IV
	P2O5 (s, 298 K) → P2O5 (soln, 1073 K)
	ΔHds,4

	V
	Li1+xTi2-xAlxP3O12 (s, 298 K) → (1+x)/2 Li2O (soln, 1073 K)+ (2-x) TiO2 (soln, 1073 K)+ x/2 Al2O3 (soln, 1073 K)+ 3/2 P2O5 (soln, 1073 K)
	ΔHds,5

	VI
	(1+x)/2 Li2O (s, 298 K) + (2-x) TiO2 (s, 298 K) + x/2 Al2O3 (s, 298 K) + 3/2 P2O5 (s, 298 K) → Li1+xTi2-xAlxP3O12 (s, 298 K)
	ΔHf,ox

	VII
	ΔHf,ox = (1+x)/2 ΔHds,1 + (2-x) ΔHds,2 + x/2 ΔHds,3 + 3/2 ΔHds,4 - ΔHds,5
	


ΔHds,1 was derived from the drop-solution enthalpy of Li2CO3 (see Supporting Information). ΔHds,4 was calculated by summing the previously determined drop-solution enthalpy at 973 K 34 and additional heat content according to the equation: ΔHds(1073 K) = ΔHds(973 K) + 
Interestingly, similar to the formation enthalpy, the Li+ ion conductivity (σb) and activation energy (Ea) trends can also be separated into two different regions (Fig. 2c). Specifically, the conductivity rapidly increases with the increase of the Al3+ content until the critical composition x = 0.3 and remains almost constant afterwards 23. The activation energy curve first decreases and then increases above x > 0.3 21.
Despite the seemingly abrupt changes near x = 0.3 emphasized by drawing straight lines in the two regions, the system can also be considered a continuous solid solution since there is no apparent structural change at that composition. Within experimental error, the enthalpy of drop solution can be fit by a quadratic polynomial in the range 0 < x < 0.5, while single phase samples with x > 0.5 have not been confirmed 27, 48, 49. Thus we can consider LiTi2(PO4)3 and Li1.5Ti1.5Al0.5(PO4)3 as “pseudo end members” for a solid solution mixing model. The process of mixing can be described by:
(1-y) LiTi2(PO4)3 + y Li1.5Ti1.5Al0.5(PO4)3 → Li1+y/2Ti2-y/2Aly/2(PO4)3		(1)
where 0 ≤ y = 2x ≤ 1 is the mole fraction of Li1.5Ti1.5Al0.5(PO4)3. The ΔHds is plotted as a function of mole fraction (y) in Fig. 3. There is no linear correlation, which indicates the existence of a non-ideal solid solution. Moreover, the ΔHds is less endothermic than that of the mechanical mixture, implying an endothermic heat of mixing and that the solid solution is energetically less stable than a mixture of end members. A second order polynomial fit to the enthalpy of drop solution (Fig. 3) gives the quadratic term c which is also known as the enthalpy interaction parameter, W, in the regular solution formalism. Presuming the regular solution behavior, W can be used to calculate the enthalpy of mixing (ΔHmix) and the free energy of mixing (ΔGmix) 50 according to:


,				(2,3)
[bookmark: _Hlk62670039]However the entropy of mixing in this solid solution cannot be that of a simple regular solution involving the mixing of one mole of ions, (ΔSmix) =-R(ylny +(1-y)ln(1-y)) because several moles of ions are being mixed on several sites and because the x = 0.5 end member also contains configurational disorder. Thus the configurational entropy of mixing is the difference between the configurational entropy (Sconf) of the solid solution and the weighted sum of Sconf of the end members. If one assumes maximum possible disorder at all compositions, Sconf is determined by the statistical mixture of titanium and aluminum (two positions per formula unit) as well as lithium and vacancies in the Li2 site (three positions per formula unit):

		(4)
At synthesis temperatures near 1200 K the solid solution can be synthesized and appears to be stable. Figure S2 shows Hmix, TΔSmix and Gmix at 1200 K calculated using this maximally disordered model. It is apparent that the increase in configurational entropy to form the solid solution from a mixture of end members is not large enough to overcome the very strongly positive enthalpy of mixing to make a stable solid solution. This may be in part caused by substantial configurational entropy in the y = 1.0 end member. If that composition is more ordered, the entropy of mixing would become more positive; but there is little information to constrain possible short range order. Furthermore the enthalpy of mixing parameter (W = 62.7 ± 16.3 kJ/mol) is much more positive than would be expected from the strain energy produced by the small difference in ionic radii of the cations, as seen for many other solid solutions 51. The main points of the failure of the regular solution approach are to emphasize the complexity of mixing behavior in the LATP system and to point out that it is not clear whether the composition near x = 0.3 represents an abrupt or somewhat more gradual change in behavior; the latter related to increasing ordering. Thus, we conclude that the thermodynamic behavior of the LATP solid solution is far more complex than described by simple random mixing of cations on available sites. Nor is there an obvious structural or crystal chemical reason why the solid solution should end at x = 0.5; we chose this as an arbitrary end member simply because no phase pure solid solutions appear to be made at higher substitution levels. The behavior of conductivity suggests that short range order or clustering of species at higher values of x may decrease the configurational entropy, but detailed models cannot be constrained by available structural data.
There have been multiple concepts and theoretical models to elucidate the composition – structure - transport relationships in LATP and other Li-containing NASICON compounds. While the initial increase of σb as a function of x is generally explained by increase of the charge carrier concentration (Li+) and the occupancy of Li2 sites 23, 27, 42, 52, the substantial change of the σb and Ea trends at higher lithium content (x = 0.4 - 0.5) remains a subject of active debate. Martínez-Juárez et al. proposed that the nearest neighbor surroundings of the Wyckoff sites 6b (Li1) are the key factor for controlling the ion conduction in LiMM’(PO4)3 (M, M’ = Ge, Ti, Sn, Hf) 53. Each Li1 is located inside a trigonal antiprism cage made of oxygen atoms, and Li+ conduction channels (Li1-Li2) pass through the lateral faces (isosceles triangles) of the antiprism (Fig. 4a). The radius of the circumscribed circumference around such a triangle is considered to be the size of the conduction channel bottleneck (d). The authors found a correlation between the activation energy and bottleneck size in Li-containing NASICON materials, demonstrating that the decrease of d beyond a critical value of ~2 Å leads to rapid increase in Ea 53. 
[image: ]
Figure 2. (a) Enthalpy of formation from binary oxides (filled circles) at room temperature and drop-solution enthalpy in sodium molybdate at 1073 K (open circles) of LATP samples (0 ≤ x ≤ 0.5). (b) Enthalpy of formation from elements for the same compositions. (c) The ionic conductivities (filled circles, from ref. 23 and the activation energies (open circles, from ref. 21) for the similar composition range. Vertical dashed line at x = 0.3 and change in background color shows composition of pronounced change in behavior in all these parameters. 

[image: ]
Figure 3. Dependence of the drop-solution enthalpy in sodium molybdate at 1073 K upon mol fraction (y) of the limiting composition Li1.5Ti1.5Al0.5(PO4)3. Blue dashed line shows the behavior expected from an ideal solution or mechanical mixture while the red line illustrates a quadratic fit (392.9±0.9) + (-56.0±16.8)y + (62.7±16.3)y2.
[image: ]
Figure 4. (a) A view of the nearest neighbor atomic surroundings of the Li1 (6b) site. The Li1 and Li2 positions are separated by the triangle oxygen “bottlenecks”. (b) A schematic illustration of the Li+ ion trapping in the Li2 sites located next to Al3+ centers. The formation of Li+/Al3+ pairs as substitution for Ti4+ is charge balanced and energetically favorable by ~19 kJ/mol (Li1, Li2, P, Ti, O, Al, and vacancy sites are shown as blue, yellow, orange, dark-gray, red, green, and white spheres, respectively).
Using this approach and the atomic coordinates determined by single crystal XRD 45, we calculated d values for LATP compositions in the present study. The values for x = 0.1, 0.3, and 0.4 are d = 1.979, 1.981, and 1.983 Å respectively, implying that the bottleneck size remains unchanged within the margin of error in the Li1+xTi2-xAlx(PO4)3 series. Thus, the contraction of the unit cell (Fig. 1c-e) should have a negligible effect on the thermodynamic stability and ionic transport. 
Ab initio molecular dynamics simulation was utilized to uncover a mechanism for the concerted migration of alkali metals in Li and Na-containing NASICON-type structures 22, 54. These calculations showed that multiple alkali ions located at adjacent crystallographic sites should move simultaneously either in the same or orthogonal directions. Based on these observations, one can infer that the initial increase of Li+ content favors concerted lithium migration in LATP, but the further increase of the Li1/Li2 sites occupancy after x = 0.3 hinders simultaneous ionic movement within the structure. Other theoretical studies reveal preferred Li occupation in the Li2 sites located in the close vicinity of Al3+ 28, 52. Such preferred occupation is justified by charge balance, and calculated to be energetically favorable by ~19 kJ/mol 52. Thus, this model implies successive trapping of Li+ ions around Al3+/Li+ pairs (Fig. 4b) with increase in aluminum content. Furthermore, the Al27 nuclear magnetic resonance studies by Arbi et al. reveal substantial tendency of aluminum segregation in LATP samples 27 which eventually leads to the formation of AlPO4. Besides, it suggests the existence of distinct local ordered areas enriched with Al3+ in the LATP structure (formation of Al3+ clusters), which could also be a major reason of the anomalous enthalpy of mixing and the origin of additional phase formation at x > 0.5. Forming clusters should be energetically favorable and lead to less positive enthalpies of mixing or more negative enthalpies of formation, as is indeed seen in Figure 2a. Thus a simplistic interpretation of the enthalpy trend in Figure 2a is that below x = 0.3, clustering is relatively unimportant and the enthalpy of formation from binary oxides remains relatively constant, while at x > 0.3, clustering or the formation of ordered domains dominates, stabilizing the energetics. Nevertheless, such clustering/ordering must remain on the short to mid-range scale, as there is no evidence of long-range order, superstructure, or a change in structure. Such clustering could account for the change in energetic and transport behavior near x = 0.3. The trapping effect enhanced by Al3+ clustering should eventually lead to increase of the activation energy at x > 0.3. Thus the enthalpies of formation and the transport data are consistent in pointing to favorable ionic interactions which stabilize the energetics, increase the activation energy, and suppress the conductivity.
The ionic transport is controlled by both kinetic and thermodynamic factors, including charge carrier concentration, ionic mobility, and activation energy. In the dilute region (0 ≤ x ≤ 0.3), the formation of Al3+ clusters is negligible, but the increased chemical affinity between Li+ ions and AlO6 units drives the successive trapping of Li+ ions in the vicinity of Al3+ centers. This gradual increase of the Al3+/Li+ pair concentration increases the energetic stability. However, this effect is balanced by destabilization mainly arising from the lattice strain due to the Ti4+/Al3+ size mismatch and increasing disorder in the lithium sublattice associated with redistribution of the Li+ ions between Li1/Li2 sites as well as formation of vacancies in the Li1 site 21. As a result, the formation enthalpy remains nearly constant at x < 0.3 (Fig. 2a), while the activation energy decreases (Fig. 2c), following the increase in lithium disorder. At higher Al3+ content (0.4 ≤ x ≤ 0.5), Al3+ clustering becomes more significant. Since ordering processes are exothermic 37, 39, this should lead to increase of the enthalpic stability (ΔHof,ox becomes more negative), as shown in Fig. 2a. Concurrently, the energetically favorable Al3+ segregation increases the amount of trapped Li+ ions around Al3+ clusters, resulting in a lower concentration of effectively mobile Li+ ions. As a result, the activation energy increases while the ionic conductivity remains almost constant. 
The conclusions from our experimental results are following. The formation enthalpies of Li1+xTi2-xAlx(PO4)3 (0 ≤ x ≤ 0.5) from elements and binary oxides are highly exothermic, indicating that the electrolyte is thermodynamically stable over its whole composition range. There is strong correlation between the thermodynamic stability and ionic transport in Li1+xTi2-xAlx(PO4)3 with a significant change of the trends at or near x = 0.3. The observed dependence arises from the competition between destabilization and stabilization factors, namely, Ti/Al atomic size mismatch, disorder in the lithium sublattice, and increasing Al3+ segregation at x > 0.3. Our conclusions are also strongly supported by observed inadequacy of regular solution behavior in mixing analysis, and by results previously obtained by Navrotsky and coworkers for fluorite- and perovskite-based oxides, such as doped CeO2, ThO2, UO2, and Li3xLa0.67-xTiO3 33, 37-39, 40, 41, 55. In these materials, the structural destabilizations arising from atomic size mismatch compete with the stabilizing influence of the defect clustering which in turn alters the thermodynamic stability and ionic transport with increasing dopant concentration. 
[bookmark: _GoBack]One cannot completely rule out the possibility of local Li+ cluster formation alone (without involvement of Al3+ cations) in LATP at the sub nanometer scale as a function of the lithium concentration. For example, the lithium content and occupancy of lithium sites could influence the clusters which form and their symmetry, Li-Li repulsive forces, and consequently the local lithium dynamics in the Li7La3Zr2O7 and Li5La3Ta2O12. While the dominant T04 clusters (i.e., one vacant Li site surrounded by four occupied sites) in Li7La3Zr2O7 56 lead to uniform repulsive forces and “center-pass” conduction mechanism via the bottleneck, a greater variety of cluster types could result in asymmetric repulsive forces and “edge-pass” mechanism in Li5La3Ta2O12 57 at low temperatures. Similar effects may possibly lead to Li content-dependent changes of the ionic conductivity in LATP. However additional characterization at sub nanometer scale, along with molecular dynamics simulations are required to examine these scenarios and are outside the scope of the current study.
Thus, by combining crystallographic, thermodynamic and conductivity data, mechanistic aspects of ionic transport in LATP compounds have been interpreted. Importantly, the strong correlation between energetic stability, ionic transport and clustering is a general phenomenon in ionic conductors, independent of crystal structure and the type of charge carrier. This work demonstrates that the thermodynamic data in conjunction with the electrochemical results can effectively guide the rational design and fabrication of next generation power devices. 
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