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Abstract 34 

2LiX-GaF3 (X = Cl, Br, I) electrolytes offer unique features for solid-state batteries: 35 

mechanical pliability and high conductivities. However, understanding the origin of fast ion 36 

transport in 2LiX-GaF3 has been challenging. Surprisingly, the ionic conductivity order of 2LiCl-37 

GaF3 (3.2 mS/cm) > 2LiBr-GaF3 (0.84 mS/cm) > 2LiI-GaF3 (0.032 mS/cm) contradicts binary LiCl 38 

(10-12 S/cm) < LiBr (10-10 S/cm) < LiI (10-7 S/cm). Using multinuclear 7Li, 71Ga, 19F solid-state 39 

NMR and DFT simulations, we found that Ga(F,X)n polyanions boost Li+-ion transport by 40 

weakening Li+-X- ionic interactions via charge clustering. In 2LiBr-GaF3 and 2LiI-GaF3, Ga-X 41 

coordination is reduced with deceased F participation in polyanion formation, compared to 2LiCl-42 

GaF3. These insights guide high-performance electrolyte design based on charge clustering, 43 

applicable to various ion conductors: liquid, polymer, and glass-ceramics. This new strategy could 44 

prove effective for producing highly conductive multivalent cation conductors such as Ca2+ and 45 

Mg2+, as charge clustering of carboxylates in proteins has been found to decrease their binding to 46 

Ca2+ and Mg2+.  47 

 48 

Teaser 49 
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 2LiX-GaF3 electrolytes utilize charge clustering to enhance Li+ transport, a new strategy for 50 

designing single- and multi-valent ion conductors. 51 

 52 

MAIN TEXT 53 

 54 

Introduction 55 

High-performance inorganic solid electrolytes are indisputably crucial to the transition of 56 

current rechargeable Li+-ion batteries that use liquid electrolytes to all-solid-state batteries (ASSBs) 57 

for both enhanced safety and high energy density. A repertoire of properties has been considered to 58 

design solid electrolyte for successful integration in ASSBs, namely ionic conductivity, air/water 59 

stability, electrode compatibility over extended temperature and voltage range, and mechanical 60 

pliability. Various solid electrolytes have been developed in attempts to satisfy those criteria.1–4 61 

Superionic conductors with conductivities on the order of ~10 mS/cm, even surpassing the ionic 62 

conductivity of state-of-the-art liquid electrolytes, have been developed in sulfide-based chemical 63 

spaces. Prominent examples of these materials are argyrodite and thio-LISICON electrolytes.5-11  64 

Chemical stability against both Li metal and air exposure has also been achieved in oxide-based 65 

solid electrolytes, such as garnets.12 Other solid electrolytes such as hydrides or halides present 66 

excellent reduction and oxidation stability, respectively.13  67 

Currently, a core issue of ASSBs is the mechanical, chemical, and electrochemical 68 

compatibility of solid electrolytes with electrodes.14-16  Non-conformal contact at the electrode-69 

electrolyte interface has shown to limit the power density and induces dendrite formation in 70 

ASSBs.17 Most sulfide, oxide, halide solid electrolytes often need a high stack pressure (a few MPa) 71 

or a co-sintering process for ASSB fabrication and operation.18,19 However, these strategies seem 72 

inadequate to maintain physical integrity given the reversible volume change of electrodes upon 73 

electrochemical cycling.19 Therefore, to avoid dynamic mechanical degradation, the design of high-74 

performance solid electrolytes should also take into account of physical deformability, which is 75 

required to accommodate stress and strain evolution at the interface.16, 21, 22 76 

Recently developed Ga-based mixed-halide solid electrolytes could be a valuable venue to 77 

address the interface issues due to promising characteristics including high ionic conductivity and 78 

physical pliability.23  Indeed, these materials exhibit high ionic conductivity over 3 mS/cm and 79 

clay-like mechanical properties, corresponding to complex shear moduli of 105 ~ 106 Pa,  which 80 

enable the ASSBs to operate without stack pressure to maintain conformal cathode-electrolyte 81 

interface contact over extended stable electrochemical cycling. Although it is vaguely understood 82 

from the synthesis perspective that the unique features of these new solid electrolytes can be 83 

observed only when mixed halide anions are incorporated, their amorphous structure with the 84 

absence of long-range ordering makes it challenging to trace the structural origin of fast ion 85 

transport. 86 

 Here, in order to elucidate the short-range structures in clay-like solid electrolytes and their 87 

correlation with the ion transport, we have performed combined analyses using X-ray diffraction 88 

(XRD), solid-state nuclear magnetic resonance (NMR), and density functional theory (DFT) 89 

calculations on systems with reference stoichiometry 2LiX-GaF3 (X=Cl, Br, I). We reveal that the 90 

identity of X anions has a significant effect on the observed Li+-ion conductivity. Indeed, the 91 

conductivity is 3.2 mS/cm when X = Cl and is reduced by a factor ~4 for X = Br (8.39 × 10-1 92 

mS/cm) and by about 100 times for X = I (3.04 × 10-2 mS/cm). We have identified the formation 93 

of complex GaCl!F"#! polyanions in 2LiCl-GaF3, and consequent diversification of the Li+ local 94 

environments, as a major factor in promoting fast ion transport by limiting strong Li-F ionic 95 

interactions that can slow down Li+ transport. More generally, in drawing a parallel with the concept 96 

of “charge clustering”, well-known in biochemistry,24 the Ga(X,F)n polyanions forming the 2LiX-97 

GaF3 amorphous framework may be conceived as gallium-centered clusters where multiple 98 



Science Advances                                               Manuscript Template                                                                           Page 3 of 21 

 

negatively charged anions (F and X halides) are attracted to a central gallium cation. Such negative 99 

charge clustering in gallium-based polyanions screens interactions between positive charge carriers 100 

and negative hosts, therefore weakening Li+ binding affinity for fast ion transport. In contrast, Br 101 

and I tend to displace F from its interactions with Ga, thus limiting the charge clustering screening 102 

effect on the Li+-ion conduction. This study enriches our understanding of amorphous solid 103 

electrolytes and provides further insight for designing highly conductive clay-like ion conductors. 104 

 105 

 106 

Results  107 

The amorphous character of 2LiX-GaF3 108 

X-ray powder diffraction was used to identify crystalline phases present in the 2LiX-GaF3 (X 109 

= Cl, Br, I) samples. Error! Reference source not found.a compares powder X-ray patterns of the 110 

2LiX-GaF3 compounds and the precursor GaF3. All three mixed halide compositions display only 111 

weak crystalline peaks that are largely overridden by a broad, dominant background, revealing that 112 

the major phases are highly disordered. The absence of Bragg peaks from precursors GaF3 and LiX 113 

also indicates that chemical reactions have taken place to transform them into new phases. An 114 

attempt to match the weak Bragg peaks in 2LiX-GaF3 was conducted by performing a search match 115 

with the available phases in the Inorganic Crystal Structure Database (ICSD) as shown in Error! 116 

Reference source not found.b-d. The phases that matched with the weak crystalline peaks in 117 

2LiCl-GaF3 are Li3GaF6 (ICSD ID: 409384) and LiGaCl4 (ICSD ID: 60849). In 2LiBr-GaF3 and 118 

2LiI-GaF3, the diffraction peaks matched LiGaBr4 (ICSD ID: 61337) and LiGaI4 (ICSD ID: 60850), 119 

respectively. The above-mentioned crystalline peaks may hint at the presence of local structures 120 

having characteristics similar to the Li3GaF6 and LiGaX4 (X = Cl, Br, I) structures. However, due 121 

to the poor crystallinity of the 2LiX-GaF3 samples, powder XRD was insufficient to provide more 122 

detailed phase or structure information. 123 
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 124 

 125 

Ionic conductivities dependent on halide-anion species 126 

 The ionic conductivities of 2LiX-GaF3 (X = Cl, Br, I) samples determined via variable-127 

temperature electrochemical impedance spectroscopy (EIS) are shown in Figure 2. All samples 128 

exhibit a curvature in the log10 (σ) vs 1/T plot showing a deviation from the Arrhenius behavior. 129 

This deviation from Arrhenius behavior is typically observed in glass and polymer-based solid 130 

electrolytes.25-27  131 

Overall, at 25oC, 2LiCl-GaF3 has the highest ionic conductivity of 3.2 mS/cm among the three. 132 

The ionic conductivity drops upon Cl- substitution with Br- (8.39 × 10-1 mS/cm) and is the 133 

lowest with I- (3.04 × 10-2 mS/cm). The crystalline phases observed using X-ray diffraction 134 

(Figure 1) such as Li3GaF6 and LiGaX4 have poor ionic conductivity.28-30 Therefore, the 135 

difference in ionic conductivities of 2LiX-GaF3 (X=Cl, Br, I) implies that the presence of 136 

mixed-halide anion species affects the local structure and energy landscape for Li+-ion 137 

transport. 138 

Fig. 1. Analysis of crystalline phases formed in 2LiX-GaF3 (X = Cl, Br, I) via powder X-ray 

diffraction. (A) An overview of the pXRD patterns of 2LiX-GaF3 and GaF3. Identification of minor 
crystalline phases in (B) 2LiCl-GaF3, (C) 2LiBr-GaF3, and (D) 2LiI-GaF3, based on the ICSD 
database. 
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 140 

Local structures of 2LiX-GaF3 (X = Cl, Br, I)  141 

Solid-state NMR is a powerful tool for characterizing local structures of highly disordered 142 

materials. A combination of multinuclear 71Ga, 19F, and 7Li NMR, along with DFT-generated 143 

amorphous models, was used to investigate local structures in the 2LiX-GaF3 compounds.  144 

1) The gallium environment 145 

High-resolution 71Ga NMR was collected to probe the local environment of Ga. 71Ga is an 146 

NMR-active quadrupole (spin-3/2) nucleus, therefore the electric field gradient around the Ga ions 147 

is highly sensitive to its local structural environment. To ensure broadband excitation, a 148 

Quadrupolar Carr-Purcell Meiboom-Gill (QCPMG) pulse sequence was employed to acquire 71Ga 149 

NMR spectra, which are shown in Error! Reference source not found.a. QCPMG NMR yields a 150 

series of evenly spaced spikelets, the skyline of which formulates the NMR peak shape.  151 

The chemical shift of Ga in oxidation state +3 generally ranges from 700 to 0 ppm, whereas 152 

Ga in oxidation state +1 ranges from 0 to -700 ppm.31-33 Since the 71Ga peaks of 2LiX-GaF3 (X = 153 

Cl, Br) spread through positive chemical shift ranges, we conclude that the majority of gallium in 154 

2LiX-GaF3 (X = Cl, Br) exists in oxidation state +3. In 2LiI-GaF3, the 71Ga NMR shows the largest 155 

bandwidth spanning from -250-300 ppm, which hints the existence of gallium in mixed oxidation 156 

states of +3, +2, and +1.  157 

The broadening of the main 71Ga NMR resonance (Error! Reference source not found.a) 158 

indicates that gallium exists in a disordered environment. The parameters used to fit these 71Ga 159 

NMR resonances are presented in Table 1. A large quadrupole coupling constant (Cq) value of > 8 160 

MHz is found. The Ga peak shifts towards lower ppm in 2LiX-GaF3 from X = Cl to Br and I. This 161 

is in agreement with literature reports where Ga coordinated by I- shows upfield shift compared to 162 

Ga coordinated by Cl- and Br- anions.34-36 The different anion electronegativities may account for 163 

the differences in chemical shift. An additional small symmetric peak is observed around 40 ppm 164 

in the 2LiCl-GaF3 phase. Such a peak is attributed to the crystalline Li3GaF6 phase which is also 165 

Fig. 2. Ionic conductivities of 2LiX-GaF3 (X=Cl, Br, I) electrolytes. Measurements were 
determined using AC electrochemical impedance spectroscopy. 
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evident in powder X-ray diffraction (Error! Reference source not found.). The other crystalline 166 

phases identified from the XRD pattern, i.e., LiGaX4 (X = Cl, Br, I), may be hidden underneath the 167 

main broad 71Ga band.  168 

Further insight into the Ga coordination environment is provided by DFT simulations. An 169 

example of amorphous structure model obtained by ab initio molecular dynamics (AIMD) 170 

simulated annealing for 2LiCl-GaF3 is presented in Error! Reference source not found.b. Error! 171 

Reference source not found.c illustrates the statistical distribution of X and F anions around Ga 172 

in the amorphous structure models generated for the different 2LiX-GaF3 (X = Cl, Br, I) 173 

compositions. All structures contain mixed GaX!F"#! polyanions with the numbers 𝑚 and (𝑛 −174 

𝑚) of X and F ligands being negatively correlated. Ga is found in highly diverse coordination 175 

environments. Ga3+ is coordinated by X and F anions in tetrahedral (IV, n = 4), pentahedral (V, n 176 

= 5), and octahedral (VI, n = 6) forms. Due to large quadrupolar couplings in all such environments, 177 

as expected from NMR data on reference Ga oxides (Cq up to ~17 MHz),37 the resonance of Ga3+ 178 

in (IV) vs. (V) coordination is not distinguishable in the 71Ga NMR spectra, therefore Ga (IV) and 179 

(V) are referred to as a single complex anion.  180 

Cq and asymmetry parameters of Ga in the simulated 2LiX-GaF3 (X = Cl, Br, I) amorphous 181 

structures were calculated by DFT NMR. The results are reported inTable 11 and in the 182 

supplementary Table S1. A large Cq of > 8 MHz is calculated for most Ga3+Error! Reference 183 

source not found.Table 1. Comparisons between Ga coordination environments in the DFT 184 

simulated amorphous structures for 2LiCl-GaF3, 2LiBr-GaF3 and 2LiI-GaF3Error! Reference 185 

source not found.3c), also reveal a somewhat greater variety of mixed	GaX!F"#! polyanions, in 186 

terms of the numbers 𝑚 and (𝑛 − 𝑚) of X and F anions coordinating Ga, in the chlorine-based 187 

compound than in the bromine and iodine ones. That is, while in simulated 2LiCl-GaF3 amorphous 188 

structures Ga shows a high likelihood of forming complex mixed GaX!F"#! polyanions with 𝑛 =189 

4, 5, 6 and 𝑚 = 1, 2, 3, a somewhat more homogeneous Ga coordination by X and F is found in the 190 

amorphous models of 2LiBr-GaF3 (𝑛 ≈ 5, 𝑚 ≈ 2), and of 2LiI-GaF3, where 𝑛 ≈ 4 and 𝑚 ≈ 2-3. 191 

Some amorphous structure models are further characterized by the presence of direct Ga-Ga 192 

interactions (bond length 𝑑Ga-Ga ≈ 2.45	Å) forming dimeric Ga$(X, F)% units typical of Ga2+ 193 

compounds such as GaS (ICSD ID: 25660). In particular, Ga$(X, F)% dimers involve a significant 194 

amount (up to about 20%) of Ga atoms in 2LiI-GaF3, whereas they only account for less than 10% 195 

of Ga in the other compositions. Finally, a small portion of Ga (~3%) in simulated amorphous 2LiI-196 

GaF3 is not covalently bonded into any molecular species, the distance from the nearest I- and F- 197 

anions (𝑑Ga-I ≈ 3.3	Å, 𝑑Ga-F ≈ 2.7	Å) being far larger than the sum of the corresponding ionic radii 198 

(i.e., 2.8	Å and 1.9	Å, respectively), as shown by the pair distribution functions (PDFs) in Figure 199 

S1. Interaction distances 𝑑Ga-I > 3	Å are comparable to those occurring around Ga1+ in GaI2 (ICSD 200 

ID: 24821). Therefore, we assign formal oxidation state +1 to such non-covalently bonded Ga 201 

species. Indeed, the associated Bader charge is ~0.6 |e-|, much lower than the average Ga charge 202 

calculated for 2LiI-GaF3, i.e., ~1.4 |e-|. It is noteworthy that the presence of Ga2+ and, albeit minor, 203 

of Ga1+ in 2LiI-GaF3 is consistent with both the significant broadening and upfield shift of the 71Ga 204 

NMR signal observed for 2LiI-GaF3 (Error! Reference source not found.a).  205 
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 207 

 208 

 209 

 210 

 211 

 212 

 213 

2) The fluorine environment  214 

Further structural insights into 2LiX-GaF3 (X = Cl, Br, I) are obtained by analyzing the local 215 

fluorine chemical environment using 19F NMR. Error! Reference source not found.a shows the 19F 216 

NMR spectra. Solid GaF3 (shown in blue at the top) resonates at -170 ppm with a shoulder to the 217 

Fig. 3. Ga coordination environment examined with 71Ga NMR and AIMD simulations. (A) 
Static QCPMG 71Ga NMR spectra of 2LiX-GaF3 (X = Cl, Br, I) and corresponding spectral fits. The 
resulting quadrupolar coupling constants and asymmetry parameters are documented in Table 1. (B) 
Simulated amorphous structure of 2LiCl-GaF3 showing gallium coordinated with fluorine and 
chlorine to form complex anions GaClmFn-m. (C) Statistical distribution of F and X anions 
coordinating Ga in the amorphous structural models for 2LiX-GaF3, generated with AIMD simulated 
annealing. Among the most probable complex anions are GaCl1F5, GaCl3F1, GaBr2F3, and GaI3F1.   

Table 1 Quadrupole coupling constants Cq and ŋ (asymmetry parameter) of 71Ga NMR 

obtained for 2LiX-GaF3 (X = Cl, Br, I) compounds both from experimental and computational 

methods. The computational Cq was derived by taking the average of the most common coordination 
types in 2LiCl-GaF3, 2LiBr-GaF3, and in 2LiI-GaF3 in Table S1, as found from the X and F 
distributions shown in Error! Reference source not found.c.  

Samples Experimental Cq 

(MHz) 

ŋ Computational Cq 

(MHz) 

ŋ 

2LiCl-GaF3 8.8 0.61 12.6 0.7 

2LiBr-GaF3 8.0 0.65 11.7 0.7 

2LiI-GaF3 12.5 0.60 14.9 0.45 
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left of the GaF3 resonance that may be from the hydrated forms. 19F NMR of 2LiX-GaF3 (X = Cl, 218 

Br, I) was performed under static conditions due to difficulties in spinning the samples.  219 

All spectra display multiple resonances signifying complex structural heterogeneity in the 220 

mixed-anion compounds. A broad peak is observed in all three samples, assigned to F coordinated 221 

in complex Ga(X, F)" polyanion species, i.e., clustered F-, as shown in Error! Reference source not 222 

found.b. In agreement with the experimental observation, Error! Reference source not found.b 223 

shows that DFT-computed 19F chemical shifts for the amorphous model structure of 2LiCl-GaF3 224 

yield a similar broad peak spanning between -75 and -250 ppm. While this chemical shift range 225 

covers most of the experimental 19F NMR resonances, we notice that a small portion (less than 10% 226 

of the overall intensity) of the measured spectra extends further to 0 ppm. Such a discrepancy may 227 

be explained by the limited size and statistical representativity of our model, as well as by the 228 

absence, from the simulations, of broadening factors common to experimental NMR, such as 229 

thermal effects, orientation anisotropy in sample powders, and dipolar couplings, etc. 230 

Quantification of the resonances from 19F NMR is presented in Error! Reference source not 231 

found.c. Upon replacement of Cl- with Br- and with I-, the intensity of the complex anion resonance 232 

decreases, whereas a new sharp resonance appears at ≈ -129 to -133 ppm in the 2LiBr-GaF3 and 233 

2LiI-GaF3 samples, respectively. The sharp resonance is attributed to single “mobile” F- anions. 234 

Since the NMR spectra were collected under static conditions, homonuclear dipolar interactions 235 

dominate the line broadening in 19F NMR. Therefore, a narrow line shape is indicative of weaker 236 

dipolar interactions which may be related to F- species with high mobility. Indeed, a survey of 19F-237 

NMR data on F--ion conductors demonstrates resemblance in line shape width (< 1 kHz).38-40 238 

Therefore, the overall ionic conductivities measured for 2LiBr-GaF3 and 2LiI-GaF3 may contain 239 

contributions from both Li+ and F- ion transport. The Li+ conduction in 2LiBr-GaF3 and 2LiI-GaF3 240 

may be even more strongly hindered than the apparent ionic conductivities suggest.   241 

  Residual sharp peaks, which we label as “unknown” species in Error! Reference source not 242 

found.c, may possibly be attributed to the minor crystal phases that matched in powder XRD 243 

(Error! Reference source not found.). In the case of 2LiCl-GaF3, crystalline Li3GaF6 is a probable 244 

phase at -161 ppm. In the case of 2LiBr-GaF3 and 2LiI-GaF3,the “unknown” peaks reside at -129 245 

ppm. Those peaks remain unassigned, but we hypothesize contributions from mono-anion species 246 

similar to HF, the chemical shift of which varies between -140 and -160 ppm.41  247 

  248 
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 249 

 250 

3) The lithium environment 251 

 Additionally, 7Li NMR was employed to probe the Li+-ion environment. In all three 252 

compositions, a broad and a narrow resonance of 7Li are observed, as shown in Fig. 1a. The sharp 253 

Lorentzian peak shape is typical of Li ions in fast ion conductors, whereas the broad Gaussian peak 254 

shape often represents Li ions with low mobility in anisotropic environments.42, 43 Therefore, we 255 

attribute the broad resonance to a slow-moving Li component and the sharp resonance to a fast-256 

moving Li component. Quantification of the broad and sharp components in the three compositions 257 

is presented in Fig. 1b: the composition 2LiCl-GaF3 displays the largest fraction of fast-moving Li+, 258 

in agreement with it having the highest measured ionic conductivity.  259 

Fig. 1c provides a statistical analysis of the Li+ environments observed in the amorphous 260 

structure models generated with AIMD-simulated annealing for 2LiX-GaF3 (X = Cl, Br, I). We 261 

notice that for X=Cl, the Li+ coordination environment is somewhat diversified, including both 262 

tetrahedral and pentahedral local structures, whereas for X=Br, I, the Li+ is found mainly in 263 

tetrahedral coordination. Furthermore, the affinity of the X anions towards Li+ decreases from X = 264 

Cl-, to Br-, and to I-. Indeed, as indicated by the maxima in the probability distribution highlighted 265 

in Fig. 1c, the average number of X- anions around Li+ diminishes from being approximately 2 for 266 

X = Cl, to 0-1 for X = Br and to 0 for X = I, while the relative amount of F- increases. In drawing a 267 

parallel with the two Li+ components detected in the 7Fig. 14a), we might associate the broad peak 268 

that prevails in 2LiI-GaF3 to Li+-ions mainly involved in strong interactions with the highly 269 

electronegative F-, whereas the sharp Lorentzian peak of the fast-moving Li component, that is most 270 

abundant in 2LiCl-GaF3, might be attributed to Li+-ions contended with GaXmFn-m (n-m > 0, m > 271 

0) polyanions.  272 

Fig. 4. Quantification of F- integrated into complex GaXmFn-m anions in 2LiX-GaF3 (X = 

Cl, Br, I) with 19F NMR. (A) Static 19F NMR spectra of 2LiX-GaF3 (X = Cl, Br, I). The broad 
Gaussian peak comes from complex GaXmFn-m anions with limited mobility. The sharp NMR 
resonances are from highly mobile F- ions. (B) DFT calculated 19F NMR based on the amorphous 
structure model for 2LiCl-GaF3 as shown in Error! Reference source not found.b. (C) 
Quantification of F in different chemical environments based on 19F NMR in (A).  
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 274 

Li-ion dynamics in 2LiX-GaF3 (X = Cl, Br, I)  275 

Multinuclear solid-state NMR reveals that LiX and GaF3 react to form complex mixed 276 

anions of Ga(F, X)". To understand the impact of this polyanion-constituted framework on the Li+ 277 

dynamics, 7Li NMR relaxometry is employed. 7Li T1 relaxation time is known to be correlated with 278 

the Li+-ion motional rate (1/τc), according to equation (1)44,45 where γ is the gyromagnetic ratio, µo 279 

is permeability of vacuum, ℏ is the reduced Planck constant, ro is the interatomic distance, and ωo 280 

is the Larmor frequency.  281 

   282 

7 &
'
8 = () * ℏ

&,-
9 .

&/(1 . )
+ 3.

&/3(1 . )
;                                                           (1) 283 

 284 

Two motional regimes are depicted from equation (1), the fast-motional regime where 𝜔4𝜏5 << 1 285 

and slow-motional regime where 𝜔4𝜏5 >> 1. To determine the motional regime of Li+ ions, 286 

variable-temperature NMR relaxometry studies were conducted on the highly conductive 2LiCl-287 

GaF3 sample. Error! Reference source not found.a shows the 7Li NMR spectra collected at 288 

temperatures between 25 and 95 °C. While the resonances of the fast- and slow-moving Li 289 

components are both observed throughout the explored temperature range, increasing the 290 

temperature from 20 to 95 °C involves converting slow-moving Li+ ions to fast-moving ones. The 291 

quantification of the NMR resonances is presented in Error! Reference source not found.b. We 292 

observe a progressive increase of the fraction of the fast-moving Li+ ions at the cost of the slow-293 

moving ones, which plateaus at T = 70 °C, suggesting an increase in the charge carrier 294 

concentration.  295 

Fig. 1. Analysis of Li local environments in 2LiX-GaF3 (X = Cl, Br, I) with 7Li NMR and 

AIMD simulations.  (A) 7Li NMR spectra of 2LiX-GaF3 exhibit two resonances: the sharp one 
comes from fast-moving Li+-ions and the broad one is from slow-moving Li+-ions. Li+-ion dynamics 
are determined with NMR relaxometry shown in Fig. 6.  (B) Quantification of the slow- and fast-
moving Li+-ions based on 7Li NMR in (A). (C) Analysis of Li+ coordination by F- and X- anions in 
the amorphous structure models for 2LiX-GaF3 generated with AIMD simulated annealing. 
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From variable-temperature T1 relaxation measurements (Error! Reference source not 296 

found.c), we also observe that the increase in temperature does not cause significant changes in the 297 

T1 relaxation of the resonance attributed to fast Li+ ions, whereas the relaxation time of the 298 

resonance from the slow Li+ ions decreases from 1.55 sec at 25 °C to 1.06 sec 95 °C. This indicates 299 

that the two phases may be at different motional regimes of the Bloembergen-Purcell-Pound (BPP) 300 

theory. The slow Li+ ions are in the slow motional regime where 𝜔4𝜏5 >> 1, and shorter T1 301 

relaxation time depicts faster motion. The initial abnormal behavior of the T1 of slow Li+ ions is 302 

likely due to phase transition below 40oC, echoing the electrochemical measurements shown in 303 

Figure 2. The NMR resonance from the fast Li+ ions does not show significant changes in the T1 304 

relaxation time, suggesting that the motion of these Li+ ions lie in the intermediate region where 305 

𝜔4𝜏5 ≈ 1. High ionic conductivity at high temperature is attributed to the increased fraction of the 306 

fast Li+-ion component (shorter T1 relaxation time), i.e., increase in charge carrier concentration, 307 

as shown in Figure 6c.  308 

 309 
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 310 

 311 

 312 

Further insights into the impact of the anion sub-lattice on the Li+-ion dynamics can be obtained 313 

by comparing room-temperature 7Li T1 NMR relaxation times of 2LiX-GaF3 (X = Cl, Br, I). Error! 314 

Reference source not found. shows the 7Li T1 relaxation times of the broad and sharp components 315 

in 7Li NMR spectra of 2LiX-GaF3 (X = Cl, Br, I). The fast-moving component is associated with a 316 

shorter T1 relaxation time than the slow-moving component in all samples. 2LiCl-GaF3 has the 317 

Fig. 6. Li+-ion dynamics of 2LiCl-GaF3 probed with variable-temperature NMR 

lineshape analysis and relaxometry. (A) Variable-temperature static 7Li NMR spectra, revealing 

that the resonances of the fast-moving and slow-moving Li+-ions adopt Lorentzian and Gaussian 

peak shapes, respectively. The Lorentzian line shape suggests fast relaxation induced by ion 

dynamics. (B) The quantified fractions of the fast- and slow-moving Li+-ions as a function of 

temperature obtained from the analysis of variable-temperature spectra in (a). (C) 7Li NMR T1 

relaxation time measurements of 2LiCl-GaF3 as a function of temperature.  
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shortest T1 relaxation time among all compositions suggesting the fastest Li motion, which 318 

correlates well with it having the highest ionic conductivity. It is worth mentioning that the T1 data 319 

in Figure 7 is acquired in an 11.7 T magnetic field (7Li Larmor frequency w0: 194.3 MHz), which, 320 

as expected according to Eqn. 1, results in slightly larger values than data reported in Figure 6c, 321 

collected in a lower field of 7.0 T (7Li Larmor frequency w0: 116.6 MHz).  322 

 323 

 324 

 325 

Discussion  326 

Amorphous 2LiX-GaF3 (X = Cl, Br, I) compounds are pliable fast Li+ conductors, with ionic 327 

conductivities increasing from 3.3×10-2 mS/cm for 2LiI-GaF3, to 0.84 mS/cm for 2LiBr-GaF3, and 328 

up to 3.2 mS/cm for 2LiCl-GaF3. In this work, we have combined multi-nuclear solid-state NMR 329 

and DFT to characterize local structures and ion dynamics in these complex mixed-halide materials 330 

to understand the impact of composition on ionic conductivity. 331 

71Ga NMR experiments performed on all 2LiX-GaF3 samples (Error! Reference source not 332 

found.a) reveal that Ga is mostly 3+. Moreover, the large Cq constant (> 8 MHz) values indicate 333 

local disorder, which we ascribe to the existence of a wide variety of coordination environments 334 

around Ga, with coordination numbers ranging from 𝑛 = 4 to 𝑛 = 6. Indeed, AIMD-generated 335 

amorphous structure models (Error! Reference source not found.b-c) display considerable 336 

statistical variance in the Ga coordination of polyhedra GaX!F"#! formed during the simulated 337 

annealing process. Interestingly, while the X halides Br- and I- form essentially one main type of 338 

GaX!F"#! polyanion, with  𝑛 ≈ 5 (𝑚 ≈ 2) and 𝑛 ≈ 4 (𝑚 ≈ 2-3), respectively, the chlorine-based 339 

compound is characterized by a multimodal distribution of Ga environments, with local maxima at 340 

𝑛 ≈ 4 (𝑚 ≈ 3), 𝑛 ≈ 5 (𝑚 ≈ 2) and 𝑛 ≈ 6 (𝑚 ≈ 1), see Error! Reference source not found.c. 341 

We also note that, despite the wide dispersion of the DFT calculated 𝐶6 values, 𝐶678' (Table S1), 342 

average 𝐶̅678' calculated for GaX!F"#! polyanions corresponding to the maxima outlined above 343 

are very close to the Cq values used for the experimental fitting (Table 1), namely, 𝐶̅678' = 12.6 344 

MHz (𝑛 = 4, 5, 6; 	𝑚 = 1, 2, 3) for 2LiCl-GaF3; 𝐶6̅78' = 11.7 MHz (𝑛 = 5; 	𝑚 = 2) for 2LiBr-345 

GaF3; and 𝐶6̅78' = 14.9 MHz (𝑛 = 4; 		𝑚 = 2-3) for 2LiI-GaF3.  346 

The greater coordination flexibility of Ga in 2LiCl-GaF3 may be attributed to two main factors. 347 

First, Cl- has a smaller ionic radius (1.81 Å) than Br- (1.96 Å) and I- (2.2 Å), which leaves room for 348 

Fig. 7. Li+-ion dynamics of 2LiX-GaF3 (X= Cl, Br, I) probed with NMR relaxometry. Room-
temperature 7Li NMR T1 relaxation times of the slow and fast-moving components in 2LiX-GaF3 (X 
= Cl, Br, I).  
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a relatively larger number of both Cl- and F- ligands around Ga. Second, the electronegativity of Cl 349 

(3.16) is closer to that of F (3.98), which allows for a more homogeneous distribution of the electron 350 

density in mixed Ga(Cl, F)" polyanions and, therefore, for greater stability over a wide 351 

coordination range (𝑛 = 4, 5, 6), as demonstrated by the defect energies reported in Table S2.   352 

The complex Ga(X, F)" polyanions are further studied by examining the fluorine environment. 353 

Based on our DFT structure models, Ga(X, F)" polyanions are formed by partial substitution of F 354 

with X in the octahedral [GaF6]3- building blocks of the GaF3 precursor. Error! Reference source 355 

not found.c shows that, in general, F is displaced from its original position relative to Ga to a 356 

greater extent when bigger X halides (I- > Br- > Cl-) are introduced. As fluorine is detached from 357 

its polar-covalent interaction with Ga, free F- anions are released into the amorphous matrix. Hence, 358 

two different types of fluorine are outlined, namely, (i) F covalently bound to Ga in mixed 359 

polyanions Ga(X, F)", and (ii) free F- anions with high mobility, as observed in 19F NMR (Error! 360 

Reference source not found.a-c). Single F- anions are expected to have higher mobility compared 361 

to relatively large polyanions such as Ga(X, F)". Moreover, the increasing intensity of the 19F NMR 362 

narrow peak (FWHM < 1 kHz) from fast-moving F- anions in the 2LiBr-GaF3 and 2LiI-GaF3 363 

samples, correlates with the increasing amount of free F- in the corresponding structural models, 364 

thus supporting this interpretation. The 19F NMR signals integration in Error! Reference source 365 

not found.c, reveals that more than 80% of F in 2LiI-GaF3 is mobile and does not participate in the 366 

formation of Ga(X, F)"	polyanions.  367 

In contrast to the increasing amount of fast-moving F observed in 19F NMR, 7Li NMR reveals 368 

that the amount of mobile Li decreases with X varying from Cl to Br and I. The sharp 7Li NMR 369 

signal from fast-moving Li ions in 2LiI-GaF3 is reduced to about 1/3 of that observed in 2LiCl-370 

GaF3 (Fig. 1a-b). This demonstrates that the formation of complex Ga(X, F)" polyanions has a 371 

significant impact on the lithium chemical environment and, consequently, on the Li+ mobility. 372 

Once again, further insight can be achieved by inspecting the Li(X, F) local structures formed in 373 

the amorphous models generated by simulated annealing. In this case, a clear correspondence 374 

emerges between the intensification of the 7Li NMR signal from slow-moving Li (and parallel 375 

decrease of the fast-moving Li component) observed as X changes from Cl to Br and to I, and the 376 

prevalence of F- (over Ga(X, F)"	polyanions) as the counter-ion around Li+. It is noteworthy that 377 

the Li+ environment is ultimately shaped by the variety of mixed-halide polyanions formed around 378 

Ga, which drive the short-range ordering constituting the amorphous framework of 2LiX-GaF3 379 

compounds.  380 

Variable-temperature 7Li NMR of 2LiCl-GaF3 deciphers the transition of slow-moving Li to 381 

the fast-moving Li phase as shown in Figure 6b. We thereby conclude that the more Li+ is engaged 382 

in strong ionic interactions with highly electronegative free F- anions, the more the Li+ mobility in 383 

2LiX-GaF3 compounds is hindered. This feature finally explains the lower ionic conductivity of the 384 

2LiBr-GaF3 and 2LiI-GaF3 compounds compared to 2LiCl-GaF3. The involvement of fluorine in 385 

the constitutive polyanionic framework of the latter limits the binding effect of F- anions on the 386 

charge carriers, thus providing Li+ with more freedom to diffuse through the amorphous medium. 387 

The present work elucidates local structures in amorphous 2LiX-GaF3 (X = Cl, Br, I) 388 

electrolytes and determines the origin of high ionic conductivity via a combined approach of 389 

advanced solid-state NMR characterizations and DFT calculations. High-energy mechano-390 

chemical mixing of binary lithium halides LiX with GaF3 results in the formation of complex anions 391 

Ga(X, F)𝑛. A larger variety of GaX𝑚𝐹𝑛−𝑚 coordination polyhedra are formed in accommodating X 392 

= Cl along with F, as opposed to X = Br or I. The F involvement in forming GaX𝑚𝐹𝑛−𝑚 polyanions 393 

is beneficial for fast Li+ ion conduction due to consequent diversification of the Li environment 394 

avoiding exclusive Li-F ionic interactions. The clustering of the halides on gallium-based 395 

polyanions weakens the Li+ binding affinity of the negative host enabling fast ion transport.  396 
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This study introduces a novel concept of charge clustering for electrolyte design, broadly 397 

relevant to liquid-, polymer-, and ceramic/glass-type ion conductors. Therefore, we expect this 398 

work will inspire new frontiers for electrolyte research beyond utilizing simple anions or 399 

polyanions, which could potentially produce electrolytes with performance far exceeding state-of-400 

the-art. Specifically, in the case of amorphous 2LiX-GaF3 electrolytes, this strategy also affords the 401 

employment of halide elements to enhance the electrochemical stability without introducing strong 402 

Li-halide interactions. Finally, we note that  the phenomenon of charge-clustering on Ga(X,F)n 403 

polyanions to weaken cation binding is analogous to a phenomenon recently observed in biological 404 

systems, i.e., clustering of carboxylate (COO-) groups on proteins which significantly alters their 405 

binding to Ca2+ and Mg2+.24 Therefore, our findings may also help to design multi-valent (Ca2+ and 406 

Mg2+) ion conductors, a currently challenging area of research, and will generate broader and high 407 

impacts if successful.     408 

 409 

Materials and Methods 410 

 Synthesis of 2LiX–GaF3 (X=Cl, Br, I) - The materials were prepared by planetary milling 411 

(Pulverisette 7 PL; Fritsch) using as-received LiCl (99 %; Sigma-Aldrich), LiBr (≥99 %; Sigma-412 

Aldrich), LiI (99.9 %; Sigma-Aldrich), and GaF3 (99.85 %; Alfa-Aesar) in the same way as 413 

described in our previous work.23 LiX/GaF3 (2/1, mol/mol) were placed into a silicon nitride 414 

container which was sealed in an Ar-filled glove box to minimize air exposure during the 415 

mechanochemical synthesis. The powders were mixed at 700 rpm for 10 min, followed by 5 min 416 

rest, and this mixing and rest procedure was repeated 72 times, resulting in a clay-like compound. 417 

X-ray Diffraction – “Clay-like” samples were packed in a zero-background XRD sample 418 

holder which was covered with a polyimide Kapton film to minimize sample exposure to humid 419 

air. XRD was performed using a Rigaku D8 powder diffractometer with the Bragg-Brentano 420 

geometry at a voltage of 44 kV and a current of 40 mA with Cu-Kα radiation (λ = 1.5406 Å). The 421 

data was collected in the 2ϴ range of 10°-80° at a step size of 0.03° with a total acquisition time of 422 

30 minutes. 423 

Electrochemical analysis – The ionic conductivity was determined using electrochemical 424 

impedance spectroscopy (EIS, Solartron Analytical, UK). EIS was performed using the cell 425 

confirmation of stainless steel/2LiX–GaF3/stainless steel in the frequency range from 1 MHz to 0.1 426 

Hz and a temperature range of 20 –80 ℃. 427 

Solid-state NMR - 7Li (spin-3/2) and 19F (spin-1/2) solid-state NMR experiments were 428 

performed using a Bruker Avance-III 500 MHz (11.7 T) spectrometer at Larmor frequencies of 429 

194.4 MHz and 470 MHz, respectively. Experiments were carried out under static conditions, as 430 

the “clay-like” nature of the samples made them unsuitable for magic-angle-spinning (MAS) NMR 431 

experiments. Single-pulse 7Li NMR experiments were performed with a π/2 pulse length of 3.1 μs 432 

and a recycle delay of 20 s. For 19F NMR, a static spin-echo sequence was employed with a π/2 433 

pulse length of 4.4 μs and a recycle delay of 50 s. 71Ga (spin-3/2) NMR was performed on an 830 434 

MHz (19.6 T) spectrometer at the Larmor frequency of 253 MHz. A static quadrupolar 435 

Carr−Purcell−Meiboom−Gil (QCPMG) pulse sequence with a π/2 pulse length of 2 μs was used to 436 

acquire the 71Ga NMR spectra. Variable-temperature 7Li NMR spectroscopy and relaxometry 437 

measurements on 2LiCl-GaF3 were conducted to determine Li+-ion dynamics using a Bruker 300 438 

MHz (7.05 T) spectrometer at the Larmor frequency of 116 MHz, and a 4-mm Bruker MAS NMR 439 

probe at an 8-kHz spinning rate. The inversion recovery pulse sequence was used to determine 7Li 440 

T1 relaxation times, with a π/2 pulse length of 2.5 μs. The spectra were collected between 25-95 °C 441 

with increments of every 10 °C and the sample was allowed to equilibrate for 10 minutes at each 442 

temperature. All 7Li spectra were calibrated using LiCl(s) at -1.1 ppm and 19F NMR using LiF(s) 443 

at -203 ppm. 71Ga NMR was calibrated using GaF3(s) at 0 ppm.  444 
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Computational 445 

Simulated annealing – Amorphous 2LiX-GaF3 (X = Cl, Br, and I) structure models were 446 

generated via ab initio molecular dynamics (AIMD) simulated annealing followed by structure 447 

relaxation performed with the Vienna Ab initio Simulation Package (Vasp).46 Projector-augmented 448 

wave potentials were used within the generalized gradient approximation of the density functional 449 

in its Perdew-Burke-Ernzerhof formulation.47,48 AIMD simulations were carried out at the Γ-point 450 

only, using the largest default kinetic energy cutoff of constituent elements. The AIMD time step 451 

was set to 1-2 fs, and the temperature was controlled by periodic velocity rescaling every 50 or 100 452 

steps. Following Refs.49,50 initial atomic configurations were built in cubic volumes using the 453 

packing optimization procedure developed in Packmol.51 These atomic configurations were used 454 

as high-temperature (1000-2000K) structure guesses to which a descending temperature ramp was 455 

applied at a cooling rate of 100K/ps, discontinued by equilibration steps of at least 10 ps. All AIMD 456 

simulations were performed at constant volume, and the latter was resized isotropically (i.e., by 457 

variations of ±0.1 Å along each Cartesian direction) at intervals during the equilibration to 458 

counterbalance the calculated total pressure. Structure optimizations following the cooling process 459 

were performed using the higher-accuracy DFT settings of the Materials Project.52 Atomic charges 460 

were calculated using Henkelman et al.’s algorithm for Bader decomposition of charge density.53,54 461 

Local structures and coordination environments were analyzed using the CrystalNN near-neighbor 462 

finding algorithm implemented in the python library pymatgen.55,56  463 

NMR calculations – The optimized amorphous structures generated by simulated annealing 464 

were used for calculations of NMR tensors using the Gauge Including Projector Augmented Waves 465 

(GIPAW) method.9,11 The energy cutoff was set to 600 eV and a k-point grid density of at least 500 466 

per reciprocal atom (pra) was guaranteed. A threshold for convergence on the electronic energy of 467 

10-8 eV was used to ensure high accuracy. Calibration factors (+ 90 ppm for 71Ga shifts and +15 468 

ppm for 19F shifts11) were obtained based on calculated and experimental shifts of model 469 

compounds GaF3. Electric field gradient (EFG) tensors were calculated to determine the quadrupole 470 

coupling constant (Cq).12 The nuclear quadrupole moment (Q) of 71Ga was set to 107 mb for the 471 

calculation of Cq.14 472 

 473 
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