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S1 Computational analysis 

S1.1 Electronic and phonon band structure calculations 

Figure S1.1. Optical absorption spectrum, electronic band structure and element-projected density of 

states of Li3AlP2. Indirect bandgap of 2.2 eV and direct bandgap of 2.36 eV. 

 

 

 

 

 

Figure S1.2. Phonon band structure of a 207 atom supercell of Li3AlP2 with the element-projected 

density of states. 
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S1.2 NEB calculations and interstitial defects 

 

Figure S1.3. Schematics for vacancy-mediated ion migration pathways in Li3AlP2. The energy profiles 

for these pathways can be found in Figure 4 in the main manuscript. 

The energy profiles for the vacancy-mediated hops are shown in Figure S1.3. To confirm 

vacancy transport as the majority diffusion mechanism in Li3AlP2, we carried out interstitial 

migration calculations, comparing a direct interstitial and intersticialcy diffusion, finding these 

barriers to be significantly higher than both the activation barriers calculated from the NMR 

experiments and the vacancy climbing image NEB calculations (Figure S1.4). The two 

interstitial sites are shown in Figure S1.5 and the mechanism is illustrated in Figure S1.6. The 

assumption is that any interstitial transport will be mediated by the lower energy defect site, 

site i.[1] 

 

Figure S1.6. Activation energy of lithium hopping for interstitial defects in Li3AlP2. The migration path 

for the interstitials are represented schematically in figure S1.5. 
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Figure S1.4. Schematic for the two interstitial sites identified from Voronoi decomposition of the 

crystal structure of Li3AlP2 used in defect calculations. 

 

 

Figure S1.6. schematic showing the interstitial migration mechanisms. The intersticialcy mechanism 

involves a ”knock-on” process where the migrating interstitial displaces a lithium from its initial site 

into the second interstitial site. 

S1.3 Defect formation energy methodology  

 

Defect formation energies are calculated as 

Δ𝐸
𝑓
𝑋𝑞

=  𝐸𝑡ot
𝑋𝑞

  − 𝐸tot
bulk  −   ∑ (𝜇𝑖   +  Δ𝜇𝑖)

𝑖
  +  𝑞(𝐸F  +  𝐸vbm  + Δ𝑉pot)  +  𝐸𝑖cc, 
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where, 𝐸𝑡ot
𝑋𝑞

 is the total energy of a supercell containing defect X in charge state q, and 𝐸tot
bulk is 

the total energy of the defect free supercell. Δ𝜇𝑖 are chemical potentials of each atomic species 

i that are added to (ni > 0) or removed from (ni < 0) the supercell to form defect X. 𝜇𝑖  are 

elemental reference energies, calculated for each element in its standard state. 𝐸F is the Fermi 

energy, with this term accounting for the energy to add (q < 0) or remove (q > 0) electrons to 

or from the supercell. 𝐸vbm is the DFT-calculated energy of the valence-band maximum of the 

host system. Δ𝑉pot is a potential alignment term that accounts for differences in background 

electrostatic potentials between the host and defective supercells. 𝐸𝑖cc  is the image charge 

correction term accounting for the Coulombic interactions between defect periodic images. 

Image-charge corrections were determined using the method of Lany and Zunger and 

electrostatic potentials were aligned with respect to average core potentials for sets of atoms 

far from the defect.[1] 

To calculate defect formation energies, and hence predict defect concentrations, it is necessary 

to define the accessible ranges of chemical potentials for the elemental species involved in the 

formation of each defect.[2] The relevant region of chemical potential space is constrained by 

the thermodynamic stability limits of the system under study with respect to competing phases 

and was determined using CPLAP.[3] In the main manuscript, concentrations are presented 

under the most lithium-poor set of chemical potentials, 𝜇Li =  -1.15 eV, 𝜇Al = -1.39 eV, 𝜇P -

0.07 eV. The full chemical potential stability region is shown in Fig S1.7. Defect concentrations 

are calculated subject to the constraint of net-charge neutrality.[4,5] 

 
Fig S1.7. The chemical potential stability region of Li3AlP2. 
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S2 Structural refinements 

 

 

Figure S2.1. Synchrotron XRD for as milled sample at room temperature. 

Table S2.1. Structure refinement for μc-Li3AlP2 (data shown in main text) 

Chemical Formula Li3AlP2 

Formula Weight [g 𝑚𝑜𝑙−1] 109.75 

Temperature [K] 300 

Wavelength [Å] λ = 0.17220029 

Crystal system Orthorhombic 

Unit cell dimensions [Å] 

a = 11.515132 

b = 11.759898 

c = 5.819406 

Volume [Å3] 788.04 

Z 2 

Density [g 𝑐𝑚−3] 1.85 

Q range for data collection [Å-1] 1~5 

Refinement method Rietveld 

Goodness of fit 1.07 

Profile R indices Rp= 3.30%  Rwp= 4.32% 

Crystallite size parameter 174.4 nm 

 

Rietveld refinement wars carried out to analysis phase constitution and quantify study of the 

percentage of the secondary phase. Silicon diffraction pattern was used as calibration to 

estimate instrumental parameters influence on the peak shape and the peak width for each phase 

was fitted using Pseudo-Voigt profile. The background of diffraction was fitted through six-

degree Chebyshev polynominal. Variables for the fitting were lattice parameters, peak width 

and the scale factors, while constant parameters selected were isotropic thermal factors, atomic 

positions and occupancies. The crystallographic information, including lattice parameters, 
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atomic positions and occupancies for Li3AlP2 and Li9AlP4 were acquired from the studies of 

Restle et al.[6,7]  

 

Figure S2.2. Synchrotron XRD refinement for nano-crystalline sample at room temperature. 

 

Table S2.2. Structure refinement for nc-Li3AlP2. 

Chemical Formula Li3AlP2 

Formula Weight [g 𝑚𝑜𝑙−1] 109.75 

Temperature [K] 300 

Wavelength [Å] λ = 0.247968 

Crystal system Orthorhombic 

Unit cell dimensions [Å] 

a = 11.69 

b = 11.62 

c = 5.83 

Volume [Å3] 791.93 

Z 2 

Density [g 𝑐𝑚−3] 1.85 

Q range for data collection [Å-1] 1~5 

Refinement method Rietveld 

Goodness of fit 0.83 

Profile R indices Rp= 5.92%  Rwp= 8.18% 

Crystallite size parameter 23.17 nm 

 

Rietveld refinement was carried out to quantify the crystallize size for both nc-Li2AlP2 and μc-

Li3AlP2. The crystallite size parameter was determined using the Scherrer equation.8 The 

refined crystal domain sizes were 23.17 and 174.4 nm for nc-Li2AlP2 and μc-Li3AlP2 

respectively. It is noted that the Scherrer equation is limited to grain sizes less than 100-200 

nm.[8] Therefore the crystallize size for μc-Li3AlP2 is consistent with larger, microns-size grains 

as would be expected.  
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S2.1 Local structure refinements 

Table S2.2. Local structure refinement for nc- and μc-Li3AlP2 (data shown in main text) 

Chemical Formula nc-Li3(1+x)AlP2 m-Li3(1+x)AlP2 

Rw [%] 12.96 13.06 

Temperature [K] 300 500 

Wavelength [Å] λ = 0.2479 λ = 0.1239 

Crystal system Orthorhombic Orthorhombic 

Unit cell dimensions [Å] 

a = 11.614552 

b = 11.727377 

c = 5.822171 

a = 11.513879 

b = 11.783753 

c = 5.821980 

Al Uiso [Å
2] 0.015344 0.011302 

P1 Uiso [Å
2] 0.008842 0.007173 

P2 Uiso [Å
2] 0.008670 0.006333 

Scale Factor 0.320083 0.080401 

1 [Å] 0.881 1.159 

Fit range [Å] 2 – 30 2 – 30 

SpDiameter [Å] 166.58 146.42 

 

Pair-distribution-function (PDF) analysis was used to determine the local structure of nc- and 

μc-Li3(1+x)AlP2 from room temperature synchrotron total scattering data. Symmetry and atomic 

coordinates (x, y, z) from the average structure of the known orthorhombic Li3AlP2 phase were 

fixed, and unit cell parameters and isotropic (Uiso) atomic displacement parameters (ADPs) for 

aluminium and phosphorus sites (P1 and P2) were refined using PDFgui software.[6,7,9] δ1 (Å) 

is a parameter that describes correlated atomic motions[10] and SpDiameter (Å) is a parameter 

that accounts for the domains of coherent scattering assuming the domain structure to be 

spherical. This approach yielded good fits for both phases with weighted residuals of ~ 13% 

for both the nc- and μc-Li3(1+x)AlP2 materials. All data were fit between 2-30 Å.  

 

S3 MAS NMR spectra 

6Li, 27Al, 31P MAS NMR spectra for ball milled Li3AlP2 (Fig. S3.1a), nc-Li3AlP2 (Fig. S3.1b), 

nc-Li3.075AlP2 (Fig. S3.1c), d) μc-Li3AlP2 (Fig. S3.1d) and μc-Li3.075AlP2 (Fig. S3.1e). All 

spectra were acquired using the experimental parameters given in the experimental section of 

the main text. In Figure S3, orange vertical lines indicate resonances corresponding to the 

crystalline Li3AlP2 phase, while green vertical lines indicate impurities. Spinning sidebands in 

all MAS NMR spectra are marked with asterisks. It can be observed that content of impurities 

varies across the samples but show no clear trend. The impurities visible in 6Li and 27Al MAS 

NMR spectra appear at the same chemical shift for all samples, suggesting that these may stem 

from the same phases appearing in all samples. In case of the impurities visible in the 31P MAS 

NMR spectra, the 31P resonances at -195 ppm and -240 ppm can only be observed for the μc-

Li3AlP2 (Fig. S3.1d) and μc-Li3.075AlP2 (Fig. S3.1e) samples, respectively. The origin of the 

minor phases is unclear. 
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Figure S3.1. 6Li, 27Al, 31P MAS NMR spectra of a) ball milled Li3AlP2, b) nc-Li3AlP2, c) nc-Li3.075AlP2, 

d) μc-Li3AlP2, and e) μc-Li3.075AlP2 all recorded with a MAS frequency of 10.0 kHz (11.75 T). 
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S4 NMR dynamics 

Normalized 7Li NMR spectra centered at 0 Hz are presented for as milled Li3AlP2 (Fig. S4.1a), 

nc-Li3AlP2 (Fig. S4.1b), nc-Li3.075AlP2 (Fig. S4.1c), μc-Li3AlP2 (Fig. S4.1d) and μc-Li3.075AlP2 

(Fig. S4.1e). The experimental procedure is identical to that used for the samples presented in 

the main text (Fig. 7) and described in the experimental section. FWHM for the as milled 

sample is presented in Fig S4.2 and the data were fitted using Equation 1 given in the main text 

(fit shown with dashed lines in the plot). It can be noted that despite the difference evidence of 

multiple secondary phases and the sample being amorphous the activation energy for Li+ 

transported probed by this experiment remains comparable between all samples. Activation 

energies of all measured samples are summarized in Table S4.1. 

 

Figure S4.1. Normalized static 7Li NMR spectra for a) as milled Li3AlP2 b) nc-Li3AlP2 , c) nc-

Li3.075AlP2, d) μc-Li3AlP2 e) μc-Li3.075AlP2. 

 

Figure S4.2. FWHM of the static 7Li NMR spectra for ball milled Li3AlP2. Data were fit with the 

Hendrickson-Bray equation (equation 1 in the main text). 
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Table S4.1. Li hopping activation energy from NMR ion dynamics measurements. 

 Ea (eV) 

 Li3.075AlP2 Li3AlP2 Li2.925AlP2 

As milled - 0.25 ± 0.02 eV - 

Nano-crystalline 0.25 ± 0.03 eV 0.27 ± 0.03 eV 0.24 ± 0.04 eV 

Micro-crystalline 0.24 ± 0.02 eV 0.25 ± 0.02 eV 0.23 ± 0.02 eV 

 

 

S5 EIS & DRT analysis 

 

 

 

 

 

Figure S5.1. Nyquist plots for a) μc-Li3.075AlP2 and b) nc-Li3.075AlP2 in a Li|SE|Li configuration. 
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Figure S5.2. a) DRT spectra, b) equivalent circuit model used and, c) EIS fitting for μc-Li3(1+x)AlP2 

samples. 

 

 

 

Table S5.1. EIS fitting results for μc-Li3(1+x)AlP2 samples 
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Figure S5.3. a) DRT spectra, b) equivalent circuit model used and, c) EIS fitting for nc-Li3(1+x)AlP2 

samples. 

 

 

 

 

Table S5.2. EIS fitting results for nc-Li3(1+x)AlP2 samples. 
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S6 Electronic conductivity measurements

 

Figure S6.1. DC polarisation and electronic conductivity experiments for a,b) nc-Li3(1+x)AlP2 and c,d) 

c-Li3(1+x)AlP2 samples. 
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