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S1: Frenkel pairs within 0D-, 1D- and 2.5D-LIPON

Table S1: Bounded and isolated (neutral and charged) Frenkel pair energies Exp (V) calculated in this study and taken from
Ref. 1 and 2 (Ref. 1 marked with * and Ref. 2 marked with *) and the corresponding distances d(vac — int) (A) between the Li
vacancy positions and the Li interstitial positions of the bounded Frenkel pairs of the three LIPON structures for each Li
vacancy positions are presented, using PBE-D3(BJ)/(PAW P) level of theory. The Frenkel pair energies Egp (eV) calculated
by means of the DFT approach fluctuate (U ,4) by £4 % which represents a value of 0.05 eV for bounded pairs, as well as a
value of 0.24 eV for neutral and 0.08 eV for charged isolated pairs. The preferred Frenkel pairs for each structure are

highlighted in grey.
System Frenkel pair Egp(b) /eV (bound) d(vac —int) | Egp/eV Egp /eV
vac int and Ref. Egp in /A neutral charged
brackets isolated isolated
Vi(6g) 11(2d) 1.60 (>1.6%) 3.58 4.92 0.99
Vi(6g) Ix(1a) 1.95 (>1.6% 6.35 5.32 1.22
Vi(6g) 13(3e) 3.59 6.03 7.42 3.62
V2(2¢) 11(2d) 0.86 (=1.0%) 4.10 5.18 1.32
0D V2(2¢) Ix(1a) 1.20 (=1.0% 5.66 5.57 1.56
V2(2¢) 13(3e) 2.82 3.51 7.67 3.95
Vi6g) TLi(2d) 0.34 (0.3%) 1.55 5.70 1.86
Vi6g) Ix(la) 1.18 (>1.0 6.10 6.10 2.10
Vi(6g) I13(3e) 2.79 5.70 8.19 4.49
1D Vi(8b) Ii 2.36 (=2.0%) 5.07 8.49 2.30
V1(8b) 1> 2.55 (=2.0%) 3.94 8.69 2.51
2.5D Vi Ic1 0.32 2.72 4.49 0.39
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Vi a2 0.32 2.72 5.29 1.04
Vi Ia3 -/- -/- 6.05 1.42
Va2 Iai 0.41 1.54 4.69 0.82
Va2 Ie2 0.53 2.72 5.49 1.47
V2 Ia3 -/- -/- 6.25 1.86
V3 Iai 0.75 275 4.75 0.87
V3 a2 0.74 2.76 5.52 1.53
V3 Ia3 1.5 4.28 6.28 1.91
Vi Iai 0.87 5.81 4.81 1.27
Vi Ie2 0.84 5.54 5.61 1.93
Vi Ia3 1.12 4.45 6.37 2.31
Vs Iai 0.43 4.79 5.41 1.68
Vs Ie2 0.91 2.44 6.21 2.34
Vs Ias -/- -/- 6.96 2.72

As described in the main text, due to the pseudo-crystalline character of the 2.5D-LIPON structure, a
large variety of different Li interstitial positions is possible. Due to local dissimilarities in the distance
between the Li interstitial ion and neighboring nitrogen, oxygen, and phosphorus atoms, fluctuations in
the formation energy occur in adjacent Li interstitial positions. To compensate these local dissimilarities,
we grouped the Li interstitial positons into three groups based on their structural proximity to isolated
POs* tetrahedra and PO,Ny., planes, see section 3a) and discussion in Section 3b). Therefore, only the
energetically preferred Frenkel pairs within a Li interstitial positon group are listed in ESI Tab. S1 as
well as in Tab. 4. However, we have characterized a variety of different bounded and isolated (both

neutral and charged) Frenkel pairs within the 2.5D LIPON structure, see ESI Tab. S2.

Table S2: Listing of all identified bounded and isolated (neutral and charged) Frenkel pair energies Egp (eV) within the 2.5D-
LIPON structure, with the corresponding distances d(vac — int) (A) between the Li vacancy positions and the Li interstitial
positions of the bounded Frenkel pairs, using PBE-D3(BJ)/(PAW P) level of theory. The Frenkel pair energies Erp (eV)
calculated by means of the DFT approach fluctuate (U ,x) by +4 % which represents a value of 0.05 eV for bounded pairs, as
well as a value of 0.24 eV for neutral and 0.08 eV for charged isolated pairs.

System Frenkel pair Egp(b) d(vac — Egp /eV Egp /eV
vac int /eV bound int) JA neutral charged
isolated isolated

Vi I1 0.42 1.62 4.33 0.39
Vi Iai 1.14 4.92 4.43 0.42
Vi Iai 0.32 2.72 4.72 0.35
Vi Ic2 0.6 1.5 4.92 0.97
Vi Ic2 0.45 3.03 5.13 1.12
Vi Ic2 0.32 2.72 5.83 0.97
Vi Ig3 -/- -/- 6.05 1.42
\%) I1 1.75 5.31 4.52 0.83
\%) I1 0.41 1.54 4.63 0.85
2.5D V2 Iai 0.72 6.45 4.92 0.78
V2 Ic2 1.07 5.1 5.12 1.40
V2 Ic2 0.53 2.74 5.33 1.55
V2 Ic2 0.62 5.11 6.03 1.40
\%) Ig3 -/- -/- 6.25 1.86
Vi I1 1.96 5.23 4.56 0.88
Vi I1 1.11 2.64 4.67 0.90
Vi I1 0.75 2.75 4.96 0.83
Vs Ic2 0.82 3.05 5.16 1.45
Vs Ic2 0.75 2.58 5.36 1.60
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S2: Li vacancy diffusion paths within 0D-, 1D- and 2.5D-LIPON

Table S3: Li vacancies diffusion paths are presented with their migration energies Epjgyac (€V) for neutral and charges Li
vacancies as well as the corresponding values from Ref. 1-3 (Ref. 1 marked with * and Ref. 2 marked with * and Ref. 3 marked
with #), the number of steps per diffusion path (T steps) and the average distance between initial and final state d;_¢ (A) for the
three LIPON structures, using PBE-D3(BJ)/(PAW P) level of theory. The Li vacancy migration energies Emigyac calculated
by means of the DFT approach fluctuate (U,,4) by a value of 0.02 eV for neutral* and by +4 % which represents a value of
0.03 eV for charged Li vacancies. The preferred Li vacancy diffusion paths are highlighted in grey.

System | Path name Li vacancy diffusion path®  neutral charged Ref. X steps  average
Emig,vac Emig,vac Emig,vac di_flt&
/eV /eV /eV
0D p(6g<—6g (1))* within ab 0.36 0.38 -104" 5 2.66
p(6g<>6g (2))* plane 0.42 0.47 -/0.3" 4 2.36
p(6g—6g (3)° 0.42 0.47 -/- 2 2.38
p(6g—6g (4))* 0.42 0.47 -/- 5 2.71
p(6g’—6g’ (1))* within ab 0.41 0.47 -10.6" 4 2.52
p(6g’ <68’ (2))F plane 0.41 0.47 -10.6" 3 2.48
p(6g’—6g" (3))° 0.57 0.64 -/0.6" 4 2.41
p(6g’—6g’ (D)* 1.52 1.66 -/1.6" 3 2.86
p2ce2c) within ab 1.86 2.03 -/- 1 5.58
plane
p(6g >2c6g) 6g’2c - 0.08 / 0.13/ -/- 1 2.29
along c- 0.60* 0.67+
axis
2¢ce>06g - 0.05/ 0.09/ -/- 1 2.25
a]ong c- 0.30+ 0.424
axis
1D p(a) parallel a-  0.61 0.64 ~0.55%/- 2 2.97
axis
pb (1))* parallel b-  0.61 0.64 ~0.6%/ - 2 2.99
axis
p (2)F 0.61 0.64 ~0.6%/ - 1 3.08
p(c (D)* parallel c- 0.40 0.49 ~045v/- 2 2.90
plc )7 axis 1.61 1.71 /- 2 435
2.5D pd (D))® within ac 0.45 0.55 -/- 2 3.03
pd (2))F plane 0.57 0.69 -/- 2 2.95
pd (3))* 1.37 1.38 -/- 1 4.15
pd ) 1.56 1.57 -/- 1 4.15
pdI (1))® within ac 0.45 0.67 -/- 2 2.90
pdl (2))® plane 0.57 0.69 -/- 2 2.89
pII) within ac 0.46 0.63 -/0.53* 2 3.09
plane
p(b) parallel b- >5 >5 -/- 1 5.58
axis
4

® multiple energetical equal diffusion paths are possible within this orientation
* migration energy of initial to final state is not equal to that of final to initial state (directional dependency)
° black arrow illustrates the diffusion direction or orientation
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S3: Li interstitial diffusion paths within 0D-, 1D- and 2.5D-LIPON

Table S4: Charged Li interstitial diffusion paths are presented with their migration energies Ep;ginc (€V) for the direct and
indirect process as well as the corresponding values from Ref. 1-3 (Ref. 1 marked with * and Ref. 2 marked with * and Ref. 3
marked with #) and the average distance between initial and final state d;_¢ (A) for the three LIPON structures, using PBE-
D3(BJ)/ (PAW P) level of theory. The charged Li interstitial migration energies Ep;gine calculated by means of the DFT
approach fluctuate (U,,,¢) by +4 % which represents a value of 0.04 eV for the direct and 0.03 eV for the indirect diffusion.
The preferred direct charged Li interstitial diffusion paths are highlighted in light grey and indirect in dark grey.

System Path classification Li interstitial diffusion path® direct indirect average d;_¢
Emigint /eV and Emigint /eV and /A
Ref. Eyjgjine in Ref. Eyjgjint in
brackets brackets
p(2(1a)—Ta(1a))™be along a- or b 1.7202 -/- 5.56
[— axis or within
‘ ‘ i ab plane

p((1a)<13(3e))* L A A 4 along a- or b
E— axis or within
‘ ‘ i ab plane
p(Li2d)~11(2d) (c)) parallel c-axis 1.38 1.20 5.24
£
p(Li2d)~11(2d) (alb)) ] along a- or b -/- -/- 5.58
!-' axis or within
ab plane
pLi2d)—I3(3e))* 2 along a or b- 2.66 >3.0 2.67
Lo axis +1/4c¢ or
within ab
plane +1/4¢
p(I3(3e)=13(3e))* L A A / along a- or b -/- -/- 4.82
E— axis or within
‘ ‘ i ab plane

p(ieTi (b)) x parallel b-axis -/- >1.1 2.76
X
p(lielz (a) A, parallel a-axis ~ 0.86/0.64+ (=0.75 / 0.62 /0.40* 2.50
1D ~0.55+)
w A
plie12 (b)) x A, parallel b-axis -/- 0.71/0.49+ 3.13
p2-L2 (c)) »» parallel c-axis 0.68 (=0.65%) -/- 2.46

2.5D
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System Path classification Li interstitial diffusion path® direct indirect average d;_¢
E nigint /€V and E nigint /€V and /A
Ref. Emig,int in Ref. Emig,int in
brackets brackets
pUcs<lIc2 (b)) parallel b-axis 0.38/0.08 + -/- 2.28
p(ciela (ac))?s within ac >2bg -/- 8.14
plane
p(ci+lIaz (ac))’s within ac >0.6%¢ -/- 4.64
plane

* orientation of Li interstitial diffusion has no influence on the migration energy and can take place either along the a- or b-axis, see SI Fig.

S2

* migration energy of initial to final state is not equal to that of final to initial state (directional dependency)

° black arrow illustrates the diffusion direction or orientation

b¢ in addition to the Li interstitial ion or indirect Li ion other Li ions are migrating around their position in the supercell. In this case a

background diffusion occurs.

Table S5: Neutral Li interstitial diffusion paths are presented with their migration energies Emjgint (€V) for the direct and
indirect process as well as the corresponding values from Ref. 1-3 (Ref. 1 marked with * and Ref. 2 marked with * and Ref. 3
marked with *) and the average distance between initial and final state d;_¢ (A) for the three LIPON structures, using PBE-
D3(BJ)/ (PAW P) level of theory. The neutral Li interstitial migration energies Eyjgine calculated by means of the DFT
approach fluctuate (U,45) by £4 % which represents a value of 0.04 eV for the direct and 0.03 eV for the indirect diffusion.
The preferred direct neutral Li interstitial diffusion paths are highlighted in light grey and indirect in dark grey.

System Path classification Li interstitial diffusion path® direct indirect average d;_¢
E nigint /€V and E nigint /€V and /A
Ref. Epjgint in Ref. Epjgint in
brackets brackets
p2(1a)—Ix(1a))=bs along a- or b 1.35% /= 5.59
axis or within
ab plane
p(k(la)li2d)* along a or b- >2.0 0.27/0.67* 3.61
axis +1/4c or
within ab
plane +1/4¢
p(2(la)<13(3e))* along a- or b >2.0 2.10 2.83
axis or within
ab plane
p11(2dy~11(24d) (c)) parallel c-axis 1.45 1.25 5.16
0D
p(Li2dy—T11(2d) (alb)) along a- or b -/- -/- 5.66
axis or within
ab plane
pli(2d)13(3e))* along a or b- 2.50 >3.0 2.78
axis +1/4c¢ or
within ab
plane +1/4c
pI3(Be)=I3(3e))* along a- or b -/- -/- 4.86

axis or within
ab plane
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System Path classification

Li interstitial diffusion path® direct indirect average di_¢
E nigint /€V and E nigjine /€V and /A
Ref. Eyjgjine in Ref. Eyjgjint in
brackets brackets

p(iTi (b))
p(lielz (@)
1D
p(lil2 (b))
p(lae1a (¢))
pezla2 (b))
2.5D

pci<Iai (ac))’s

p(ci+Iaz (ac))’s

P 4

parallel b-axis -/- >1.1 2.67
parallel a-axis 0.59/0.42+ 0.45/0.32* 2.53
parallel b-axis -/- 0.56/0.38* 3.15
parallel c-axis 0.53 -/- 2.88

parallel b-axis

within ac >2.0%8 -/- 8.15
plane

within ac >1.3% -/- 4.65
plane

* orientation of Li interstitial diffusion has no influence on the migration energy and can take place either along the a- or b-axis, see SI Fig.

S2

+ migration energy of initial to final state is not equal to that of final to initial state (directional dependency)

° black arrow illustrates the diffusion direction or orientation

b in addition to the Li interstitial ion or indirect Li ion other Li ions are migrating around their position in the supercell. In this case a

background diffusion occurs.
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S4: Li interstitial diffusion paths within 0D-LIPON
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Figure S1: Energetics of the charged Li interstitial direct [a) and b)] and indirect [c) and d)] diffusion paths within the 0D-
LIPON structure. a) p(I2(la)«<Ix(1a))*s direct (*¢ marks a occurring background diffusion), b) p(i(2d)«I3(3e)) direct, c)
p(i(2d« 11(2d) (c)) indirect and d) p(I2(1a)«<>13(3¢)) indirect. Orange arrows in a): Influence of the additionally migrating Li
ions on the energetic diffusion path.
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Figure S2: Structural visualization (above: overview and below: detailed view) of the charged Li interstitial direct [a) and b)]
and indirect [c) and d)] diffusion paths within the OD-LIPON structure. The paths correspond to Fig. S1. Color Code: orange:
phosphorous, red: oxygen; blue: nitrogen, green: lithium at 6g positions, dark green: lithium at 6g” positions, light green:
lithium at 2¢ positions, ochre: Li interstitial at 11(2d) positions, gold: Li- interstitial at I2(1a) positions and dark yellow: Li-
interstitial at I3(3e) positions. Violet arrows in a): emphasizing the additional migrating lithium ions in the structural diffusion
path. ¢ in a) marks a occurring background diffusion.
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Figure S3: Orientations of the Li interstitial (direct as well as indirect) diffusion within the OD-LIPON structure. a)
p(I2(1a)Ix(1a)), b) p(Iz(1a)—13(3e)), c) p(I2(1a)«<11(2d)) and p(11(2d)«>13(3e)) diffusion. Color code: orange: phosphorous,
red: oxygen, blue: nitrogen, ochre: Li interstitial at [1(2d) positions, gold: Li interstitial at [>(1a) positions and dark yellow: Li
interstitial at I3(3e) positions. Green arrows represent the diffusion parallel to the a-axis, blue arrows parallel to the b-axis and
dark red arrows within the ab plane.
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SS: Li interstitial diffusion paths within 1D-LIPON
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Figure S4: Energetics of the charged Li interstitial direct [a) and b)] and indirect [c) and d)] diffusion paths within the 1D-
LIPON structure. a) p(Ii<=Ii (¢)) direct, b) p(li<=12 (a)) direct, ¢) p(li<=12 (@) indirect and d) p(Ili<>Lz (b)) indirect.
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Figure S5: Structural visualization (above: overview and below: detailed view) of the charged Li interstitial direct [a) and b)]
and indirect [c) and d)] diffusion paths within the 1D-LIPON structure. The paths correspond to Fig. S4. Color Code: orange:
phosphorous, red: oxygen, blue: nitrogen, green: lithium at 85 positions, ochre: Li interstitial at I; positions and dark yellow:
Li interstitial at I positions.
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S6: Li interstitial diffusion paths within 2.5D-LIPON

Examples of the increased background diffusion during charged and neutral Li interstitial diffusion
within the 2.5D-LIPON structure are the direct paths p(Igi<>Ic: (ac)) and p(Igi<>ls2 (ac)) which both
take place in the ac plane and are shown in Figs. S6 and S7. Within the Ig1«<>Ic: diffusion path two other
Li ions (marked as light green and dark green Li ions) move parallel to the interstitial ion. One Li ion
(dark green) returns to its equilibrium position after it provided space for the passing interstitial Li ion,
analogous to the OD-structure of the p(Io(1a)«<>Ix(1a)) path. However, the second Li ion (light green)
moves to a new location during the Li interstitial diffusion process and remain there, although the
migration interstitial Li ion has passed by. During the p(Ig1<>Ic2 (ac))diffusion path only one additional
Li ion moves, which provides space for the interstitial Li ion and returns afterwards to its equilibrium
position. Furthermore, the obtained migration energy for the paths p(Ici<=lci (ac)) as well as for the
p(IgiIa2 (ac))diffusion path is above 0.5 eV (see ESI Tab. S4 for charged and S5 for neutral), but the
reliability of these energies cannot final be determined.
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= 1.6 e / \ 1.6
O3 / [\ o
2 12 ‘ . 1.2
D |8 \ . x
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Figure S6: Energetics of the charged (solid line) and neutral (dashed line) Li interstitial direct [a) and b)] diffusion paths within
the 2.5D-LIPON structure. a) p(IciIai (ac))direct, b) p(Ici<Ia2 (ac)) direct.
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Figure S7: Structural visualization (above: overview and below: detailed view) of the Li interstitial direct [a) and b)] diffusion
paths within the 2.5D-LIPON structure. The paths correspond to Fig. S6. Color Code: orange: phosphorous, red: oxygen, blue:
nitrogen, green: lithium at V1 positions, dark green: lithium at V2 positions, light green: lithium at V3 positions, turquoise:
lithium at V4 positions, dark turquoise: lithium at Vs positions, ochre: Li interstitial at Ig1 positions, gold: Li interstitial at Ig2
positions and dark yellow: Li interstitial at Ig3 positions. Violet arrows in a): emphasizing the additional migrating lithium ions
in the structural diffusion path.
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Figure S8: Energetics of the neutral Li interstitial direct [a)] and indirect [b)] diffusion paths within the 2.5D-LIPON structure.
a) p(Iea«Iaz (b))direct, b) p(Ici<>Ia1 (b)) indirect.
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Figure S9: Structural visualization (above: overview and below: detailed view) of the Li interstitial direct [a) and b)] diffusion
paths within the 1D-LIPON structure. The paths correspond to Fig. S8. Color Code: orange: phosphorous, red: oxygen, blue:
nitrogen, green: lithium at V1 positions, dark green: lithium at V2 positions, light green: lithium at V3 positions, turquoise:
lithium at V4 positions, dark turquoise: lithium at Vs positions, ochre: Li interstitial at Ig1 positions, gold: Li interstitial at Ig2
positions and dark yellow: Li interstitial at Ig3 positions. Violet arrows in a): emphasizing the additional migrating lithium ions
in the structural diffusion path.
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S7: Frenkel pair xpp(T) and free carrier concentration n(T) for 0D-, 1D- and 2.5D-
LIPON

Table S6: Frenkel pair concentration xgp(T) and free carrier concentration n(T) of charged and neutral Li vacancies and Li
interstitials for the three LIPON structures at RT (T = 298°K), using PBE-D3(BJ)/(PAW P) level of theory. Based on the +4 %
fluctuation range, the uncertainties of the calculated values of xgp(T) and n(T) are determined.

System charge state xpp(T)* n(T)* /mol/cm?
0D charged (1.34 + 0.05) - 1073 (1.05 + 0.04) - 1075
neutral
b charged® (3.64 +0.15) - 1020 (2.67 £0.11) - 1023
neutral* (1.13 + 0.05) - 10720 (831 +0.33) - 10723
2.5D charged (1.97 + 0.08) - 1073 (152 + 0.06) - 10~
neutral

* = Uncertainties for xgp(T) and n(T) are computed by assuming a +4 % fluctuation
¥ for charged species, the isolated Frenkel pair energy Epp is slightly energetically favored
compared to the bound energy, whereas for neutral species it is vice versa, see Tab. 4
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