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Supplementary Note 1: Stoichiometric Equations for the Chemi-
cal Reduction of LigPS;Cl

The complete chemical reduction of LigPS;Cl and all SEI components requires 8 Li atoms, as shown in
Equation S1.

8Li + LigPS5Cl — LisP + 5Li,S + LiCl (S1)

Thermodynamically, LigPS5Cl could be chemically reduced with just 5 Li atoms,[1] as shown in Equation
S2.

5Li 4+ LigPSsCl — P + 5LiyS + LiCl (S2)
Thermodynamically, LigPS5Cl could also be chemically reduced by LisP, as shown in Equation S3.
5. . 8 . .

Additionally, LigPS5Cl could also be chemically reduced by LizP resulting in a partially reduced P species
existing, as shown in Equation S4.

LisP + %LiGPSSCl — Lig ;P s + alipS + gLiCI (S4)

Thermodynamically, LigPS5Cl could also be chemically reduced by Li,P (where x <3), as shown in Equa-
tion S5.

5
Li,P + SLigPS;Cl - %”P +aLigS + ZLiCl (S5)

Additionally, LigPSsCl could also be chemically reduced by Li,P resulting in a partially reduced P species
still existing, as shown in Equation S6, where y<x.

Li,P + %Li6PS5Cl 5 Li, Pssy + yligS + %LiCl (S6)
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Supplementary Note 2: CTTA fitting to the Deal-Grove model

In the Deal-Grove model[2] film thickness, xg, is predicted to increase over time, t, according to:

x3 + Azg = B(t +7) (S7)

where A and B are fitting constants and 7 is a time offset allowing for an initial thickness at time ¢ = 0.

In the long time limit, when ¢ >> %, film growth is diffusion limited and Eq. S7 reduces to:

xo ~ VBt (S8)

Fitting CTTA data from Figure 1b gives a gradient which is equal to B%®. The gradient equals 1.423,
which therefore give a B value of 2.025. Fitting the CTTA from Figure 1b to the Deal-Grove model, but
fixing B as a value of 2.025 gives a negative A (-12.724) and 7 (-19.988) (Figure S18) which is not physical.
This indicates that the fit is not appropriate.

In the short time limit, when ¢ << %, film growth is limited by reaction kinetics and Eq. S7 reduces to:

xo A g(t +7) (S9)

Fitting the first two CTTA data points as linear gives a gradient and thus B/A of 1.567, thus using the
previously deduced B gives an A of 1.292. Taking this A and B would define short time as << 0.21 h.
The first plating step in the CTTA alone is 0.1 h, therefore, this would imply the kinetically limited
regime is not accessible in the time frame of the CTTA experiment.

Supplementary Note 3: Transmission Line Model Fitting of the
SEI

The SEI is modeled as a long open uniform distributed transmission line, which can be approximated as a
M, element.[3] The relationship between the impedance from a M, element and the resistance of the SEI
(Rsgr) is shown in Equation S10.

coth ((1jw)*/?)

° (rjw)er? (510



Additional data

Supplementary Table 1 Volume fractions of the SEI of LigPS5Cl if P is fully lithiated

Species Molar Volume (cm® mol™!) Molar Ratio Product (cm® mol™!)  Volume Fraction (%)
Li,S 27.5 5 137.5 70.8
LiCl 20.5 1 20.5 10.6
LisP 36.2 1 36.2 18.6
Total 194.2

Supplementary Table 2 Volume fractions of the SEI of Lis 7PS4.7Clg g5Brg. g5 if P is fully lithiated

Species Molar Volume (cm® mol~!) Molar Ratio Product (cm® mol™')  Volume Fraction (%)
Li,S 27.5 4.7 129.3 66.3
LiCl 20.5 0.65 13.3 6.8
LiCl 20.5 0.65 16.3 8.4
LizP 36.2 1 36.2 18.6
Total 195.1

Supplementary Table 3 Volume fractions of the SEI of Lis 5PS4.5Cly.75Brg 75 if P is fully lithiated

Species Molar Volume (cm® mol™!) Molar Ratio Product (cm® mol™!)  Volume Fraction (%)
Li,S 27.5 4.5 123.8 63.7
LiCl 20.5 0.75 154 7.9
LiCl 20.5 0.75 18.8 9.7
LizP 36.2 1 36.2 18.6
Total 194.2



Supplementary Table 4 Volume fractions of the SEI of LigPS;Cl if P is not lithiated

Species Molar Volume (cm® mol™!) Molar Ratio Product (cm® mol™')  Volume Fraction (%)
Li,S 27.5 5 137.5 80.4
LiCl 20.5 1 20.5 12.0
P 13 1 13 7.6
Total 171.0

Supplementary Table 5 Fitting parameters and fit quality data not otherwise plotted of the growing
SEI PEIS

Accumulated Charge (A h cm—2) t (s) Q (nF s 1) @ a2 X% |Z|7!
1.56 7.488E-5 24.06 0.9003 0.6323 0.00486
3.12 1.946E-4 18.5 0.9241 0.6535 0.00475
4.68 2.336E-4 34.23 0.8721 0.6585 0.00196
6.24 4.19E-4 25.98 0.8943 0.6684 0.00433
7.8 5.665E-4 50.27 0.8332 0.6771 0.00824
9.35 7.003E-4 16.88 0.9378 0.6741 0.00268
10.9 9.8E-4 14.22 0.9536 0.6843 0.00805
12.5 0.00119 22.8 0.9118 0.6913 0.01348
14 0.00138 15.64 0.9503 0.6922 0.01118
15.6 0.0013 19.64 0.9348 0.6832 0.00487
17.1 0.00159 19.37 0.9384 0.69 0.00868
18.7 0.00199 18.23 0.9445 0.6989 0.01536
20.3 0.00216 19.09 0.9387 0.6988 0.01563
21.8 0.00252 18.72 0.943 0.7037 0.02281
234 0.0023 22.7 0.9291 0.6933 0.01358
24.9 0.00251 24.41 0.928 0.6937 0.0168
26.5 0.00272 16.11 0.9636 0.693 0.00903
28.1 0.00269 27.36 0.9205 0.6897 0.0159
29.6 0.00262 20.99 0.9502 0.6811 0.01031
31.2 0.00286 33.48 0.9142 0.6853 0.01764
32.7 0.00281 23.62 0.9438 0.6775 0.01066
34.3 0.00312 26.36 0.9421 0.6811 0.01668
35.9 0.0034 43.29 0.901 0.6836 0.02181
37.4 0.00349 47.66 0.8952 0.6808 0.0238
39 0.00364 50.1 0.8945 0.6789 0.00679
40.5 0.00379 30.99 0.9361 0.6738 0.02111
42.1 0.00405 62.51 0.8789 0.6789 0.03087
43.7 0.00377 46.45 0.9074 0.6682 0.04869
45.2 0.00414 47.61 0.9067 0.6706 0.02442
46.8 0.00377 86.67 0.8564 0.6635 0.02239
48.3 0.00432 52.86 0.9003 0.6679 0.024
49.9 0.00402 61.59 0.8888 0.6604 0.01922

Supplementary Table 6 Fitting parameters and fit quality data not otherwise plotted of the OCV SEI
PEIS

OCV time (h) t (s) Q (nF s*1) @ a2 X2 |Z|7?
0 0.00402 61.59 0.8888 0.6604 0.01922
25 0.00403 93.56 0.8574 0.6689 0.02222
50 0.00479 75.96 0.8751 0.6437 0.0061
75 0.00326 68.54 0.8831 0.6369 0.0052
100 0.00297 71.2 0.8789 0.6219 0.00898
125 0.004 63.82 0.8885 0.6539 0.00697
150 0.00368 67.29 0.885 0.6459 0.006
175 0.00375 71.57 0.8802 0.6497 0.00618
200 0.00348 74.68 0.8781 0.6469 0.0062
225 0.0036 71.4 0.8816 0.6512 0.00638
250 0.00318 66 0.8878 0.6392 0.0057
275 0.00328 64.64 0.8903 0.6483 0.00668
300 0.00297 47.76 0.9147 0.6437 0.01538
325 0.00306 51.86 0.9044 0.6481 0.01597
350 0.00312 37.1 0.9295 0.6468 0.01163
375 0.00295 40.76 0.9223 0.6469 0.01273
400 0.00288 52.44 0.9048 0.6611 0.02028



Supplementary Table 7 XPS fitting parameters after VEP on a LigPS5Cl pellet, corresponding to Fig.
3a and Supplementary Fig. S6.

Transition Species Binding Energy (eV) FWHM (eV) Spin-Orbit Splitting (eV)
S 2p LigPS5Cl1 161.4 £0.1 1.15+£0.08 1.2
Li,S 160.1 +£0.1 1.13 £0.03 1.2
LigPS5Cl1 132.0 £ 0.1 1.90 £0.01 0.9
P op Li,P 1289+ 0.1 1.7+£0.2 0.9
Li, P 127.2£0.1 1.7+£0.2 0.9
LizP 125.8 1.51 0.9

Supplementary Table 8 XPS fitting parameters during VEP on a phosphorus-coated LigPS5ClI pellet,
corresponding to Fig. 4a.

Transition Species Binding Energy (eV) FWHM (eV) Spin-Orbit Splitting (eV)

P-S-P 162.6 1.15 1.2

S 2p LigPS5Cl 161.4£+0.1 1.10 £ 0.02 1.2
Li,S 160.1 £ 0.1 1.10 £ 0.02 1.2

P-0O 133.1£0.1 1.44+0.2 0.9

LigPSsCl 131.8+0.1 14402 0.9

P2p P 129.1 £0.2 1.4+0.2 0.9
Li, P 127.7+£0.1 1.4+0.2 0.9

Li,P 126.9 £ 0.1 1.44+0.2 0.9

LisP 125.7+0.1 1.5+0.2 0.9

Supplementary Table 9 SOXPES and HAXPES fitting parameters from a pristine LigPS5Cl pellet,
corresponding to Supplementary Fig. S10.

Transition Species Binding Energy (eV) FWHM (eV) Spin-Orbit Splitting (eV)
SOXPES
Li,CO; 531.6 143 -
O 1s LiOH 530.7 1.43
1 2p LigPS5Cl 198.5 1.10 1.6
P 2 LigPS;Cl 189.4 1.18 -
Li,SO, 166.7 0.81 1.2
S 2p LigPSsCl 161.3 0.81 1.2
Li,S 160.0 0.81 1.2
P 2p LigPS5Cl1 131.9 0.68 0.9
Li Is LigPSsCl 55.7 1.36 -
2.2 keV
0 1s Li,CO3 531.6 1.43
° LiOH 530.6 1.43 -
Cl 2p LigPS;Cl 198.5 111 1.6
P 2 LigPS5Cl 189.3 1.35 -
Li,SO, 166.7 0.82 1.2
S 2p LigPS;Cl 161.2 0.82 1.2
Li,S 159.9 0.82 1.2
P2 LigPS5Cl 1315 0.70 0.9
Li Is LigPS;Cl 55.2 1.42 -
6.6 keV
Li,CO; 5317 1.38 =
O 1s LiOH 530.7 1.38 -
Cl 2p LigPS5Cl 198.5 1.03 1.6
P 2 LigPS;Cl 189.4 1.41
Li,SO, 166.6 0.81 1.2
S 2p LigPS5Cl 161.2 0.81 1.2
Li,yS 159.9 0.81 1.2
P 2p LigPS5Cl1 131.5 0.68 0.9
Li 1s LigPS;Cl 55.4 1.38 -



Supplementary Table 10 SOXPES and HAXPES fitting parameters after approximately 20 nm of Li
was evaporated onto a LigPS5Cl pellet (0 h / 6 h / 12 h), corresponding to Fig. 5a, 5¢ and Supplementary

Fig. S11.
Transition Species Binding Energy (eV) FWHM (eV) Spin-Orbit Splitting (eV)

SOXPES
Li,CO; 531.8 / 531.6 / 531.6 1.40 /1.63 / 1.59 -
0 1s LiOH 530.7 / 530.6 / 530.7 1.40 / 1.63 / 1.59 -
Oxide 5201/ /- 142 /- /- -
Li,O 528.1 / 528.1 / 528.2 142 / 1.46 / 1.39 -
Cl 2p LigPS5Cl/LiCl 198.5 / 198.5 / 198.5 1.14 /1.12 / 1.12 1.6
Li SO, 166.5 / — / - 092/ /- 1.2
S 2p LigPS5Cl1 161.3 / 161.4 / 161.3 0.92 / 0.91 / 0.90 1.2
Li,S 160.0 / 160.1 / 160.0 0.92 / 0.91 / 0.90 1.2
i s Lit 53.4 / 53.8 / 53.9 175 / 1.83 / 1.78 -
Li° 52.2 / 52.2 / 52.2 0.35 / 0.35 / 0.34 -

2.2 keV
Li,CO; 531.7 / 531.6 / 531.8 1.88 / 1.64 / 1.61 -

O Is LiOH 530.6 / 530.7 / 530.7 1.88 / 1.64 / 1.61

Li,0 528.2 / 528.2 / 528.2 134 /1.24 / 1.21 -
Cl 2p LigPS5Cl/LiCl 198.5 / 198.5 / 198.5 1.14 / 1.10 / 1.09 1.6
$9 LigPS5Cl 161.2 / 161.2 / 161.2 0.87 / 0.88 / 0.88 1.2
P Li,S 160.0 / 160.0 / 160.0 0.87 / 0.88 / 0.88 1.2
LigPS5Cl 131.6 / 131.6 / 131.5 0.73 / 0.78 / 0.90 0.9
P2 Li, P 129.7 / 129.6 / 129.1 0.73 / 0.78 / 0.90 0.9
P Li,P 128.0 / 127.8 / 1272 0.73 / 0.78 / 0.90 0.9
LisP 126.1 / 125.7 / 125.5 0.73 / 0.78 / 0.90 0.9
- Lit 53.7 / 53.8 / 53.8 1.40 / 1.54 / 1.61 -
Li 521/ 52.1 / 52.1 0.46 / 0.47 / 0.45 -

6.6 keV
Li,CO; 531.8 / 531.6 / 531.6 148 /151 / 1.45 -
O 1s LiOH 530.7 / 530.6 / 530.6 1.48 / 1.51 / 1.45 -
Li,O 528.2 / 528.1 / 528.1 131 /1.23 / 1.22 -
Cl 2p LigPS;Cl/LiCl 198.5 / 198.5 / 198.5 1.04 / 1.07 / 1.14 1.6
LigPS5Cl 189.4 / 189.4 / 189.4 1.53 / 1.55 / 1.72 -
P 2% Li, P 187.3 / 187.2 / 186.9 1.53 / 1.55 / 1.72 -
Li,P 186.0 / 186.0 / 185.6 153 / 1.55 / 1.72 -

LizP 184.2 / 183.9 / 183.7 1.53 / 1.55 / 1.72

- LigPS,Cl 161.2 / 161.2 / 161.2 0.85 / 0.86 / 0.86 1.2
P Li,S 159.9 / 159.9 / 159.9 0.85 / 0.86 / 0.86 1.2
Li 1 Lit 54.0 / 54.1 / 54.1 1.64 / 1.58 / 1.51 -
Li’ 522 / 52.2 / 52.2 0.52 / 0.56 / 0.57 -
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Figure S1: Three electrode CTTA measurement with PEIS conducted once a 50 mV OCV was reached
(inset shows the initial cycles).
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Figure S2: Equivalent circuit of the transmission line element; open-circuited uniform distributed resistor
constant phase element (URQ), which is approximated as a M,.[3] The resistance (R) of the transmission
line is equal to the length (L) of the transmission line times by the resistivity (r) of the transmission line.
This R is taken as the Rgg; in this work
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Figure S3: The increase in the SEI resistance against CTTA time, plotted with a) linear time and b) the

square root of time. Source data are provided as a Source Data file.
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Figure S4: The suggested diffusivity of Li in Li,P from GITT studies as reported by Capone et al.[4]
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Figure S5: OCV times between 3.6 h and 14 h after 0.01 mAh of lithium was electroplated through a 1
cm diameter cylindrical pellet of LigPS5Cl over 1 hour (black line), compared to delithiation profile of red
phosphorous from Capone et al. (blue circles).[4]
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of lithium was VEP through a LigPS;Cl pellet over 1 hour using an ebeam current of 2.5 nA (~0.01 mA
em~2). Source data are provided as a Source Data file.
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Figure S7: Normalised O Is, Cl 2p, S 2p, P 2p and Li 1s XPS spectra gathered during phosphorus sput-
tering onto a LigPS;Cl pellet for 2 h. Source data are provided as a Source Data file.
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Figure S8: Evolution of the O 1s, Cl 2p and Li Is spectra during VEP-XPS lithiation of a sputtered
phosphorus layer on top of a LigPS5Cl pellet using an ebeam current of 30 pA to a capacity of 51.7 pAh
(~0.26 mAh cm~2), followed by resting under OCV for 36.8 h. All spectra have been normalised for clar-
ity. Source data are provided as a Source Data file.
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Figure S10: Full O 1s, Cl 2p, P 2s, S 2p, P 2p and Li 1s SOXPES and HAXPES spectra from a pristine
LigPS;Cl pellet. Photoelectrons emitted during SOXPES have a kinetic energy of 315 eV, and HAXPES

was performed with incident photon energies of 2.2 and 6.6 keV. Source data are provided as a Source
Data file.
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Figure S11: Full O 1s, Cl 2p, P 2s, S 2p, P 2p and Li 1s SOXPES and HAXPES spectra after approxi-
mately 20 nm of Li was evaporated onto a LigPS5Cl pellet. Photoelectrons emitted during SOXPES have
a kinetic energy of 315 eV, and HAXPES was performed with incident photon energies of 2.2 and 6.6 keV.
Measurements were performed 0, 6 and 12 h after Li evaporation. Source data are provided as a Source
Data file.
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Figure S12: Soft and hard X-ray photoelectron spectroscopy (SOXPES and HAXPES) on an LigPS5Cl
pellet with ~20 nm of Li evaporated on top. a) P 2p, P 2s and Li Is spectra gathered using SOXPES
(photon energies of 585, 645 and 505 eV for the P 2p, P 2s and Li Is regions, respectively) and HAXPES
with photon energies of 2.2 and 6.6 keV. HAXPES with 2.2 keV photons was additionally performed fol-
lowing a 22 h waiting period where all Li° had reacted, as evident from the disappearance of the Liy peak.
The P 2p spectra display the best signal-to-noise ratio for the SOXPES and 2.2 keV HAXPES data, while
the P 2s spectrum is best for the 6.6 keV HAXPES data as the photoionization cross section of the P 2s
orbital exceeds that of the P 2p orbital at high incident photon energies [6]. These spectra were therefore
used for subsequent analysis, as denoted by the fitted peaks. b) mole fraction of LizP in the P-containing
SEI species calculated from the spectra in a), demonstrating a reduction in proportion of LizP with in-
creasing probing depth and increasing time. Source data are provided as a Source Data file.
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Figure S14: The initial linear sweep of the cyclic voltammetry, with peaks fitted to skewed Gaussians. The
area under peak a corresponds to 2.36 gAh cm™2, whilst the area under peak b corresponds to 0.72 pAh
cm™2. The total capacity of 3.08 pAh cm~2 would correspond to an SEI thickness of 28 nm, if it was fully
dense and consisted of LiyS, LiCl and LisP. Source data are provided as a Source Data file.
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Figure S15: A comparison between three electrode and two electrode CTTA measurements. The three
electrode cell conducted PEIS once a 50 mV OCV was reached before applying more reducing current,
whilst the two electrode cell did not conduct PEIS and applied more reducing current as soon as 50 mV
OCV was reached. Each plating step was -1.56 A cm ™2 for 10 minutes. The cell pressure was 13 MPa
and the temperature 303 K. Source data are provided as a Source Data file.
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profiling of a 100 nm layer of thermally evaporated Li left in an Ar glovebox for two weeks (i, oxygen
spectra; ii, Li spectra) revealing that except for a surface carbonate the entire film has turned into an
oxide, b) the time taken for 0.02 mAh cm~2 (~100 nm) of electroplated Li to react through SEI formed
from 0.02 mAh cm™2 (~100nm) of Li reacting with LigPS;Cl (black) and Li,O formed from allowing a 100
nm layer of thermally evaporated Li to react naturally in a Ar glovebox (<0.01 ppm of O, and H,0) for 2
weeks (red). Source data are provided as a Source Data file.
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Figure S17: Bulk solid electrolyte (a,c) and grain boundary (b,d) resistance values obtained from fits of
the impedance data shown in Figure 2¢ (a,b) and Figure 3a (¢,d). The bulk solid electrolyte resistance
(Rsg) is seen to slightly increase over the course of the measurement, which could be due to a slight degra-
dation of the solid electrolyte over time through reaction with the reference electrode. Source data are

provided as a Source Data file.
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Figure S18: Fitting the CTTA data from Figure 1b to the Deal-Grove model,[2] with a fixed B of 2.025
(deduced from the fit line in Figure 1b) and allowing an A and 7 to be deduced that optimise the fit. A
was found to be -12.724, whilst 7 was -19.988.
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