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Abstract

The world is realizing the significance of cleamergytechnologies fogreen house gas emission
reduction.To pavethe path to electrification across multiple sectors includragsportation,
guality energy storage materials must be developed for sogpijjobal market clean energy
demandsAll -solid-state batteriesASSBs) have garnered immense attention as a potential avenue
forimproving the safety and energy density of battery platfolarge scale application of ASSBs
in electric and hybrid vehiel technologiegequiresnew electrode materials especially solid
electrolytes with excellent Libn transport propertieShis thesis presents an-depth study of
novel solid electrolytes for lithium and sodiwsnolid-state batteries, their crystal structuaed
methods to modify their composition and enhance their electrochemical performance. In chapter
1, a brief introduction of batteries and different kindsalfd electrolytesare described in detalil
In chapter 2,the variouscharacterizatiotechniques that were applied throughout this thesis are
describedIn chapter 3, theynthesis, structure, and electrochemical performannewhalide
rich solid solution phases in taggyrodite LsPSCI family, LisxPS-xCli+x, are reportedThe limit
of the solid solution range, 44PS 5Cl1 s, exhibitsquadrupledonic conductivity(compared to
LisPSCI) of 9.4 + 0.1 mS.crhat room temperaturd he ionic conductivity goasp to 12 mS.cm
! for sintered materialpproaching the best benchmarks in the fi€lk structure of single
phaseLissPS sClys argyrodite was elucidatel by neutron diffractionand refinement results
suggest thatmy one Li (4&) site is present, with no Li present on the 24e In chapter 4
synthesis, and characterizationsafid solution serieisPSxSeCl electrolytesare discussed.
Single crystals othalcogenohalides were grovand systematicallgtudied viasinglecrystal X
ray diffractionto understand the effect of Seibstitution.Material transportpropertieswere

studiedvia electrochemicalmpedancepectroscopyand correlated to thenderlyingstructure In



chapter 5the synthesis procedure for argyrodites were optimized ramck| series of highly
conductive sulfidébased compoundkis+2nx-myMyPS+nxX1+x (M = 1,2; M= Ca, Ga, Alvhich
were prepared by arapid method are presented.The fi s u p e i c élmposition
Lis3sCa.1PS.5Clis5 was reportedfor the first time. This materialpossesses a high room
temperature ionic conductivity of 10.2 mS¢in the coldpressed statdRietveld refinement of

t he A sruipemsen@s performed against neutron diffraction data he results show a
refined composition of Lis3Ca.oPS47Clisa that is almost identical to targeted
Lis3sCa.1PS.5Cl1 55 Furthermorean adaptable approach for designing future solid electragytes
provided Finally, in chapter 6 novelglassy materialgcludingLiAl 03:S (0 0:08 nScm?) are

presented
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Figure 4.1 a) Lattice parameter of solid solution serlasPS.xSeCl vs x. The black points
represent dataxtracted from refinement of single crystalray diffraction. The red dotted line
denotes the linear fit. b) Se occupancies on Wyckoff 16e site. ¢) Raman spectra for x = 0.5, 1, 2
and 5. P($xS&)* peaks are identified with different colors of dashedsi........................... 63

Figure 4.2a) Crystal structuref LisPSSeCl obtaned from refinement against the single crystal
X-ray diffraction data. b) Li cages formed by Li1(48h) (grey) and Li2(48h) (turquoise) sites,
Li2(48h) sites introduce a new Li2(48hi2(48h) intercage jump pathway.......................... 64

Figure 4.3 a) Rietveld refinement for bPS,255& 7:Cl refined against synchrotron data. The
hollow black circles show the observed pattern, and tbesodid line denotes the calculated
pattern. The difference map is depicted in blue, and the Bragg reflections are displayed in green.
b) XRD pattern (flat stage) dfisPSSeCl Minority LiCl was observed which is indicated with

(=0 IR U= T oo | = 67

Figure 4.4 XRD pattern (overnight capillary) of SSeCl phase. Nhority impurity peaks are
shown with red triangle (LiCl) and purple stars (not identified)..........cccccoeeeeeiiieeeiiiieeeennn. 68

Figure 4.5.XRD pattern (flat stage) of puredHS.sSe sCl phase...........ccooeeiiiiiiiiicnninnn 68

Figure 4.6.a) Room temperature (RT) ionic conductivity valdesLisPS.xSeCl (x = 0, 0.5, 1,

2, 2.5, 4, 5); b) Impedance plots for (x05, 1, 2, 2.5), inset denotes enlarged view at high
frequencies where the RT impedance values are normalized to theressdd pellet thickness;

¢) Nyquist impedance plot and corresponding fit for x = 4 with the respective equivalent circuit.
Fit paraméers are detailed ifable 4.4 d) Nyquist impedance plot and fit for x = 5 with the

corresponding equivalent circuit. Fit parameters are presenfebia 4.3.............ccccceeee. 70
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Figure 4.7'Li MAS-NMR for LisP$SeCl and LiPS sSe sCl at 25 kHz and 2%, demons#ting
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Figure 5.2 Rietveld refinement of XRD patterns of apkCa.1PSCl, GOF = 3.39, R, = 5.95
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Figure 5.4 Time-of-flight (TOF) neutron powder diffraction pattern of the targeted

Lis 7Ca.1sPSCI after heatreatment at 550°C for 5 h. Ticks for the minoritgR® phase (<1.5

WD) I N PUIPIE....ceeeieeeee et ee e e bbbt e e e e e 85
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Figure 5.12a) Cyclic voltammogram curve of the stainless steelD.1 (o= 0)/Li cell with scan
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Figure 5.13a) Nyquist impedance plots af= 0, 0.1, 0.15,d= 0) andw= 0.1,00= 0.5 at 298 K.

Figure inset illustrates the enlarged view at high frequencies. For the sake of easy comparison, the
impedance was normalized to the corresponding pellet thickh@ss); b).......................... 100

Figure 5.14Temperature dependence of the ionic conductivitgforép andw 1@ v....101

Figure 5.15Temperature dependence of the ionic condifgtior & 1€ I® X od (0 ).

XVi


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480341
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480341
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480342
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480342
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480343
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480344
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480344
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480345
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480345
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480345
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480346
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480346
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480347
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480347
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480347
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480347
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480348
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480348
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480348
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480349
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480350
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480350
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Figure 5.22Impedance plot of the coldressed pellet (2 tons) ofdiNa.0P S 7sCli2s at 298 K.
Inset denotes magnified view at high frequencies. Impedance wasalimad to the pellet
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Figure 6.1 Room temperaturéNyquist plots forLiAlo33S glass and he#éteated LiAb.3sS.
Impedance is normalized to the respective pellet thicknedsetter comparison. Inset displays

magnified view at high freqQUENCIES............uuiiiiiii e errr e e e 118


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480351
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480351
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480351
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480352
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480353
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480353
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480353
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480354
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480354
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480354
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480355
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480355
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480355
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480356
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480356
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480356
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480356
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480357
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480357
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480357
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480358
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480358
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480358

Figure 6.2 Schematic of experimental procedure carried out foZNB-S system.............. 120
Figure 6.3Heat treatment proceduretafgeted Na-sxZr>x(PS)s synthesized from element22

Figure 6.4 Heat treatment procedure of targetedi-M&r2x(PS)s synthesized from eteents.

........................................................................................................................................ 123
Figure 6.5XRD pattern of the synthesized ZrS.............ccccooiiiiiiieemiie e 124
Figure 6.6 XRD pattern of NaZa(PS4X glassS.........cuuuuuriiiiiiiii e eceeciciee e vaeeen e 125
Figure 6.7 XRD pattern of NeZr(PS4X glassS. ... e 125

Figure 6.8Nyquist plots of the impedance diagramMasZro.75PS)3 in the frequency range 100
mHz to 1 MHz.Inset displays magnified view at high frequencies...............ccccvvveeeee.. 126
Figure 6.9 Comparison of ionic conductivities for tHeai+axZrx(PS)s (x =0, 0.5, 1, 1.25)
synthesized glass MaterialS..............oovviiiiiiiiccie e e e e e e e ameee s 127

Figure B.1 Rietveld refinement of XRD pattern ofd4Ca 1PSisClis, GOF = 1.51, Rwp = 8.88.

Figure C.1 Comparison of XRD patterns of BEx(PS4} for three different heat treatment

procedures (50, hold10 h; 500C, hold 4 days and 60G, hold 11 h)................ovvvennnnnn... 148

Xviii


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480359
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480360
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480361
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480361
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480362
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480363
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480364
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480365
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480365
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480366
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480366
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480367
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480367
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480368
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480368

List of Tables

Table 1.1 lonic conductivity of various oxide solid electrolytes and their activation energies.
Temperature reported in the composition column indicates the annealing temperature of the solid
electrolyte pellet prior to Lion conductivity MeasuremMent..........ccccceeeveeeeeeeceeeiciiiiie e e e e 8

Table 3.1 Atomic coordinates, occupation factor and isotropic displacement parameters of
LissPS.5Cly s obtained from Rietveld refinement néutron TOF data (space groupdel ), a =
9.8061(1) A. The composition from the fit isskiP Sy 55Cl1.45 very close to the nominal.......39

Table 3.2EDX analysis of the LixPSxCli+ (X = 0, 0.25, 0.5). Two measurements pample

are represented. The sulfur content was not quantified due to minor hydrolysis that occurs during
the sample transfer into the SEM chamber..............coooiiiiieeei e, 41
Table3.3Summary of t he i, formpellets coldnessad att? itoms) at 398 K far

the synthesized targyrodites. Error in the ionic conductivitissdetermined from the span in the
measurements for multiple samples of the same composition (extracted values of the impedance
analyses are tabulatedTable 3.4). .........ooooriiiiii e 45

Table 3.4 Room temperature resistance values faP&xCli+x (pellets of 1.0 cm @imeter)

which were obtained from the fit of the realis impedance intercept in the Nyquist plot,
illustrating the sampling used to derive the standard deviation in the reported conductivities.
Nyquist plots for series A are represente@igure 3.50. ........ccoooviviiiiii i, 46

Table 3.5Fitted EIS parameters ford4P S sClisat 195 K (flectrode= 0.45 CM).eeeeeeeeeeeeiis 48

Table 3.6 Summary of the @ivation energy (B values obtained from EIS and PFG Arrhenius
plots for the synthesized argyrodites. ... ..... . e 50

Table 3.7Diffusion coefficient of materials compared to hahdleh phase...........ccccccceeee.. 52

XiX


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480371
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480371
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480371
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480372
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480372
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480372
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480372
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480373
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480373
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480373
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480373
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480374
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480375
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480375
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480376

Table 4.1 Atomic coordinates, occupation factor, and equivalent isotropic displacement
parameters dfisPSSeCl obtained fromsinglecrystal Xray diffraction data refinement at 280 K
(space groupT @ ). The calculated formula ISe.12PSISECl........ccoooviiiiiiiiiiiieeeec e 65

Table 4.2 Atomic coordinates, occupation factor, and equivalent isotropic displacement

parameters dfisPS sSe sCl obtainedrom singlecrystal Xray diffraction dataefinementat 280

K (space group¥ @ ). The calculated formula IS5 76PS.5S@.5Cl.......uvvveiiiiiiiiiiiiiiieee, 66
Table 4.3Fit parameters of the impedance data @PSeCl at room temperature................ 71
Table 4.4Fit parameters of the impedance data @PESeCl at room temperature............ 71

Table 4.5Li site distribution extracted fromLi NMR and refinement of single crystak-tdy

(01 17=Tox 1 o o 1SS 74

Table 5.1 Atomic coordinates, occupation factor and ifieptc displacement parameters of

Lis 7Ca.1sPSCI obtained from Rietveld refinement of neutron time of flight data (space group
Ft @) a = 9.8414 (1)A, and volume = 953.20 (2A° yielding a refined composition of

R R OF- ST md 1 1 R 85

Table 5.2EDX analysis of the lsisCa 1PSCl, Lis 7Ca15PSCl and Li.3Ca.1PSi sClis. Given the

slight amount of hydrolysis that takes place during the material transfer into the SEM chamber,
the sulfur content could not be accurately quantified. A minimum of 4 measurements per
COMPOSILION IS TEPOIMEM. ....eiiiiiiieee e e e e e aeer e e e eees 86

Table 5.3 Atomic coordinates, occupation factor and isotropic displacement parameters of
LisssCan.1PS.75Cl1.2s0btained from Rietveld refinement ofuteon time of flight data (space group

Ft @) a = 9.8222(1) A, and volume = 947.59(2)A3. The calculated composition

LisseCan.1dPS1.72Cl1.271s close to the targeted ON...........covviviiiiiec i 89

XX


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480377
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480377
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480377
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480378
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480378
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480378
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480379
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480380
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480381
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480381
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480382
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480382
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480382
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480382
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480383
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480383
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480383
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480383
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480384
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480384
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480384
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480384

Table 5.4 Atomic coordinates, occupation factor and isotropic displacement paranoéters
Lis3sCa.1PS.5Cl155 obtained from Rietveld refinement of neutron time of flight data (space group
Ft @ ) a = 9.7898(1) A, and volume = 938.24 (373 The calculated composition
Lis.36Ca0.08P S1.47Cl1.541S very Close to targeted.........ooooiiiiiiiiiiiiee e 90

Table 5.5EDX analysis of the sizGa.iPSCl and Lk .4sAl0.1PS.75Cl1.25. Given the slight amount

of hydrolysis that takes place during the material transfer into the SEM chamber, the sulfur content
could not be accurately quantified. A minimum of three measurements per composition are
1T 070 ] (= 1RO 93

Table 5.6 The relative density of the cofutessed pellets. This value was calculated using the
sample geometry and mass compared to the theoreticatydehthe argyrodite................... 96

Table 5.7Fitted EIS parametefer U 1@ wat 195 K (Biectrode= 5 MM, @lectrode= 1.28 mm)102

Table 5.8Conduct i v B tfgrcoldfiresset pelets at 2 ton) and activation energy (E
values obtained from EIS and PFG Arrhenius plotsHemprepared Gargyrodites. Se€able 5.9

fOr @NAIYSIS AETAIIS. .....coi i r e et e e e e s eeer e e e e e e e e e eeeeas 103

Table 5.9Room temperature resistance values ferkjCaPSxCli+x (cold-pressed pellets at 2
ton,10 mm diameter) obtained from the fit of the 4@dbk impedance intercept in the Nyquist plot.

R, d and O denote resistance, thicKikegsasd and t
K are depicted ifFIgUIE 5.13@8......ccooiiiiiiiiiiiiitiee et eeees bbb e e e e e e e e e e e e e ean 104

Table 5.10Room temperafre resistance values forelizyMyPS.xCli+x (cold-pressed pellets at 2

ton,10 mm diameter) obtained from the fit of the 1@dbk impedance intercept in the Nyquist plot.

R, d and 0 denote resistance, t.hi.ck.neslf5 and
Table 5.11Various preparation methods for targeted sodium argyrodites..................... 111
Table 5.12Various preparation methods forskiNap.oP S.75Cli2sphase..........cccvvveeeerneee. 114

XXi


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480385
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480385
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480385
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480385
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480386
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480386
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480386
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480386
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480387
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480387
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480388
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480389
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480389
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480389
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480390
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480390
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480390
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480390
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480391
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480391
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480391

Table 6.1Summary of room temperature ionic conductivities and preparation methsaigtied
compositions. HT stands for heat treated.............cccooeiiiiicceciiiccc e 128

Table B.1 Atomic coordinates, occupation factor and isotropic displacement parameters of the
targeted L :Ca.1PSsClis obtained from Rietveld refinement againstray diffraction data
(space group¥ @ ) a= 9.8132(1)A, and volume = 945.02(43. Since Xrays are not able to
resolve the Li occupancy, the Occupancies for thes#® were fixed to the nominal values and

occupancies for theassite were fixed to the values obtained from NDP @fR& sClis....... 147

XXIi


file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480394
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480394
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480395
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480395
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480395
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480395
file:///C:/Parri-Work/Thesis/Thesis%20-%20P.%20Adeli%20Feb%2023.docx%23_Toc96480395

List of Abbreviations

ASSB- All-Solid-State battery

ASSLBs- All-Solid-State Lithium Batteries
AC - AlternatingCurrent

CLS - Canadian Light Source

EDX - EnergyDispersive Xray Spectroscopy
EIS - Electrochemical Impedance Spectroscopy
EV - Electric Vehicle

GSAS- General Structure Analysis System
LATP - LizxAlxTi2x(PQy)3

LGPS - Li10GeRS12

LIB - Lithium-lon Battery

LISICON - Lithium SuperionicConductor
LLZO - Li7LasZr2012

MAS - Magic Angle Spinning

MD - Molecular Dynamic

NMR - Nuclear Magnetic Resonance
NASICON - sodium (Na) Super loniCONductor
NPD - Neutron Powder Diffraction

OEM - Original Equipment Manufacturer
OM - Optical Microscopy

ORNL - OakRidge Nationalaboratory

PFG - PulsedField Gradient

SEM - Scanning Electron Microscopy

SNS- Spallation Neutron Source

xxiii



SPE- Solid PolymerElectrolytes
SSB- Solid-StateBattery

TOF - Time-of-Flight

XRD - X-Ray Diffraction

ZBH - Zero-BackgroundHolder

XXiV



Chapter 1 Introduction

1.10verview

The rapidly increasing demand for energy storage stems from our technologically driven
society. Fulfilling this demand andhe progressin the development of gstable electronic
equipment and deviceppeals eveincreasing energgnd power density in power sourcEsssil
fuel sources ardinite, and their combustion hagatastrophic impact®n climate change
Greenhouse gas emissions are a preeminent concern in light of global waflmatgation of
oil/gasprices the alarmingoutcomes of global warmingnd air pollutiorhave forced us to seek
alternative energy storage and conversion systeergewable energy sources such as ywaves
and solar energy are being adoptedrmbnecan determine when the sun shines or whathsr
a still or windy daythereforepower companies seektionsto storethe electricityobtainedfrom
those sources for use when their oufjails behind The intermittent nature of renewable energy
sourcedurtheremphasizethe importance of energy stora@atteriescanstore electrial energy

in the form of chemicatnergy, and thegffer portableenergy storagé

RechargeableLi-ion batteries (LIBs) were first commercialized in 1991 by Sony
corporation.The developers of the LIB$J. Stanley Whittinghamfifst functional rechargeable
lithium battery, John B. Goodenougttgbalt oxide cathodeand Akira Yoshindcarbonrbased
electrods) were awarded the Nobel Prize in chemistry in 2@1Bs enable storing energy from
renewable resources amage currently used imany applicationsanging from small portable
electronic devicesuch as phones, laptopaddigital camerado large powersystems such as
hybrid electric vehicle§HEVS), plugin hybrid electric vehicles (PHEVS) and electric vehicles

(EVS).



1.2LIB Electrochemistry

A battery is an assembly of interconnected electrochemical cells tailored towards a specific
application. Each cell consists of a positive electrode (cathode), a negative electrode (anode), and
an ionically conductive mediéelectrolytg between the eleades. The ionic species travel
through the electrolyte between anode and cathode while the electrons travel through the external
circuit. For the purpose of this thedise termdattery and cell are used interchangeabigure

1.1 illustratesa schematic athefirst LIB in which below reactions occur:
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Figure 1.1 Schematic illustrationof the first Lkion batten
(LICoO2/Li* electrolyte/graphite) Reproduced wh permissio
from ACSI3].



This cell rendered an energy density of 150 Wh ¥gs t o tH@nysystemsihich deliver ~
260 Wh kg'. Current day LIBs implement a following generatiorLgoO, (LCO) cathode such
as LiNiixMxO2 (M = Co, Mn and Al). Otherpromisingcathode materials include but are not
limited to Li1+xM1xO2 (M = Co, Mn and Nj layered oxide LiNiosMmn sO4 spinel oxideand
LiVPO4F polyanionic compoundd The current commoanode materiaémployedfor LIBS is
graphite with the capacity of 372 mAhgSilicon offers a much higher theoretical capacity of 4200
mAh.g! but suffers from volume expansion durifithiation. Lithium metal as the negative
electrode offers large gravimetric capacity of 3862 niAhipng with the low redox potential of

-3.04 Vvs.the standard hydrogen electrddle.

LIBs have dominated the market due to their advantddBs. do not suffer from the
memory effect that takes place in nickeldmium or nickehydride batterie¥! They offera
lightweight designpossess higher volumetric and gravimetric energy stocagebilites and
lower selfdischarge than comparable battery technolodtesvever,they also have drawbacks
such as aging andapacity deterioratiorwhich require further improvemeht. The most

significant challenge for Li rechargeable batteries pisgie safety.

1.3 Solid State Battery SSB) and Solid Electrolytes

Theautanotive market is considered as the biggest rising opportunity for LIBs in future
Oneoptionfor decreasinghe current anthropogenic global warmpeyticularly those associated
with the transportation sect® using battery electric vehicldBEVs). BEVsoffer a means of
integrating renewable energy into the transportation sector while significantly reénaisgjons
compared to gasoline vehiclétowever, alargal battery size required for automotive propulsion
exacerbates the safety issues of curreAbmhibatteriestherefore potential mass market for
electric and hybrid vehicle technologi@smang cortinued improvement in the safety of battery

3



platforms to be successfulithium all-solid-state batteries (ASSBYea notable potential avenue
for improving both safety and energy densft§. Schematic diagram of a butgpe ASSB is
displayed inFigure 1.2.) ASSBs can also be fabricated in thin filmich are employed in

microelectronicapplications such amplantable medical devices.

One reasoii-ASSB are attracting keen interéstthat they couleénabeé the use of a Li
metal anodeesulting in enhanced energy density. Another reason ishtadlammable organic
electrolyte used in a conventionalibn cellis replaced witla leakagdree, nonflammable solid
electrolyte pomg fewer safety conces. Significant incidents of L-ion battery fires were caused
by ignition of the organic liquid electrolyt&1 Implementatiorof solid-electrolytealso benefits
from less stringent packaging demands (leading to higher volumetric energy density)naitsl pe
transfer of Li ions exclusively, consequently avoiding concentration gradients observed in liquid
electrolytes?'3 Furthermore, @lid electrolytes possess a comparatively wider electrochemical

stability window
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Figure 1.2 Schematic diagram of an ASSB depicting the working electrode (
material + solid electrolyte + conductive additive), solid electrolyte
counter/reference electrode layers (Li ornhetal alloy). Modified from 9] with

permission fromJohn Wiley and Sons.



1.3.1Solid-State Battery Challerges

Despite these putative advantages for ASSB, there is a long way testatge
commercialization due to thehallenges andnaterials issues that still remain to be addressed.
Contact losses in theomposite cathode and degradation at the interfacesbateathode active
material and solid electrolyte interface are among these chall&fegesus approactsare applied
to form afavourableinterface between electrode and electrolyte suatpasng active material
particles with solid electrolyte thin film (via pulsed laser deposition) or heatimgture of active
material and glass sol&lectrolyte(where applicablejo Ty followed by supercoolingThe latter
approach allows the supercedl glass to stick to the active material particles, enhancing the

electrodeelectrolyte contact aré!

One main challengewhich is the focus of this thesies in the development of solid
electrolytes with high Li* ion conductivity at room temperatun@ho also exhibit good
electrochemical stability and electrochemical performance. $higect has motivated the
emergingR&D effortsfor new material familiethatcan compete with the performance of current

liquid electrolytes!*

1.4 Solid Electrolyte Categories (Oxide, &id Polymer, Sulfide)

Extensive research hasen dedicatetb finding a wide range of solielectrolytedeading
to the developmenbf Li-ion conducting oxidg borohydride materiald¥ solid polymer
electrolytes (SPE} and sulfidesas shown inFigure 1.3. Some of these electrolytesre

explained in more detaih the following subsections.
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Figure 1.3 Reported total ionic conductivity of solgtate lithiumion conductors at roo
temperature Reproducedvith permission from AC$29].

1.4.10xides

Oxides are more stable in air compared to sulfidehiéve the detriment dfardness and
very low ductility which leads to high interfacial resistances. Thesually require igh
temperature sintering andave high-cost precursos® Oxides include LISICON{

perovskited?d antiperovskite&! garnetd?@ and NASICON?3 families.

In 1978,H. Hongdiscovered LisZn(GeQy)4 for the first time with thd>nma space group
(determined by single crystal-bay analysis) andeportedthe ionic conductivity of 1x 10*
mS.cm!. He namedhe structure.ISICON which stands fdri supeionic conductor. This solid

electrolyteis not sthle against metallic lithiurff#2%

6



Perovskite structure is representedhoy general formulABO3 with Pnmod space group.
Aliovalent doping in the A sitdhas been practicemh this structure anémongthe studied
compositionsLio sl ag s56TiO3 exhibitedthe highest Lion conductivity Qipuk: 1.53mS.cm* at300

K,Ea=0.33 e\}.l28

Metal aides in thedealgarnetstructure have the general formgB2(XO4)3 with Li ions
occupying the Xsites or tetrahedral siteRoom temperature ionic conductivity can be enhanced
by introducing more Li into the structur&/eppneret al reportedgarnetrelated structures
LisLasM2012 (M: Nb, Ta) and LiBaLaTaO12. The latter exhibits an ionic conductivity of 0.4
mS.cm* (at 295K)127 Later, LisLasZr.0O12 (LLZO) and its substituted versions (e.g.
Lie.7sLasZr1 75T a0.26012) becamean attractive and promising subject for several studigisg to
their relatively higher ionic conductivity (Table 1.1) and chemical stability?3?9 Al and Si ce
doping also hsa positive impact on the total ionic conductivity of LLZO due to amorpheesep
present at the grain boundari&b Substitution of G&' for Li* in LizLasZr,O1 stabilizes a cubic
structure in the space groi@cQ In the cubianodifications ofLLZO structureg('OaQand ®@c?),
Li-ions are disordered on the tetrahedral and octahedral sites vs. ordered in the tetragonal structure
(space grouptl TA'®). Therefore this substitution(Liz sxGalasZr2012) notably enhancedhe
ionic conducion, and the correspondingd.i-ion transport has been extensivatyestigatedby

NMR methodd31-3¢



Table 1.1 lonic conductivity of various oxide solid electrolytesnd their activation energies.
Temperature reported in the composition column indicatearthealingemperature of the solid

electrolyte pellet prior to Lion conductivity measurement.

Composition (hominal formula) Conductivity | T (°C) | Ea Ref
(mS.cntt)
LizLasZr2012(980°C, tetragonal) 0.002 27 0.54 | 37
Li7LasZr2012(123CC, cubic) 0.30 25 0.31 | 28
Li7LasZr2012(1125C, 1.7 wt% Al, 0.1 wt% Si) | 0.68 25 - 30
Li7LasZr1.89Al0.15012 (1150°C) 0.34 25 0.33 | 38
Lie.ssLasZr 2Gan.15012 (1085°C) 1.3 24 03 |31
Li1.07Al0.69Ti1.4dPO4)3 (950°C) 1.3 25 0.33 | 39
Li15Al05Ger5(PO4)s (560°C, glassceramic) 0.4 25 0.37 | 40

NASICON - sodium (Na) Super lonic CONductor

NASICON stands for sodiumN@) Super lonic CONductor. Li1+xAlxTi>x(PQs)3 (LATP) and

Li 1+xAlxGexx(PQu)3 (LAGP) possess NASICON structdfd. Compared to LikZn(GeQ)s, LATP

electrolyte exhibits a better ionic conductivifijable 1.1) but similar to LisZn(GeQ)s andLigs.
axLapsTi0s, it is unstable withmetallic lithium due to facile Ti* reduction. NASICON
compounds with the general formula MN&r2SixP3xO12, 0 < x < 3 are among the best
tridimensionabxideionic conductor$*? Theircomposition is derived from Naz®:012 by partial
replacement of P by Si with Na excess to balance the negatively charged framework to yield the
general formula NaxZr2SixPzxO12. This compound exhibits a rhombohedral crystal structure with
space group R3c for all compositions, except

monoclinic in the space group C2/c. The conductivity is reported to be high for a phase with



monoclinic crystal lattice attaining maximum at x =*4 NasZr,SiPOi> was primarily

developed by Hong and Goodenough in 1975.

As shown inFigure 14, the structural framework of NASICON can be simplified into
basic groups of two Zr§octahedra separated by three phosphorous/silicon tetrahedrar{@O
SiOs) with which they share corner oxygen. These primary units 23(R/Si)Q are called the
lantern units in NASICON structurdheyconnect by additional corner shariribatleads toa
threedimensional frameworkhrough which tis material exhibits fast ion mobili§*¥ Sodium

ions are spread within the conduction channels with thredlagunh positions as follows:

(a) (b)

Figure 14 a) NaZr.SiPOr2 phase at 300°C. Black circleienoteNa(1) sites and op
circlesdenoteNa(2) sites. Na(1) atom can be seen between two Zr octahedra and sul
octahedrally by the six Na(2) atoms to which wide conduction paths are availabl
Na(2) atom in turn has two Na(1l) neighbors, therefotabéishing a threglimensione
framework of conduction paths. b) The lantern unit in the NASIG®dcture 45].

1) Na (1) sites with distorted octahedral coordination, which are situated between tevo ZrO
octahedra along the c axis to produce ribbons zZir@NaQ:ZrOs. There is one Na (1)
per unit formula.

2) Na (2) at each bends of the zigzag path in a loose polyhedron with ten neighboring oxygens.

Three Na (2positions exisper unit formula
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3) Mid-Nathat argust in between Na (1) and Na (2) sit8 mid-Na positionsexistper unit

formula in afive-fold coordinated polyhedron
Evidently, all positions cannot be occupied simultaneously. There are atauolia ions per unit
formula within the conduction channels. In the monoclinic phase, only 20% of the Na (1) positions
are populated. The conducting channels in NASICON are of a zigzag shape as represented in
Figure 1.5.[46471 NASICON compounds possess ionic conductivities up 18 3.6m.[*® Gordon
et al have reported on a solgtate route for synthesis of MaSi-POr2 at temperatures above
120CC. However, he high temperature reactions introduecsvanted secondary phases such as
monoclinic zirconid#4

.-4".

A = o o
Na1 ' <— Zr04 octahedra
' « «— PO, tetrahedra

l
\S
0?
/e ]

X —pY o: _

Figure 1.5. NASICON structure in rhombohedral symmetry, showingeat
(Si,P)Q polyhedra. Curved arrow represents the conduction path ‘ofoNs
[47]. Reproduced by permission of Royal Society of Chemistry.

1.4.2Solid Polymer electrolyte (SPE)

Solid polymer electrolytes (SPE) can be categorized into three groups: dry SPESs, polymer
in-salt electrolytes and singlen conducting polymer electrolyteéSPEs are sqfoperable with Li
metal, and can accommodate volume changes of the electdttésy the chargéischarge

10



processOn the downsidehey exhibitlow ionic conductivitesin the range ofl0® - 10° S.cm*
at room temperature due to the restricted localmelychain motionln order to enhance the ionic

conductivity, inorganic filles areemployednto SPE.[174950

1.4.3 Sulfides

Sulfidesencompasa wide range oflassy, glaseeramic,and ceramienaterials. Some of
the well-known sulfides includeLi>S-P>Ss,Y Lis 26Gen 29P0. 755,157 Li7P3S11,%¥ Li10GePSio, >
Lig.54Si 74P1.44511 7Clo 3,°™ and Lirargyrodited®® Sulfidesoffer high ionic conductivity, and they
can be readily consolidated into membranes, which is a crucial factor for making good contact
between solid particles for cofgressed pellets, with no sintering necess@hys also leads to
lower electrodeelectrdyte interfacial resistance in the ASS&brication Su | f dravbalois
that theyshould be handled in an inert atmospherehay tare prone to decomposition in the
presence of moisturél>S gas is generated upon hydrolysis of sulfides by water mogeicuéer.
Investigatiors of air stability for LbS-P>Ss glasses revealed that the amount £8 igenerated relies

heavily on the glass compositi&d.

Glassy sulfide ion conductodateback tothe 1980s.Several glagssystemavere studied
in-depthas potential solid electrolyteSome of those systems are as follbisS-SiS (0 G:1
mS.cn?),B¥ Li,S-SiS-LiX (whenX =1,0 0s7-1.32 mScmt and wherX = Cl, & 0=3mS.cnt

1,59 SiS-P,Ss-LioS-Lil (0 221 mSemi?), %9 LioS.PSs.Lil (&  ==mScm?),®¥ Li,S.GeS (G

0.04 mScm?).[63 B,Ss-LioS @ 0=006- 0.03mScn?),®d and B2Ss-PoSs-Li>S (0 G=08- 0.1
mS.cm?).[®¥ The room temperature ionic conductivity in the parentheses correspond to the specific

compositions reported in each paper.
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Glassceramicsor crystallized glass electrolytesge obtained by dat treatment of an
amorphous mixture of mechanically milled precursdthetemperature range of 15@00°C. In
2005, Tatsumisageet al developedglassceramicLizPsS;1 by ball milling Li>S (70 mol%)and
P>Ss (30 mol%) mixture for 20h at 370 rpm followed by heat treatmendtC for 2 h. The
resulting glasseramicshowed a ionic conductivity of 3.2 m@nt* at room temperaturé’
Another example is glassramic L§PS; obtained by millinghe precursorfor 10 h at 500 rpm

followed by heat treatment 243C for 1 h (& = 1 mScnit at 30°C).[64

Compared to glasseramics, crystalline/ceramic electrolytes are synthesized at a higher
temperature rangeThe premier crystalline sulfide ion conductdriz 2sGe 2807554, was
developed in 2001 with a reported ionic conductivity of 2.2amS at roomtemperature and was
labelled as thid.ISICON. Thio denotes replacing the oxide ions with the more polarizable S
ions. This results in higher ionic conductivity in the sulfide analdfuén 2011, Li10GePSi2
(LGPS) structure was developed Kgnnoet al.andhas the space group (number 137)/m#%c.
LGPS exhibits auperbionic conductivity of 12 m®nmt at 300K comparable to those observed
in liquid electrolytes in commercial 4ion batteries Figure 1.3).5% The attractive ionic
conductivityof LGPSis overshadowed by higtost precursoijmited electrochemical stability
window and poor interfacetability with metallic lithiumas demonstratedylzomputational and
experimental studieg-urther research into cheaper alternative precursors revealedheéh@nt
analogieof LGPS which possesses a larger cell volume exhibits only 1/3 of the ionic conductivity
(G tota1 = 4 mS.enit) due to a higher grain boundary resistaandthe Si analogeiwith a smaller
unit cell exhibits2.3 mS.cm™.[6568 |n 2016, Kannoet al. introducedtwo other new ionic
conductos: Lig 545i1.74P1.44511 1Clo.3 with the marvelous ionic conductivity of 25 ne8i* and(off-

stoichiometric)Lio.6P3S12 exhibitingionic conductivity ofl.2 mScnit at room temperatur&”

12



1.5 Argyrodites

Li-argyrodites are particularly promising candidates for ASSB due to their ease of
preparation, comparatively inexpensive precursors, ductility, high ionic conductivities, and
reported electrochemical stabili}!l These advantagdsave led researcherso employ Li-
argyrodite asa promisingsolid electrolyte withvariouscathode and anode materials in several

innovative ASSB celld%¢72

The argyroditdamily spansa wide generalcomposition! +", - (A=
Ag*', CU', Li* etc.; B= G&*, Si*, P*; L = S, Se, Te; an¥l = ClI, Br, 1).”3 Within this range,
Li7PS, crystallizesin two different high temperaturand low temperature phases/n@netry
lowers from cubic toorthorhombicupon formation of thdow temperature phasdartial
substitution of the sulfide ions ihi7PS argyrodite with halides results ithe cubichigh
temperaturgohaseto be stabilized at room temperatutesPSX (X = ClI, Br, I) were developed

in 2008by Deiserotlet al. andhas thecubicspace grouptod with the space group number 216.

[56,74]

LisPSX structureis comprisecf PS* tetrahedra and isolated&" and Li" ions in the
lattice (unit cell stown inFigure 1.6a).57% There are two possible crystallographic sites for Li
ions: Wyckoff 48 and 24y. The latte site serves as an intermediate state through whiciohs
can diffuse. The Li sites form localizedgesand each cage hosts twelveh&es, half of which
are occupied. These cages are named Hfasker polyhedra, within and between which various
Li*-ion jumps are feasibJenamely intracage (48-48n) hops, doublet hops (A&4g-48h) and
intercage hopsHigure 1.6b).["% These three possible jumps build up the 3D diffusion pathway
through the crystal. Intercagenips dominate the macroscopic leragpge Li-ion transport and

determine the conductivity due to being the slowest juvigdecular dynamicNID) simulations
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by Wagemakerds group has demonstrated the | oy

Figure 1.7.7% Line thickness shows the jump rate quantity.

Intra-cage

jump jump

©ru © sase @ s o

© x o) () Li4g,48n)

Figure 1.6 a) Crystal structure dfisPSX (X = Cl, Br, I). b) Frankkasper polyhedre
formed from free 3 anionsand the corner of RS tetrahedra. The polyhedra encloses t
different Li positions (4B and 24j). These Li positions form localized cages in whi

multiple hopping processes are feasifdlg].[With permission from ACS Publications.

LisPSCl andLisPSBr phasegxhibit fast ion conductivity where?Sand X are disordered
on two crystallographic positior{da, 4c) in the cubic attice.On the other hand,isPSl with no
S?/X disorder(due to the larger ionic radius of shows higher activation energies fof ion
diffusion and lower ionic conductivitf4.6 x 10* mS.cni?).[8887 This isin accord with prior
studies of Deiserotét al., who observed a twstep narrowing behavior in the Li NMR lxshapes

for LisPSsl that suggested a more confined moffsh.
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The common synthesis methéaol argyrodites is mechanical milling followed by heat
treatmentAdamset al. showed that heat treatments above°Z5frenecessarpn the ball milled
precursorsin order to achievea good ionic conductivity forLiePSCl argyrodite at room

temperaturel®

Figure 1.7 Jump statistics from MD simulations at 450 K fosR&Cl. The lines represent t
three different types of jumps; green flmublet, blue for intracage, and red for intercage. Th
lines represent larger jump rates. Reproduced with permission from72gCS [

1.6 Mechanism of lonTransport in Solid lon Conductors

In conventionaliquid electrolytes, solvated ionsmigratein the solvenmedium in a flat
potential energy profileOn the other handpicrystallinesolid electrolytes, L-ions jump from one
Li site to another empty Li sit@ the structurealong the minimum energyathway This jump
processs governed by the enerdparrierfor the jumpbetween the two local minimaside from
the energy barrier, the ionic conductivity is contingentttmnumberof vacancies and partial
occupancien the lattice as well asavingan open framework antbng-range connectivity of Li
sites Therefore the underlying crystal structure has direct impact on the overall ionic

conductivity.Conductivity can be expressed as:

15



, -t Agob—

WhereT representsemperature is a constant corresponding to the crystalictureg
denotescarrier concentrationO represents activation energy for ion transport #hds the
Boltzmann constant® According to this formula, one strategy for improving conductivity is
aliovalent doping or substitution for introducing additional carriers. A larger number of mobile
ions enhances the conductivity but thisrasually an optimum point after which the conductivity
decreasedAside from experimental studiesmulation techniques have been utilizedlepthfor
investigation of diffusion mechanisms in sulfide superionic condu€tbesb Initio Molecular
Dynamic (AIMD) simulations forsuperionic conductorshow that several Li ions diffuse
simultaneously via concerted mechanism as oppossihdgteion migration observed in typical

solids[™®

1.7 Performance Reporting and Parameters|nterplay

Considerableeffort has gone into developing solid electrolytes that argoupar in
performance vis a visommercialiquid electrolytes. It is essentiato note that when comparing
reported Liion conductivitiesof solid electrolytesn variousgroups one shoulckeepmultiple
factorsin mind that could have impaetl the reported measuremeii this point, an accurate
description of methodology and measurement conditions is required to make a sound comparison.
For exampleregardingionic condtctivity, one should pay attention tchether the material has
been sintered arat whatpressurgexact temperaturthe measurememtas perforred It has been
observed thaincreasingpressure can impact the ionic conductivity to a certain bt the
density saturatd$? For LisPSCl, an improvedionic conductivityof 5 mS.cm* at 26C was

recentlyreportedoutthis value was achievedterdirect longterm annealingndupon appcation
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of very high pressuré.e., eighttons.[®% Aside from the fact that sintering may not be feasibie
to low decomposition temperaturegyrh a cost perspective in induatrmanufacturingit is not

favorableto hot presghesolid electrolytsfor cell applications

1.8 Scope ofT hesis

This thesis presentsnain-depth study of novel lithium and potential sodiunsolid
electrolytes forsolid-state latteries(SSBs) their crystal structure, methods to modify their
composition mechanicapropertiesand methodsto enhance their electrochemical performance.
This thesis serves asséeppingstonén the path of breaking the materr@lated barriers that
eclipsethe all-solid-state battegr commercialization pathin chapter 1, a brief introduction of
batteries and different kinds of electrolytes is providedahlpter 2, characterization techniques

that were applied throughout this thesisedetailed

In chapter 3the synthesis, structure, and electrochemieafgrmance ohew haliderich
solid solution phases in thergyrodite LePSCl family, LisxPSxCli+, are reported.
Electrochemical impedance spectroscapgneutron diffractiorwere combinedo determindghat
increasing the QIS ratio has a systeniat andexceptionainfluenceon Li-ion mobility in the
lattice. The limit of solid solutionserieswas determined to bkissPS sClis which has a low
activation energy (& of 0.29+ 0.01 eVandexhibits a ionicconductivity of 9.4 + 0.1 mS.crat
298K in a coldpressed statd hisis almost fourfold greater than LPSCI (0 25+ 0.1 mS.cm
1 preparedinder identical processing conditiofi$ie sintered.issPSsClis phase exhibits even
higherconductivityof 12.0 + 0.2 mS.crh Substitution of divalent Sfor monovalent Clweakens
interactions between the mobile -lbins and surrounding framework aniong/eakened

interactionsplay akey role in enhancingperformance along with increased site disorder and
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higher lithium vacancy population. Thigork provides guidance forealizing future highly

conductiveand ductilesolid electrolytes andhas been published:

Parvin Adeli, J. David Bazak, Kern Ho Park, Ivan Kochetkéshfia Hug, Gillian R. Goward,
and Linda F. Nazar . Boosting solid state dif

argyrodites by halide substitutipAngew Chem Int. Ed. 58, 2019 8681-8686.

The design optimization of solid electrolytes idical to realize the practical deployment
of ASSBs One of the structural families that have garnemetiensanterest as soliélectrolytes
for foundational studies of ASSBs Li-argyrodites In chapter 4 sngle crystals of
chalcogenohalides with cubic argyrodite structure were gramch systematicallygtudied via
singlecrystal Xray diffractionto understand the effect of Se substitution in the solid solution
series LisPSxSeCl. Transport propertiesvere investigatedvia electrochemicalimpedance
spectroscopynd correlated to the underlying structihéthin the explored compositional space,
LisPSSeClexhibited the highest ionic conductivity 47 mS.cmt. Furthermore, the cascading
effect of Se substitutioimdicative of differing levels of substitution on the £ $etrahedravas
elucidated via Raman spectroscopy. This work provides insight on strpctyrerty relationships
of selenidebased argyroditghases which offer an excellent platform for understanding and
designing future superionic solid electrolytes. The interplay between the amount of dopant, the
number of Li sites and the ensuing impact on the ion trangparfundamental aspect thatn
aso inform rational design in other promising solid electrolyte familié® manuscript for this

work is close to submission
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Parvin Adeli, J. DavidBazak,Jalil Assoud Abhi ShyamsundeGillian R. Goward, and Linda F.
Nazar Correlating structural chges and transport properties in chalcogenide substituted Li

argyrodite superionic conducto022.

In chapter5, the synthesis method for argyrodibased solid electrolytes was optimized
and simplified.A novel array of compounds in the-argyrodite family(Lie.oyCa/PSCI, Lisx-
2yCaP S xCl1+x, Lis1x2yCaPS.05xCl1+x andLiex-3yMyPS.xCli+x (M: Al or Ga)) wereintroduced
with the advantage of a rapid preparation technique and their behaviour as solid eleetasytes
monitoredthrough substitution o&n aliovalent cation for Liand increasing the Ctontent.
Furthermore, the underlying principles governing fast ion cotolo and diffusion in these clses
of materialsare put forward. ASSB employing thiophosphates often operate withprelssed
pellets, hence it isssentiathat a solid electrolyte exhibits high conductivity prior to sintering.
The novelsuperCl-rich compositionLis3sCa.1PS.sClisswas reporteavhich possesses a high
room temperature ionic conductivity of 10.2 mS’amthe coldpressed state as a promising solid
electrolyte candidate for tASSB. The efficacy of aliovalent cation doping in this class of
superionic argyroditesvas demonstrateds a means of increasing the vacancy population and

thereby boosting theperformanceThis work has beepatented

Parvin Adeli, LindaF. Nazar,Zhizhen Zhangl.ithium ion conducting solid materiglgled with
number EU 20169037.7on April 9", 202Q (Applicant/Proprietor: BASF SE, University of

Waterloo)

andthecorrespondig manuscriptvaspublished
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Parvin Adeli, J. David Bazak, Ashfia Hug, Gillian R. Goward, and Linda F. Ndmfluence of
aliovalent catiorsubstitutionand mechanical compression Li-ion conductivity and diffusivity

in argyroditesolid electrolytesChem. Mater33, 2021, 146.57.

Sodiumbés | ower cost and natur al abundance
sodium analogues of lithimimased solid ionic conductors which exhibit attrgetionic
conductivity for application in practical sodium se$thte batteries. Feasibility of Naigyrodites
was investigatel and is presented in the last sectioncbépter 5.1t was observed thaCl
substitution in NgPS does notpositively impact sgithesizability Additionally, formation of
stable competing phases such asR$ain lieu of the targetetNarxPSxClx (x = 1, 1.5, 2)is
discussedin light of the experimental efforts indicating full substibet of lithium for sodiumin
argyroditess not possible, a small amount of Na doping was attempted with simultaneous halogen
doping in the anion site. Ehpure singlephase Ld.7MNao.0PS.75Cl1.25 was synthesized. This
composition washaracterized by impedance spectroscopy anibiggtt an ionic conductivity of

5.4 mS.cn.

In chapter 6severalglassmaterial systems that were investigated are briefly discussed.
Among the studied materialsiAl ¢ 33S exhibited the highest ionic conductiviy & = ®cm0 8 m
1y at 298 K. Additiondy, sodiumglasy materialsverepreparedas potential solid electrolytes for
NaSSBssuch asNay+axZr2x(PS)s and Naw+axwyAlyZroxy(PS)s phases However, heseglass

phases did not exhibit promisimngnic conductivities
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Chapter 2 Characterization Techniques, Theory and Methods

2.1 Optical Microscopy (OM) and Scanning ElectrorMicroscopy (SEM)

A light microscope or an optical microscope uses visible light to give aifrembview of an object
and the modern ones possess a maximum magnification of around®b00shis thesis, Wild
Heerbrugg M5A OM was implemented to observe aalkctsingle crystals of the argyrodite
samples. The colorless @ensitive argyroditerystals were placed on a glass slide inside the
glovebox and protected by Paratedeil before transferring to the OM sample stage for picking

out a crystal for single crystal-day diffraction.

Scanning electron microscopy is an important multipugpogging technique applied to
obtain information regarding the morphology (shape and size), topological characteristics (texture,
roughness) of micro and nano structured materials and their chemical composition. A Scanning
electron microscope scans a feed electron beam over the sample surface to produce an image.
High energy electrons are accelerated from the source to bombard the sample surface (penetrating
depth of a few microns) as a result of which secondary electrons, backscattered electrons,
charateristic Xrays and visible light (cathodoluminescence) are gener&igdré 2.1). The
interaction volume of electrons with the sample and scattering of the eldstoomgingent on the
atomic number, concentration of atoms and the accelerating voltage. During the measurement
backscattered and secondary electrons are commonly applied, and the SEM chamber is held under

vacuum® Air sensitive argyrodite samples were mounted on a SEM stub using carbon tape then
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sealed undeargon in a container. During the transfer from the container to the SEM chamber, the

samples were exposed to air for 30 seconds.

Electron beam from the source
Incoming primary electrons

Auger electrons

Secondary electrons /’
L3 / Backscattered electrons

\
X-rays \ / B
|3 N, ’ ’ =
\ \ ¥4 / Cathodoluminescence
/
L \ N ',’ / »
//

Sample

Figure 2.1 The interaction of electron beawith the analyzed sample and the emit
signal from the sampleSecondary electrongenerally escape from the depth

appr oxi main&thypermisswrofrom springer.

2.2 Energy Dispersive Xray Analysis

Energy Dispersive Xay (EDX) analysisis an analyticaltechniqueimplementedn conjunction

with SEMfor theelemental analysisr chemical characterizatiaf the studied sample. When the

SEM electron beam hits the sample surface, electrons are ejected from the atoms. Subsequently,
electrons from higher states fall to compensate for the holes caused by ejected electrons and
characteristic Xay is emitted. BX analysisrelies on the fact that each element possesses a
unique set of peaks on its emission spectrum. This technique is not applicable for detection of light

elements.

For haliderich phases in chapter 3 and anion substituted argyrodites in chageendntal

mapping of the materialwas performedvith an FEIQuanta Feg 250 ESEM (environmental
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scanning electron microscope) equipped witlEBXX spectroscopy detectdfor the Ca chapter,
Zeiss Leo 1530 FESEM (with EDX detector) was utilized for micuzsure observation of the
samples as well as elemental analysié.the EDX measurements were carried out using an
acceleration voltage of 15 kV, with an acquisition time of 601se studiedargyroditematerials

were not stable under prolonged elestb@am illumination.

2.3 Diffraction Techniques

2.3.1 PowderX-Ray Diffraction

Electromagnetic radiation can be diffracted when its wavelength is of the same order as the grating.
Crystd structures have a typical interatomic spacing of3 A which allows them to act as three
dimensional diffraction gratings for-Kay wavelengthTherefore X-Ray diffraction(XRD) is a

great method fostudyingthe crystdine materials. XRD data analgsgives valuable information

such as differentiating between crystalline and amorphous materials, identification of unknown

Path difference of )
T . A /\(\ C
L B
: Path difference of 2\
1 © | —

o ‘. 2N > Q'
“S}ZJ{E} i‘_\%\ﬂ

Figure 2.2 Ray2 travels an extra path as compare®Ray-1 (= ABC). The path difference
betweenRay1 andRay2 = ABC = (d Sig + d Sirg) = (2d.Sing). For parallel planes o
atoms, with a spacend between the planes, constructive interference only occurs \
Braggds | aw is satisfied.
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crystalline materials, sample purity, unit cell parameterg\dioe powder material contains many
crystals located at random deg} Certain crystals happen to be oriented so that-thg keam,
the crystal and the detector satisfy Braggds

detector angleand diffraction can occukigure 22geomet ri cal ly il lustrate
Braggomse | maw2 d(Equationd.l)

It is important to have a sufficient number of crystals to have an even distributiopassble
crystal orientations. During a scan, the detector is rotated over a range of angles to detect bands of
diffracted xrays produced by the correctly aligned cryst&ls.

The concept of reflection from lattice planes merely assists in imaginingogbars in a
diffraction experiment while in fact, X ays ar e scattered byThet he at
oscillating electric field of Xrays imposes the same oscillation frequency on the impacted
electrons (charged patrticles) which causes the elettroadiate the scattered-rdys in every
direction forming a spherical wave. The net scattered amplitude is determined by the interference
of the spherical waves upon going from one single scattering centre to a periodic distribution of
scattering centre§he data recorded in XRD is th@ensity distribution of scattered radiation as
a function of scattering angfé!

The X-rays are produced in an evacuated tube similar to a cathode ray tube. An applied
current heats up a tungsten filament which libesaelectrons. The liberated electrons are
accelerated by a high voltage and hit a copper target where copgpgs are generated. The x
rays exit the tube and irradiate the sample from which they are diffracted into a dé&thetor.
output diffractogramsontain three pieces of information that can be used to extract information:

1) peak positions.g.,2" values or espacings) unit cell parameters
2) peak shapéscrystal size and strain
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3) peak intensities abundance of a material in a mixturemsgetry, space group
For the argyrodite materialthe air sensitive products were ground, loaded and sealed
under argorin a 0.3 mm diameter quartz capillaxy protect them from ambient aifhe XRD
patterns were obtainedroom temperature ver t he range of 10Wnto 90!
PANalytical EmpyreaiX-ray diffractometeequipped with a PIXcel bidimensional detecitie
applied voltage and current were 45 kV and 40 mA respectivalyerns were recorded in Beb
Scherrer geometnPrior to running a capillary, samples were scanned for 20omiftat stage
while the samplewas being protected und&apton film. Patterns were recorded in Debye
Scherrergeometry using a parabolic-bay mirror in the incident beamptics. HighScore Plus

software was used to identify the peaks.

2.3.2Single Crystal X-ray Diffraction
The data was collected on a BRUKER KAPPA diffractometer equipped with a SMART APEX Il
CCD applying graphitenonochromated M¢K Uradiation. During the mearement, the single

crystals were protected by liquic Mow using an OXFORD Cryostream controller 700 at 280 K.

2.3.3Neutron Powder Diffraction (NPD)

The disadvantage of -Kays is that they do not interact strongly with light elements.
Contrary to Xrays, neutros arescattered by the nuclas opposed to the electrof®r time-of-
flight (TOF) neutrormpowderdiffraction(NPD) measurements,gyrodite samplegl.5 gram)vere
loadedinto a vanadiumcan sealedwith a copper gasket and aluminum iidan argorfilled
glovebox NPD datawerecollectedat room temperature on POWGEN at the Spallation Neutron
Source (SNS) at the Oak Ridge National Laboratory (center wavelength tspAcithg range

0.50097- 13.0087A).
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2.3.4Synchrotron X-ray Powder Diffraction

Synchrotron XRD provides better resolution and better signal:noise ratio compared to
laboratory XRD. Forynchrotronmeasuremenpowder sampl®f LisPS2s5Se 75Cl was loaded
into a 0.3 mm diameter and 0.8dm wall thicknessapillary and sealed with epoxy inside the
gloved box undeargon. The sample was measured at the Canadian Light Source (CLS) with a

wavelength of 0.68954 A (~18 keV).

2.3.5Rietveld Refinement

Hugo Rietveld was a crystallographer who developed the Rietveld method in 1960s for
neutron diffraction. Later in the 1970s, this method was applied-tay>Xdiffraction as well.
Rietveld structure refinement is a technique that estimates the intensiBeagg peaks in a
powder diffraction pattern under the constraints dictated by a known or assumed space group. This
method starts from a structural model of the unit cell and compares the calculated diffraction
pattern with the measurgzhtternpoint by wint. Afterwards, the calculated parameters (atomic
coordinates, displacement parameters) are modified by usingasiesquare method in order to
achieve a better fit¥ The true intensity of Bragg peaks is the area under the peak which is called

theintegrated intensity. The calculated integrated intensity is demonstrated as below:

Hee L =ge % | = d18e S8 (Equation2.2)

In this equationlt is the scale factor which is a constant for a given phase. This factor is needed
to normalize the experimental integrated intensities with calculated ones. In ordertcedbki

best fit in the refi thalmésrcmrrect-]gj.sdme multipligity fadtor ¢ a n t
which is a function of symmetry and represents the number of symmetrically similar points in the

reciprocal latticedp is the Lorentzmultiplier which comprises of two distinct geometrical

26



dependent components. The subscHpinplies being a function of the Bragg ang|h. is the
polarisation factor representing the partial polarisation of the scattered electromagnetiegvave.

is the absorption factor which changes based on the geometry and specimen properties and
accounts for absorption of incident and diffracted bedhmjs the preferred orientation factor

which addresses the deviations from a completely random distribution of grain orientations. Last
but not least is the structure facta, jg& which is the square of the absolute value of structure
amplitude,5 pgaThe structure factor has information on the types (f), locations (u, v, w) and

distribution of atoms in a unit céff!5 | gis a complex number:

(Equation2.3)

g i H :
T 1E B me=Z

T

Where n represents the total number of atoms (including symmetrically equivalent atoms) in the

unit cell. | “is the occupation of site j thus in the case of full occupdhegquals one«is the

atomic displacement factor (rgsenting displacements caused by thermal miogian) | %{
is the atomic scattering factor which in the case of neutron as the incident beam is not a function

shows the fractional coordinate triplet of th@responding atorifin the

The outcome of the Rietveld refinement should be sensible from physical and chemical aspects.
There are parameters agsesshe reliability of the refined pattern/least square fits after running

the refinement and to check how clase (observedrtensity) andv (calculated intensity)

are. Common parameters are goodness of fit:

L continuous oscillating motion of atoms above absolute zero
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(o - (Equation2.4)
And
B: ooledt vugtw ” .
=|_ 5 LFv p (Equation2.5)

Where n is the total number of points measured in the powder pattern;&the wight of the

data poinfCandr) is the number of free least squares parameters.

In this thesisRietveld refinemerst of the Xray, neutron and synchrotrgowder diffraction data
were carried out using th@SAS Il (General Structure Analysis Systesyftware which was

developed by A.CLarson and R.B. VVon Dreele.

2.4 Electrochemicall mpedanceSpectroscopy

Impedance is a measure of the ability dfil@uit to resist the flow of electrical current. In
electrochemical impedance spectroscopy (EIS) analysis, a small alternating current (AC) potential
is applied to an electrochemical cell and the current response is measured. The AC voltage is
usually apped as a sinusoidal excitation over a frequency range and the AC current response is
analyzed as a sum of sinusoidal functions. The excitation signal represented as a function of time
canbewrittenastEEcSi n (¥ to)sthedmmplitude oEthegnal. The relationship between
the system properties and response to periodic voltage excitation is very complex in the time
domain. Fourier transformation facilitates simplifying of signals from time domain to frequency
domain. In the frequency domainvoa ge/ current rel ations can be

similar: L (j¥) = V(j¥)!I2Z(j) ¥)

Z(¥)oexpZ (¢(lQos=l z+ | Si hg) (Equati on
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Therefore, the impedance can be described by a complex value consisting of a real part and an
imaginary parte each frequency measured. Because of
complex current and voltage, the impedance of a circuit with multiple elements is calculated
implementing the same rules as with multiple resistors, which simplifies calcslatian great

extent.

Nyquist plots used in this proposal are plotted with imaginary part of the resistan@isn y
and real part on-axis. In thisthesis EIS measurements on solid electrolytes were carried out on
a VMP3 potentiostat/galvanostat statiwith EIS/Z capabilities (Bih.ogic Science Instruments).
The DC voltage was kept at opeincuit voltage and the AC voltage of 100 or 200 mV in amplitude
was applied with a frequency of 100 mHZzt&IHz. Low frequency data are on the right side of
the pot and higher frequencies are on the left. Temperature depedhehictivitymeasurements
were carried out fronmegativetemperaturgup to 150C. The specific temperature window for
individual sampless mentioned in each chapidrhe complex impedangaots are analyzed by
fitting with different equivalent circuits, to obtain the resistance and capacitance of different arcs
at different temperatures. The conductivity is calculated by converting the resistance to the

conductivity, considering sample geetry as shown ibelowequation

wo - (Equation2.7)

Where t, A and R are the thickness, area, and resistance of the specimen, respectively.

2.5 RamanSpectroscopy

Raman spectroscopy is a technigtibzed to obtairdetailsabout vibrational and rotational modes
in asystemLasers are used as excitationlight source When the laser illuminates the sample,
elastic andnelastic scattering occurs. The elastically scattered radiation is filteteandthe

29



inelastically scattered radiatigRaman scatteringives the chemical and structural information.

A Raman spectrum includes a number of peaks displaying the intensity and wavelength of the
Raman scattered light. Spectral lines observed in Raantas fingerprints corresponding to a
specific group of atoms within a structuRaman spectran this thesiswere collected on the
pelletized samples using Raman HORIBA HR800 at an excitation of 514 nm. Prior to Raman
measuremerfor air-sensitivesanples theywere placed between two glass slides and sealed with

epoxy in theargonfilled glovebox.
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Chapter 3 Halide-Rich Lithium Argyrodites
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and Linda F. Nazar . Boosting solid state

argyrodites by halide substitutioAngew. Chem. Int. E&8, 2019, 868B686.

Contribution: In this chapterCV measurementseaxe carried out byDr. K-H Park(Postdoc at
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detailedNMR method and results, refer to tb@respondingublication.SeeAppendix A - Data
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3.1 Introduction

Oxides arebrittle and possess high grain boundary resistance. Contrary to ilfiels:
based materialexhibit deformable mechanical propertsichis an important consideration in
the optimization of soligsolid interfaces. L-argyrodites, LdPSX (X = Cl, Br), in the sulfide
family are easily synthesized usiimgexpensive precursonsi.sP$X hasa cubic crystal structure
(Ftod ) comprised of P8 tetrahedra, with isolated®Snd X ions disordered over the 4a and 4c

Wyckoff sites in the lattic€

Adamset al.were the first taeportroomtemperature l-ion conductivities foiLisPSCI
phase(1.9 mS.cr)® in 2011andLisPSBr phasg(0.7 mS.cri)8” in 2012 Viallet et al. also
preparedLisPSCl in 2012via high-energy ball milling followed by dive-hour heat treatment
underargon Theyinvestigated impacdf milling lengthfrom 1 h to 20 h with a fixed rotation
speed at 600 rpandreportedionic conductivitesin therange of0.2mS.cm! to 1.33mS.cmt
(10 h milling) for coldpressed pellefd®*¥ In 2017,Yu et al. reported that annealinig sPSBr
improves the ionic conductivity from 0.62 to 1.11 mSichy lowering the grain boundary
resistancé®® In 2018 Janeket al. reported1.9 mScnit and 0.19mS.cmt! for LisPSCl and
LisPSBr phasesrespectively'® With the recent efforts for enhancing ionimnductivity,
reportedvaluesfor lithium argyroditesaregreaterand comparable to those of liquid electrolytes.
For exampleNanet al. prepared LdPSCI by a rapidsolid-stateroutewith an ionicconductivity
of 3.15 mS.crt for pellets pressed at 150 MB3.Total ionic conductivities arenpacted by
several factors includinthe synthesispproache.g., cooling ratg,[® fraction of impurities and
degree of crystallinity)grain boundary contributiongorosity!®¥ as well asmethodsthat are
implementedfor conductivity measurement3hese methods could comprise dénsification

techniques such amnteringthe cold-pressegellets®d choice of contact (stainless steablium,
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and Au sputteringpand carrying out the measurement undeégh pressure. It is important to
considerthese factors for developing an understanding of the undegyipgicchemical factors
responsible for changeés ionic diffusivity. In comparison to the sohstate synthesisp#ution-
based LiPSX synthesis routes typicallgsult inlower ion conductivitiesn the range o10°-10
4mS.cnr!dueto phase impuritie€*®d NeverthelessHayashiet al. recenly reporedhigherroom
temperaturealuesfor LisP SBr modified pellets which are 1r8S.cm! (cold-pressed at20 MPa,
Au contactsland3.1 mS.crtt (pressed a720 MPaand sinteredAu contacts)?® Additionally,
solutionpreparedLisPSCl argyrodite (with 9% impurity including LsPQu, LiCl and LbkS)
exhibiting an ionic conductivity o2.4 mS.cm! at 300 K was reportedor pellets sintered at

55CC.197

Solid electrolytes for practicddatteryapplications should exhibit an ionic conductivity
above ImS.cm' at room temperaturé€onsideringheabovementionedmprovementsand given
the low electronic conductivitgf LisPSCl,[**4 it is a promising candidate for ablic-state Li

ion batteriesThereforeit has been explored in cells witkfferent electrodenaterialg®6%72

The discovery of avel and advanced solid electrolytespivotal to solid state battery
progress, but ihasbeen lamperedoy insufficientunderstanding of the fundamental descriptors
thatgovernionic mobility. Many elegant studies have been devoted to this topieR&X (X =
Cl, Br, 1), including elucidation of the role of anipolarizability!”™ andhalogendisorder which
is particularly important in argyrodites. Early studies showed that the venphiewonductivity
of LiePSl (10*-103mSem?) , is due to the “dverterdaant 4cdi st r
crystallographic sites compared toetBl/Br ions{®? the smaller halides exhibit disordered
sulfide/halide occupation on the two sites, whereas the larger iodide anion only occupies the 4a

site.
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Wagemakeret al. studiedLisPSX using density functional molecular dynamics (MD)
simulationsto clarify the efect of halogeristributionandidentifiedthree types of Lion jumps
in the cagelike polyhedra formed by*lin the stable 48 Wyckoff site, and 2¢ transition site:
shortrange 48-24g-48hiid ou b | et Jaoge p8s4sghinsacage jumps, and loAgnge
inter-cage jumps$’® These studieslucidatedhat halogen disorder is advantageous for the-inter
cage jump that is responsible for lerange Ltion diffusion. The MD simulations also probed the
effect of introducing more halogens (and hence more Li vacancies) into the argyrodite structure to
form the theoretical compositionssBiSiX 2, where the halides occupy all of the 4a and 4c dttes.
was concluded thancreasing the halogen content does not significantly alter the conductivity for
LisPSCl> andLisPSBr, phasesvhich inspiredhis studyto develop halideich compositions lg
PSxCliex(x O 0.5) where halide/sulfide disorder
Thestructureof singlephasd.issPS sClisargyroditewaselucidate by neutron diffraction; and
ionic mobility in the solid solution seriesddPSxCli+ (X < 1) wasdeterminé by a combination
of electrical impedance spectroscopy (EIS) and pulsed field gradient (PFG) NMR. PFG NMR has
seen increasing utility for transport measurements in solid electrogteatly®®1%d The most
haliderich compositiorLis sPS sClis exhibitsthe highestoom temperature Liconductivity of
9.4+ 0.1mS.cnt!which is about foufold above that lsPSCl prepared under identical processing
conditions and a low activation energy of 0.29 &Wpactof posttreatment was investigated on
LissPSsClis Sintered phase exhibitedvenbetterconductivity of 12+ 0.2 mS.cmt. ’Li PFG
NMR spectroscopy and fast magingle spinning (MAS) NMR studies reported for the first time
for LiexPSxCli+x shed light on the Lion diffusivity and local environment. They reveal

heightened Li diffusivity and weakened interactions of thé tation with the framework owing
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to the substitution of the divalent sulfide for the monovatatide andcorrelated dfusion of the

Li*ions.

3.2Material Synthesisand Characterization

Lithium sulfide (LpS, SigmaAldrich, 99.98%), phosphorus pentasulfideS Sigma
Aldrich, 99%), and lithium chloride (LiCl, Sigrsaldrich, 99%) powdersvere useds starting
precursos. The stoichiometric amounts of starting precursors (total weight about onevggean)
mixed in a mortar for ten minutes in an argdled glovebox (HO, G, <1.5 ppm) and then ball
milled with 133 balls in a sealed zirconia jar using a high energy pignball mill (Fritsch
PULVERISETTE 7 Premium). The milling speed and duration was 380 rpm dnce$pectively.
The powder was then recovered from the jar andhis®d in a mortar. The microcrystalline
powderwas pelletizedat two metric tons in a 10 mrfor 9 mm) die, placed in a glassy carbon
capped crucible and vacuusealed in a quartz tube, and heat treated &F605-7 hours leading
to the final argyrodite productsdBSClI, Lis 752 S;.75Cl1.25, Lis 622 S.628C11.375 LissP S sClis and
LiePSBr. The heating and cooling rates were°@/min. All quartz tubes were preheated for two
days at 108C under vacuum to remove traces of wakan the Rietveld refinement of NPD data,
LisPSCl structure in the space groliod was used as a starting pofor the refinemerit’
Refinement constraints that were used were as follows: the atomic coordinates and atomic
displacement parameters weneefil to be the same for the shared site S1 and CI1 (and for S2 and
Cl2). The sum of occupanciegasfixed at one for the shared sites (Occ(S1)+Occ(Cl1)=1 and
Occ(S2)+0cc(Cl2)=1). The occupancies on the 4b and 16e sites were fixed at oneiidrhe Li
occupang and atomic displacement parameter on the 48h site was fitted without constraints. All

parameters were subsequently refined.
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3.2.1Electrochemical | mpedanceSpectroscopy

lonic conductivity was measured by ac impedance spectroscopy. Microcrystalline powder
samples were cold pressed at 2 tons for 2 minutes in a 10 mm (or 9 mm) diameter die. The
experimental density of the cold pressed pellets was 87 + 1% of theoretical. The pellets with
varying thickness (seEable 34 for thickness valugsvere placed between two indium foils that
served as blocking electrodes in a modified cell for EIS measurements. Impedance spectroscopy
was performed on the cofttessedellets at 298 K with a VMP3 potentiostat/galvanostat {Bio
logic) in the frequency range from 1 MHz to 0.1 Hz. The ionic conductivity was calculated by the
equation 0 = t/RA, where R is the totalss,resi st
and A is the area of the solid electrolyte. For all the materials studied at 298 K, the CPE/R (constant
phase element in parallel to resistor) shifted to frequencies that were too high to measure at room
temperature with the impedance analyzer; theegfa semicircle was not observed and only the
tail of the Nyquist plot was used for the ifi., the resistances values were obtained using the
intercept of the linear fit of the Warbuayirve with the real axis.For haliderich Lis sPS sCli s

phaseEIS measurements were carried out at 19&skvell

Foractivation energyH,) measurements, variable temperature EIS was carried out in cells
(under a constant 0.5 ton pressure) that were placad oven with precise temperature control
(Binder, Germanyand an external thermocouple for independent temperature measurement. The
cellwasconnectedo a MTZ-35impedance analyzer (Bibogic) controlled by the MALAB (Bio-

Logic) software,and the impedance was measured from 35 MHz to 0.lirHfive degree
increments from 298 K to 338 K, with two hours allowed for equilibration at each temperature.
The conductivy measurements on 44PSsClis at 286 K and 195 K were carried out by

immersing the sealed EIS cell in a coollmagh andallowing it toequilibrateto temperature. The
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fit was performed using the Eab software. For all of the materials thegre exporedin this

work, ac impedance measurements were repeated to obtain an error estimate.

3.2.2Electrochemical M easurements

The electroniconductivity of the L sPS sCli s electrolytewas measuredccording to the
DC polarization curveisingstainlesssteelion blocking electrodes.
The cyclic voltammograms afi/Li s sP S sCl1s/SSandLi/Li sPSClI/SSwere recorded in a voltage
window of 5.0 to-0.1 V at a scan rate of 1 mV at room temperature. The solid electrolyte pellets
were pressed at 125 MPa to yield thicknesses of 0.158 cm and 0.155 lcimsR# sCl1.5 and
LisPSCl respectively with a diameter of 10 mm. Ts$tability of the electrolyte against Li metal
was investigted by a dissolutiedeposition cycle test using a symmetric La/iRS sCl1 5/Li cell

at a current density of 0.25 mA &n
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3.3 Results andDiscussion

Targetedargyroditecompositions LdxPSxCli+x (X = 0, 0.25, 0.375, 0.5, 0.55, 0.6) were
preparedby ballmilling the precursors, which were heated at “&5@or five to sevenhours
Neutrondiffraction data was collected fdrissP S sCli.s composition which exhibited tHaghest
ionic conductity among the studied compositionseutron diffraction patternand Rietveld
refinementfor this phaseare shown inFigure 3.1. Table 3.1 contains details of tamic
coordinates, occupation fact(®OF)and isotropic displacement paramet@s,). Refinement
results suggest thanly one Li (4&) site is present, with no Li present on thg 84e; S1/CI1 and
S2/CI2 share theadand £ sites, with the additional Cbeing distributed evenly over both sites
(Figure 3.2). In accord with the refinement results)e main resonanarresponding to one Li

siteis observedn the’Li MAS NMR data(Figure 5.10) for LissPSisClis.

=
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Intensity(a.u.)
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d-spacing(A)
Figure 3.1 Rietveld fit of LissPS.5Clys, refined against timef-flight (TOF) neutron powd:
diffraction data collected #98 K (GOF = 3.37, Rp = 4.88%). The black circles denote
observed pattern, and the red solid line indicates the calculated pattern. The difference
blue. Calalated positions of the Bragg reflections are represented by the vertical tick n

green, and the ticks for the minority LiCl phase (1.7 wt%) are shown in pink.
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Table 3.1 Atomic coordinates, occupation factor and isotropic displacement parar
of LissPS.sCly s obtained from Rietveld refinement neutron TOF data (space grol

Frod ), a=9.8061(1) A. The composition from the fit ig A#2S1.5Cl1.45 very close to

the nominal.
Atom  Wyckoff X y z SOF Uisod(A?%)
Site
Li 48h 0.3173(7) 0.3173 -0.0201(9) 0.456(16) 0.075(4)
P 4b 1/2 1/2 1/2 1 0.030(2)
Cll  4a 0 0 0 0.615(17)  0.029(1)
S1 4a 0 0 0 0.385(17) 0.0291)
Cl2  4c 1/4 1/4 1/4 0.834(16) 0.037()
S2 4c 1/4 1/4 1/4 0.166(16) 0.037(1)
S3 16e 0.1188 -0.1188 0.6188 1 0.050(1)
O g Atom | Wyckoff | SOF SOF
site | (LisPSsCl) | (LissPS.sClys)
O s 1\ O Cl1 4a | 0.385(5) | 0.615(17)
Xt S1 4a | 0615(5) | 0.385(17)
Q s/cl RO
po . cl2 | 4c | 0615(5) | 0.834(16)
Ovr 1**"“*'-:; S2 4c | 0.385(5) | 0.166(16)
f’wb

Figure 3.2 Crystalstructure of L sPSi sClisshowing the PS tetrahedra, lithiumion cages
free $/CI- anions, ad comparison of occupancies (SQ¥f) the 4a and 4c sitdsetweel
LisPSCI (from ref75) and LssPSi5Clis.
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The EDS mapping of ksPS.5Cly s (Figure 3.3) indicates elemental rati@sein excellentaccord
with the targetedvalues, and a hongenous digibution of P, S and Cl at the micron scale

Summaryof the EDX analysi$or LisxPSxCli+ (X = 0, 0.25, 0.5)s presented iifable 32.

Figure 3.3 EDS mapping of the heaiteated LésPS.sClis sample, which indicas a

homogenous distribution of P, S and CI at the micron scale.
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Table 32 EDX analysis of the LixPSxCli+ (x = 0, 0.25, 0.5). Two measurements per san
are represented. The sulfur content was not quantified due to minor hydrolysis that occur:
the sample transfer into the SEM chamber.

Targeted Measurement Observed Average Element Atomic Weight
CI/P ratio ratio percent percent

P-K 16.85 16.07

M1 1.04
Cl-K 17.45 19.05
LiePSCI 0.99
P-K 17.49 16.70
M2 0.94
Cl-K 16.42 17.95
P-K 14.7 13.98
M1 1.26
Cl-K 18.5 20.12
Lis.78PS1.75Cl1.25 1.25
P-K 15.8 14.99
M2 1.24
Cl-K 19.6 21.37
P-K 14.7 13.95
M1 1.50
Cl-K 22 23.84
LissPSysClis 1.51
P-K 13.9 13.16
M2 1.52

Cl-K 21.2 23.05

Thehigher ratio of Clions to $ ionsin LissPS.sClis leads toa greater fraction of Li vacancies
compared tdhe parent phada¢PSCl, asevidenced by the lower Li occupancy on the 48h site.
The large atomic displacement paraméiethe Li site (0.074?) suggests high room temperature

mobility of the Liion as dscussed below. XRD pattero$ the other members of the serieg. Li

41



xPSxCli+x (X < 0.5)are represented igure 3.4. Similar to x = 0.5,hese targeted compositions

showednegligiblefractions of impurities

x =0.55

* LiCl

gy x=0.375
= LiCl
L)
2
7))
c
@ x=0.25
whd Li,PS,
) JJ_J
—x=0
Li,PS,
_‘Ll——J“_J * |l\ Ll \L‘LT—JL—{J‘_TT
' 2'0 ' 3I0 ' 4I0 ' 5'0 ' 6'0 ' 70

26 (°)
Figure 34 XRD patterns of lgxPSxCli+ (X = 0, 0.25, 0.375 al

0.55) showing the identified impuritie€alculated positions of t

Bragg reflections are represented by the vertical tick mardpseen
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Full-profile (LeBail) fitting was used to extract the cubic lattice parametewhich is
plotted againsk in Figure 3.5a to showa linear relationshif Ve g a r dThe latticeavaigme
of this solid solution shrinks monotonically wiincreasingx, evidenced by a small decrease in
the cell parameter from = 9.8598(4) A for LiPSCl, toa = 9.8061(1) A for Lé sPS sClis. This
decreasein a owes in most part to the Liacancies, since?S(170 pm) and Ci (167 pm) have
very closeionic radii. Various experimental effortto introduce additional chlorine into the
structureresulted insignificant exsolvation oLiCl at x > 0.5(corresponding XRD patteris
shown inFigure 3.4) which is detrimental to ioniconductivityas discussed latérhermodynamic
instability of the lattte at high vacancy contectiuld govern this solvation limiTherefore while
LisPSCl, was proposed to be a stable compositipnWagemakeet al based oriheory!’® our
experimental efforts show thats sPS sClis is indeedthe end member. Analogous attempts to
increase the BIS? ratio in LisxPSxBri+xshowed significant LiBr fractions even at 0:25 XRD
patterns for the synthesized singleaseLisPSBr and attemptedhalide richLissPS sBris are
demonstrated ifigure 3.6. Thisindicates thasolution behaviour is n@dopted ands likely due
to the larger radius of B¢182 pm)which increases the local structural distortion instigated at the
modified site!®3 Given the observation with targeted -Bech phases formation of the
theoretically anticipated iodide diPSxl1+x phaseg® would also not likely be possible

lonic conductivity for LixPSxCliex (0 O x O 0.6) was deter min
temperaturesComplex impedance plotllectedat 298 Kfor x = 0, 0.25, 0.5 and (0.5, sintered)
are shownn Figure 3.5b and the resultaribtal ionicconductivitydata ispresentedn Table 33.

Extractedthickness and regencevalues of the impedance analysesraportedn Table 34.

43



3.0

< 9.86- _ // ! W F T 7
S~ 254 o '.-E 6004 // / /
© 9.85- | 4f S« J | [/
2 20+ { Sl 4 )

@ 9.84- a : ¢ ” T 0] :", / i

g L j{ RET { ! v

» 9.83- 1591 @ 100

L N '
0-982' . i kY 100 200 300 400 500 600 700

S il gg" z.d\Q.cm )

£ 9.81- 051 §J =
— a b =\=0.5

9.80 T T T T T ? ~=05,S
0.000 0.125 0.250 0.375 0.500 P Bt o ST,
X in L'6-xPSS-xC|1 5 Z'(kQ)

Figure 35 a) Lattice parameter of §iPSxClisxv' s X s howi ng t hi
solid solution is obeyed; b) room temperature complex impedance pthesadldpresse
pellets of LsPSCI, Lis.75PS4.75Cl1.25 LissPSsClis, and a sintered pellet 6fs sPSy sCl
(550°C for 10 min). Inset = magnified view at high frequencies, where the imped
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compositions.

Lis sPS, 5Br, 5
—_ - LiBr
=S
L
> .
il
2 ) il Moo
c
Q
il
= —Li,PSBr

10 20 30 40 50 60 70 80
20 (°)

Figure 3.6 XRD patterns otisxPSxBrix (x =0, 0.5. LisPSBr was obtained :
pure phase. LiBr impurity peaks are identified with red circle&ifQsP S sBr s.
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Table33Summary of t he | forpellets coldprasded at 2 tions)i¢
298 K for the synthesized Ltargyrodites. Error in the ionic conductivities
determined from the span in the measurements for multiple samples of the

composition (extracted values of the impedance analysdalaulated iTable 34).

Li6:xPS5«Cli+x (ii(tot) mS.cm!
LisPSCI 2.5(1)
Lis7PSi.75Cl1.25 4.2(2)
Lis.629PSh 62611375 5.6(2)
LissPSs.sClis 9.4(1)

LissPS sClys, sintered 12.0(2)

Lis.45PS.45Cl1 55 5.9(2)
LisdPSClis 3.3(1)
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Table 34 Room temperature resistance values fexR& «xCli+x (pellets of 10 cm diametenyvhich
wereobtained from the fit of the realxis impedance intercept in the Nyquist plot, illustrating
sampling used to derive the standard deviation in the reported conductivities. Nyquist plots fc

A are represented fRigure 3.5b.

Sample series x=0 x=0.25 x=0.375 x=0.5
Thickness  0.630 0.660 - 0.738
A (mm)
R (q) 313 20 - 10
Total i 2.6 4.2 - 9.4

Thickness 0.68 1.03 0.647 1.01

B (mm)
R( q) 36.2 33 14.9 13.9
Total( 2.4 4.0 5.5 9.3

Thickness 1.03 0.665 0.846 1.00

C (mm)
R (q) 513 191 18.4 13.4
Total 0 2.6 4.4 59 9.5
Thickness - - 0.700 0.896
D (mm)
R (q) - - 16.3 12.2
Total O - - 5.5 9.4
U average 25 4.2 5.6 9.4
Standard deviation—r 0.1 0.2 0.2 0.1

For LissPSsClys, additional EIS datawere collectedat 286 K and 195 KThese points are
displayed inFigure 3.7. Nyquist plotfor 195 Kis shown inFigure 3.7, inset The full semicircle
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in the Nyquist plotwas fit with an equivalent circuit composed of one CPE/R (constant phase
element in parallel to the resistor) in series with a CPE represahgnglocking electrodes.
Characteristic of a soft thiophosphate, bulk and grain boundary contributions could not be
deconwlutedfor these argyroditeand the conductivity represents the tofl298 K, the CPE/R

falls beyond the range of the impedance analyzer and the tail of the blocking electrodes was fit to
obtain the total conductivity valuekitted EIS(at 195 K) parameters are presentedliable 35.

The apex frequency is 1.11 x*18z, which corresponds to a capacitance of 1.7°%A.0The U-

value isclose t00.9, indicating the ideality of the CPE

O x=0.5
2 ——Fit |

E,=0.29eV

O x=0.5at195K

Ln(c.T/S.cm™.K)

7
24 ] —Fit
65
34 =4
Ns
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-5 Z(kQ)
] % ] ¥ I e | ¥ 1 *
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1000.T /K

Figure 3.7 Full temperature range Arrhenius plot forsHPSsClis phase anc
corresponding Nyquist plot at 195K (inset). The apex frequency is 1.11ktz]@vhict
corresponds to a capacitance of 1.7 X EQtheUvalue is about 0.9, indicating the idee
of the CPE
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Table 35 Fitted EIS parameters for 48PS 5Cl1 s at

195 K (Rlectrode= 0.45 cm).

Equivalent circuit= R1/Q1+ Q2
R1 5233 ohm
Q1 1.487e9 F.&*- Y
al 0.8825
Q2 29.26e6 F.$2- 1
a2 0.5937

LisPSCl exhibits a conductivity o§i = 2.5 mS.crrt at 298 K which is consistent wittreported
valuesin theliterature(1.17 3.15 mS.cri).[86.8% 97 gupstitution of $ for CI- in LisPSClI results
in an almost exponential increase withThis exponential trend is depictedFigure 3.8. The

highest ionic conductivity of 9.4 + 0.1 mS.éns reached for the compositions|sPS; sCly s,

almost a fouwfold increasevis a visLiePSCI. The dfect of post synthesis annealing wa®bed
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Figure 3.8 Conductivity and activation energifrom
EIS) for LisxPSxCli+x (x = 0, 0.25, 0.375 and 0.5).
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by sintering plletsof LissPSsClis at 550°C for 10 minAs a consequence of optimizing grain
boundary conductivitysintered.is sP S sCl1 s exhibitedan even higheonic conductivity of 12.0

+ 0.2 mS.crt. Electronic conductivityof LissPSisClis was determined by fitting th®C
polarisation curvelt is noted that Lis sPS,sCl1.5 exhibits a low electronic conductivity of ~3x10
S.cm? (Figure 3.9) similar to the parent phase, whichgsacticallyimportant in determining a

transference number close to one.
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Figure 3.9 Direct current (DC) polarisation data for electronic conducti
determination for lisPS.5Clis. The DC polarisation curwgas fittedwith

a decay functionandthe steady current value at the end of the cwage
extrapolated The electronic conductivity of 3x£05.cm! was calculated

by using Ohm's law.

Activation energiegEs) for Li-ion mobility in LiexPS-xCli+x were determined from both
EIS and PFG NMR temperatudependent measuremenighe correspondindea values are
tabulated inTable 36. Although comparison of these two values implies consideration of the bulk

conductivity from EIS, the ideality of the semicircle and capacitan&egure 3.7 correspond to
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Table 36 Summary of the activation energys]Ezalues obtained from EIS diPFG

Arrhenius plots for the synthesizedaigyrodites.

Li 6:xPSsxClaex Ea (EIS) eV Ea (PFG) eV
LicPSCl 0.34(1) 0.35(1)
Lis76PSs.76Cl1.25 0.33(1) 0.343(9)
Lis.628PSt.628C11.375 0.31(1) 0.320(3)
LissPSisClis 0.29(1) 0.29(1)

bulk transport:®d and it isfair to assume that grain boundary contributions dosigptificantly

affect the observed trend kigure 3.7. Activation energy fotisPSCl rangesetween 0.33.38

eVin the literature where values are extracted frofins T1.[86104105134 |4 this work, activation

energy ofLisPSCl was determined to 34 eV Lis sPS sCli s exhibits Arheniusbehavior with

a low activation energy of 0.29 eV whichdsnsiderably smallathan that ofLisPSCI (Figure

3.8). The activation energies obtained from EFggre 3.7 andFigure 3.10) follow an inverse
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Figure 3.10 Temperature dependence of the ionic conducti

for x =0.25 and x = 0.375.
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correlation with conductivityKigure 3.8). While going from x = 0 to x = 0.5,ariousfactors
synergistically impact decreasingthe activation energyenhancing diffusionand theionic
transport
1) The increase in the total fraction of Gh the $ sitefrom 61% forLisPSCl to 83% for
LissPSsClyis plays a role in decreasing the activation energy
2) Increase in Li vacanayontentwhich further drives the increased diffusivity. Statistically,
there will be a greater chance of an empty doublet of 48 sites near thasCthat will
facilitate intercge jumps.
3) The substitution ofmonovalentCl- halogen with lower ionic chardger divalent S will
reduce the electrostatic attraction of the mobilehs to theramework anions
4) Decrease in the intercage jump distance from 2.88 A (x = 0) to 2.81 A .&) &istance
values weraletermined from the diffraction datd his decrease @ueto the shrinkage of

the unit celland willfavour higher jump rates. However, this effieaxpectedo be small.

Li PFG NMRdiffusivity measurementsere carried oufrom 270 Kto 340 K. It was observed
that by increasingx in LiexPSxCli+x, diffusivity increasesComparison of thérrhenius plots of
diffusivity for x = 0 and x = 0.5 phases from both EIS and R¥f€presentedn Figure 3.11

Lis sPS: sCl1 s exhibits amarveloudiffusion coefficient of 1.0x 10 m2s® at 300 K In order to
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put this value into perspective, itéempared to that reported from PFG NMR measurésredn

benchmarlsulfide material&81°? in tableTable 37.
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Figure 3.11 Arrhenius plots of the diffusivity and conductivity values for x = 0 ant

0.5 from PFG and EIS.

Table 3.7 Diffusion coefficientof materials comparei haliderich phase

Electrolyte Diffusion coefficient | Ref
Li10GeRSi2 2.2x 10?2 m?st 98
Li11SkPS:2 3.5x 10?2 m%*s! 106
LissPSisClis 1.01x 101 m?%s? This work

Stability of LiePSCI vs LissPS15Clis

Electrochemical window has been used in the literature to evaluate the stability of sulfide
electrolytes against Li metdtor LisPSCI, an excellent stability with electrochemical windofv

more than 5 V was claimé® Here the current response and anodic statidity.isPSCl and

LissPS sClis are comparedCyclic voltammetry (CV)carried outin a SSLissPSsClig/Li cell
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shows Li deposition and stripping around O/&Li/Li * (Figure 3.12a). The current response of

LissPSsClis is significantly higher than th&iePSCl phaseas a resi of its higher ionic

conductivity Figure 3.12b).
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Figure 3.12a) Cyclic voltammogram using a Li/ksPS: sCl1 s/stainless steel cell with a sce
rate of 1 mV g in the voltage window 06.0- 0.1 V.b) Comparison of cyclic voltammograr
using Li/LissPS sClyg/stainless steel (red line) and L@RSCl/stainless steel (blue line

cells with a scan rate of 1 m\ & the voltage window 05.0- 0.1 V.

Furthermore, a comparison of CVs on the anodic scan alone reveals an initial, miniscule anodic
current (note yaxis) on the first scan fduis sP S, sCl1.s corresponding to formation of a passivating
interphase that we assign to insulating sulfur formech foxidation of sulfide in the lattice. It
diminishes to virtually zero on the second cydtg(re 3.13a). On the other handhe anodic
current forLiePSCl is initially higher(Figure 3.13b) and is still measurable on the second sweep.
Therefore LissPS sClis exhibits better anodic stability in these studies, likely due to its lower
sulfide content. Studies in cells with active cathode materials need to be conducted to fully evaluate

stability but these are beyond the scope ofttiesis
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Figure 3.13 a) Cyclic voltammogram of a Li/SE/stainless steel cell usingP&Cl or
LissPSisClis as a solid electrolyte layer with scan rate of 1 mfy Ehe first (solid) and
second (dashed) scans are shown.

3.4 Conclusion

In summaion, a new halideich solid solution series kkPS.xCli+x was explorecnd the
changes to ionic transport that halide substitution ineersinvestigatedNeutron diffraction and
variable temperature impedanspectroscopy, in conjunction withi PFG and MAS NMR
studies, provide deep knowledge of structure and ion dynamics. With increasing Cl and Li vacancy
content, a significant and systematic lowering of the activation barrier and increas@im Li
diffusivity was observed. This coincides wah increase of the @5% disorder andnarks the
influence of the monovalent anion. The limit of the solid solution rangePBi sCli s, exhibits
particularly high Liion diffusivity andquadrupledonic conductiviy of 9.4 + 0.1 mS.cmat room
temperature (up to 12 mS.¢nfor sintered materials, approaching the best benchmarks in the
field). Its relatively good stability to lithium metal owing to the lack of easily reduced metals such
as Ge, Sn and Si, aholw-cog elements suggest this material is a good prospecsabdestate
electrolyte.Presentedindings demonstrate that increasing the halide content of thiophosphate

based materials to weaken interactions between the mobibmd.iand surrounding framewaork

54



while increasing site disorder and lithium cation vacancy population to alter the energy landscape,
is an important strategy to increase lithion mobility in the accelerated search for new solid

state ion conductoiisnot only argyrodites.
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Chapter 4 Chalcogenide Substituted Argyrodites

0 1 2 3 4 5
Xin L|6P85_xSexCI

This section is reproduced in part from below manuscript:
Parvin Adelj J. DavidBazak, Jalil Assoud, Abhi Shyamsunder, Gillian R. Goward, and Linda F.
Nazar Correlating structural changes and transport properties in chalcogenide substiuted Li

argyrodite superionic conducto022.

Contribution: The NMR measurements and analysishis chaptewereperformed by DBazak
inDr.GGowar dés | ab niwersity. Siegh argstalmeasurdments amefinemens
werecarriedout by Dr. J. Assoud (Crystallographer at UWaterlao)Seprecursor waprepared

in-houseby Abhi Shyamsunder.
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4.1 Introduction

Global communication was revolutionized by the discoveng application of the Lion
rechargeable battery in consumer electronics such as cellular ptainets laptops, and digital
cameras. Ouday-to-day life relies heavily on the energy storage capability and safety of these
electronicd®1? Current widely used commercial -ion batteriescan pose alarming safety
hazards due to the flammable organic liquid electrolyte which can ignite as a consequence of
overheatingThis heraldghe merits okafer battery chemistries such assalid-state Li batteries
(ASSLBs) which havegarneredmmense attentiowithin the scientific communit}?’ ASSLBs
alsoenable direct stacking of cell units and decrease the inactive volume of a batter@mpack.
key challengen deploying AS8s is the design and fabrication of promising solid electrolytes
that can accommodate the ngeneration soligtate battery technology offieg high ionic
conductivity at room temperatuamdprocessabilityfor grand scale fabricatioin the past couple
of decadesthe myriad oftheoretical and experimental research endeavours has led to a set of
designprinciples that should be considered while targeting a solid electrolyte that can potentially
enhance the ionic conductivity and hence performance. ijadlgi thiophosphates family lsa
been the centre of attention among researchers for enabling high condugtVii@sominent
member of which igheLi-argyrodited®5¢¥ The high mobility of LT ionsin Li-argyrodites makes
this class of materials a fascinating base for furthedepth studieso understand and design

favourable structures for future sektate electrolyte [7> 108119

It was previously reported thdahe presence oénions with higher polarizability in the
argyrodite structure rendela material withcorrespondinglyhigher ionic conductivity”>'3
however, some studies found this to not always be the scel&#ioOur previous work

demonstrated the drastic impact of surrounding anion framework “oforLitransport in the
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argyrodite superionic conductdt§? This along with the theoretical predictions tichtlcogen
(Se and Tpsubstitution will enhance the ionic conductivit}? inspired us to investigate the

substitution of a larger anion in the S position in the cubic argyrodite structtx&Cl.

Sdenium substitution for sulfur has been practiced iwarious lithium and sodium
thiophosphate crystal structugg®viously;however, studies have been more focused on the latter,
particularly on the NgPS; systend’411:112114124 |t wasdemonstratethat the weaker mobi®n
i Seinteraction compared to mobi@ i S interaction led to an increase in ionic conductitty.
Aside from the higher polarizabilityf Selesseing the diffusion barriel* anothemypothesiss
that the larger ionic radius of $E8 pm)compared to $184 pm) couldead to an increase in the
lattice volumeand potentially enlarge the 'Lion diffusion path windowalsoresulting in better

ionic conductivity.

LizPSs was reported for the first time in 1976 by Bri¢& Deiserothet al. studied the full Se
substitution on the S site for this phase in 2010disdoveredhat the lattice parameter for the
high-temperature phase increases from 9.993(1) A fd*%ito 10.475(1) A for LiPSe but they
did not report ionic conductity values for these phasé&3 Later in 2013, Deiseroth and
Wilkening probed Longange Li dynamics in the lithium argyrodite 18Se by spirtlattice
relaxation NMR1?8 At ambient temperature, the Li seliffusion coefficient is approximately

1.3(8)x 10 m?S™. This points to a Lion conductivity in the order of 2 10°® S.cm® at 300 K

Halide containing argyrodite&isPSX (X: Cl, Br) derived fromLi7-PS have been a rising
subject of highly conductive solid electrolygeouting LisPSCl has a cubic argyrodite structure
with the space grouptod . In LiePSCI structure threeanion sitesdenoted a¥Vyckoff 4a, 4c,

16e) existthat S could occupyl6e sites are fully occupied by?Sand together with RWyckoff
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4b), they form isolated PS3 units. Wyckoff4c is the free sulfur site and €3> are disordered over
4a and4c sites.Zeieret al.studied Se substitutidor LisPSxSeBr (0 O x O 1)
transport behavior is not impacted within this range of Se substittitfoithe same group
monitored the transport behaviorlintPS.xSeal (x =0, 1, 2, 3, 4, 5) and noticadinear increase
in the ionic conductivity from 0.0028nS.cm! (x = 0) to 0.28mS.cm® (x = 5) upon Se

substitution114

Here the effect of Se substitutiois investigate for S in the LiePSCI argyrodite solid
electrolytes Solid solution seriesiesPS$xSeCl (x= 0, 0.5, 0.75, 1, 2, 2.5, 4, ®ere synthesized
andthe structureof thesematerialscharacterizé with singlecrystal X-ray diffraction (XRD),

synchrotron XRD and magicangle spinning NIAS) nuclear magnetic resonanc&lMR).

Furthermore,ransport propertiesere studiedia Electrochemical Impedance Spectroscopy (EIS)

and correlated to the structurBtructurerefinement was utilized to studghe effect of Se
substitutionon the previously reported disorder aai4t sites for halide and eticogen atomsas

well asdistinguish the (P£:S&)* moieties via Raman aridP MAS-NMR.

4.2 Material Synthesisand Characterization

Single crystals: argeted compositions dRS$xS&Cl (x=0,0.5,0.75, 1, 2, 2.5, 4, 5) were prepared

in an argorfilled glovebox (MBraun, @and HO < 1.5 ppm). Binary precursors25i powder
(SigmaAldrich, 99.98%), LiCl anhydrous beads (Sigwkrich, 99.9%), LySe (prepared in

house) and elemental powder precursaqSgmaAldrich, 99.5%), S (Sigm&ldrich, 99.9%)

and P red (Sigmaldrich, 99%) were used as starting materials. Stoichiometric amounts of

precursors were hand ground in an agate mortar for 10 minutes. Then the mixture was pelletized

at 1.5 metric tonsThe pellets were placed in glassy carbon crucibles and transferred to quartz

tubes with an inner dameter of 13 mm. The quartz tubes were vacuum sealed with an
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oxygeriacetylene torch. The glassy carbon and quartz tubes were preheatedGioi&hight
prior to use. For growing single crystals, the samples were heated®® &2 held for 12 14
hoursand then slowly cooled dovia room temperaturaever a period of 99 hourbleat treatments
were carried out in a tube furnadéhe airsensitve products were retrieved in thegonfilled
glovebox from which single crystals were picked out and mounted for strglal Xray

diffraction measurement.

Powder samplesTargetedLisPS.xSeCl compositionswere prepared with the same sedidte

routeas described above, albeitth a shorter cooling step applied.

4.2.1Single Crystal Characterization and Structure Refinement

A series of single crystals with different S:Se ratio of the compounds with the formula
LiePSxSeCl (x=0,0.50.75, 1, 2, 2.5, 4, Syere investigated for crystal structure determination.
All samples are in form of colorless plates with the dimensionsn@between 0.020 x 0.080 x
0.080 mniand0.020 x 0.100 x 0.180 miriThe X-ray single diffraction data were lbected at
280K (o protect the integrity of the asensitive samplg¢susing a BRUKER KAPPA
diffractometer equipped with APEX Il CCD detector, using a graghiteochromated M U
radiation.Owing tothe air and moisture sensitivity of the crystals, thheye mounted on glass
fibres with Paratoné\ oil protection themaintainedunder a flow ofiry nitrogen using OXFORD
Cryostream controller 700 at 28Q The data were collected w andf scan mode, with an
increment of 0.3°For acomplete datasetith high resolution and small redundancy, an automatic
Bruker APEX Il suite strategwere used for the collection of the frame sé&tse exposure times
were between 10 and 60 seconds per frame. After the data collection, the unit cells were indexed

and the data were corrected for Lorentz and polarization effects and ascartiabsorption
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correction were applied using SADARBruker APEX Il suit¢. The structure was solved using

thedirect method and refined by leasfuares fitting incorporated in thélBELXTL package.

After obtaining the structure model with one phosphorus and three chalcogen atoms, the
model was refined anisotropically and two Li sites were found in the rest of electron density. First
the S:Se mixed occupancy with freely refined Li foasswasconducted and the ratio were noted,
then the same refinementis conducted agaibut with Cl:Se mixed position and freely refined
Li, with the ratioagainnoted Taking into consideratiotie Cl contribution in the first S:Se mixed
refinement, lhe Se occupancy asg corrected and then fixed for further refinement. Since the
samples were obtained as pure phases, the S:Cl rasofixed over the twoda and 4c
crystallographically chalcogen sites. The final refinement converged to very geallidrwth
the refined formula showing an over underestimation of the Lithium conterdue to the light
Li atom in the presence of heaglementelenium or due to increase or deseof the S:Cl ratio
since both elements hawmparablescattering.Table 41 and Table 42 summarize the

crystallographic datatomic coordinates, and bond distances of x = Ixand.5 materials

4.2.2Powder X-ray Diffraction

X-ray diffraction (XRD) measurement was performechvétPANalytical Empyrean instrument

(45 kV voltage and 40 mA currénusing Cu- KU r adi at i a ffor fatl staget 0 6 i)
measurements, Kapton film was used to protect the sample from moiBh&esample for
synchrotron XRD measuremertti {PS 2sS@ .7sCl) was loaded into a 0.3 mm diameter and 0.01

mm wall thicknesgapillary and sealed with epoxy inside the glove box uadgm. The sample

was measured at the CLS with a wavelength.68954 A (~18 keY. The diffraction gttern was

refined using GSAS Boftware and single crystal data o§P S 25Se.75Cl. The space grouf@ od

was used as a starting point for the refinement.
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4.2.3Raman Spectroscopy

Powder samples were pelletizegside an argoffilled glove box The pellets were sandwiched
between tw glass slides and the edges were sealed with epoxy for handling outside glovebox.
Raman spectra were recorded with Raman HORIBA HR800 spectrometer at an excitation of 514

nm (measurement time: 20 s, accumulation: 5).

Impedance Spectroscopyas carried ousame as previous chapter i.e., powder samples were

placed between two stainless steel rods (10 mm) anepcessded at 2 tons prior to measurements.
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4.3 Results andDiscussion

4.3.1Structural Properties
Single crystals oLiePS$xSeCl (x = 0.5, 0.75, 1, 2, 2.5, 4, &ygyrodite solid electrolytes
were grown via soligstate route. Single crystal diffractidata were collected for athaterialsand

lattice parameters were extracted from refinement which are presekigdrie 4.1a. The lattice
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Figure 4.1 a) Lattice parameter of solid solution serldsPSxS&Cl vs x. The blacl
points represent data extracted from refinement of single crystay Hiffraction. Th
red dotted line denotes the linear fit. b) Se occupancies on Wyckoff 16e site. c)
specta for x = 0.5, 1, 2 and. P(S«S&)* peaksareidentifiedwith different colors ¢
dashed lines

parameters obey Vegar dos | amereasing 8e contemt.ITioevrend

for Se occupancy on the dS6ite is displayed ifrigure 4.1b. This trend indicates that for small
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amounts of Se doping ( »aoD4ditds comPaeed o thetbtmhedral t 0 0
site (1&). Upon introducing higher amounts of Se dapithis site preference disappearis

behavioris corroborated in theoenparativeRaman studiewhich were carried out for x =.5, 1,

2, 5shown inFigure 4.1c. As the Se amount increases, the Pshift (~ 420 cmt) gradually
disappearsGoing from x = 0 to x = 1 and then to x = 2, the rise in the intensity ¢6d#®S

vibrational mode is evidersnd for x = 5, only the peak corresponding to £3& observeds

expected

The structure oLisPSSeClobtained from efinementagainsthe single crystal Xay diffraction
data is displayed iRigure 4.2a. Correspondingtsuctural parameters are presentedatle 41.

Similar to LsPSCI, LisPSSeCladopts the cubiEt o space grougvhere Li sites form cadjke

@cuse

@ cisels

Qsise

1]
L. er

Figure 4.2 a) Crystal $ructureof LiePSSeClobtained from efinementagainstthe
single crystal Xray diffractiondata b) Li cages formed blyi1(48h) (grey) and Li2(48l
(turquoise) sitesLi2(48h) sites introduce a new Li2(48hb)2(48h) intercage jumr
pathway.
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geometries In the conventionaLisPS$X model, threeLi*-ion jumps are feasible, namely:
intracage (4B-48h) hops, doublet hops (484g-48n) and intercage hop&! Refinementresults
for LisPSSeClsuggest that two [(48h) sites are preseffEigure 4.2b) and te new Li sites reside
between theonventional intracage jump sitas previously obseed in the thioantimonate Li
argyrodited®®? For LisPSCl, the intercage jumpil(48h)-Li1(48h) distancewas determined to
be2.88 Awhile for LisPSSeClthis value i2.85A for Li1(48h)Li1(48h) and 1.9A for the new
intercage jump Li2(48RkM.i2(48h) pathway.
Table 41 Atomic coordinates, occupation factor, and equivalent isotropic displace

parameters ofisPSSeCl obtained fronsingle-crystal Xray diffraction dataefinement

at 280 K(space group¥od ). The @lculated formula i&is.12PSSeCl.

Atom  Wyckoff X y z SOF Ueg(A?)
Site

P(1) 4b 172 172 12 1 0.026(1)
cl(1) 4a 0 0 0 0.5266  0.040(1)
Se(1) 4a 0 0 0 0.4735  0.040(1)
cl(2) 4c 1/4 1/4 1/4 0.4735  0.024(1)
S(2) 4c 1/4 1/4 1/4 0.2062  0.024(1)
Se(2) 4c 1/4 1/4 1/4 0.3207  0.024(1)
S(3) 16e 0.6191(1) 0.6191(1) 0.6191(1) 0.949(3)  0.036(1)
Se(3) 16e 0.6191(1) 0.6191(1) 0.6191(1) 0.051(3)  0.036(1)
Li(1) 48h 0.1842(10) 0.1842(10) 0.0177(14) 0.39(2)  0.067(6)
Li(2) 48h 0.068(4) 0.215(5) 0.068(4) 0.12(3) 0.080(20)

Compared toLisPSSeCl one L(48h) site was observedn LisPSsSesCl (refined
compositiorof Lis 7S sSe sCl in the cubid=tod space grouprable 42). Refinement osingle
crystal Xray diffractiondata fortargeted LdPSeCl led to a calculated phaselog 4P Se 4LClo se.

To confirm thisobservationthe synthesis was repeated several times and single crystals were
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picked out of different batche€orrespondingafinement resultsevealedhat only a fraction of

Cl can be present in thgarentstructure wherull substitutionof S by Seis atempted This is

linked to the smaller size of the Cl lattice given that full Se substitution is feasible for iodine

argyrodite phase$4

Table 42 Atomic coordinates, occupation factor, and equivalent isotropic displace

parameters ofLisPSsSesCl obtained from singlecrystal Xray diffraction data

refinementat 280 K(space group ¥od ). The @lculated formula i&is 76PS sSev sCl.

Atom  Wyckoff X y z SOF Ueq (A2
Site

P(1) b 12 172 172 1 0.028(1)
Cl(1) 4a 0 0 0 0.5592  0.036(1)
Se(l)  4a 0 0 0 0.4409  0.036(1)
cl(2) 4c 1/4 1/4 1/4 0.4423  0.027(1)
Se(2) 4c 1/4 1/4 1/4 0.5578  0.027(1)
S(3) 16e 0.6213(1) 0.6213(1) 0.6213(1) 0.6242  0.046(1)
Se(3)  16e  0.6213(1) 0.6213(1) 0.6213(1) 0.3758  0.046(1)
Li(1) 48h 0.177(3) 0.177(3)  0.018(5) 0.48(9) 0.100(30)
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Powder synchrotron diffraction data were collected §PS2sSe7sCl. Rietveld
refinement against synchrotron datanfirmed a pure phaseF{gure 4.3a). Powder xray

diffraction data were collected for x = 1, 2, and 2.5 which are showigure 4.3b, Figure 4.4

a ¢  Observed
Calculated
difference

I LigPS,255€75Cl

GOF: 1.91
Rwp: 2.61

Intensity(a.u.)

[ [Bied) \H\II\IEH IIII\\IIIIHHH
d_J._,;L{‘*,ﬂ,H__ L '”_L"f' .'l._MJi. SRS A RS S S

5 10 1I5 20 25 30 35 40 45
26 () (A = 6896 A)

b LigPS,SeCl
I Bragg reflections

—_ Licl
.
©
o
>
=
N
c
Q
it
=

J‘LMMU A

[ | Il | | [ R A | | [

20 30 40 50 60 70 80
20 (°)

Figure 4.3 a) Rietveld refinement for kPS; 2sSe 75Cl refined againstynchrotron dat:
The hollow black circles show the observed pattern, and the red solid line den
calculated pattern. The difference map is depicted in blue, and the Bragg reflec
displayed in green. b) XRD pattefflat stage)of LisPSSeCl Minority LiCl was

observed which is indicated with red triangle.
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andFigure 4.5. Corresponding XRD patterns demonstrate an almost pure phase with a very small

amount of impuritieshat is not expected to influence total ionic conductivity

LiCl
Not identified

Intensity (a.u.)

iy

20 30 40 50 60 70 80
26 (°)
Figure 4.4 XRD pattern (overnight capillary) of §fSSeCl phase.

Minority impurity peaks are shown witled triangle(LiCl) and purple

stars (not identified)

— LigPS, 5Se, ;Cl

Intensity (a.u.)

—anmﬂﬂhmﬁkklmmmum¢hw*

20 30 40 50 60 70 80

20 (°)
Figure 45. XRD pattern (flat stage) of puredBS sSe sCl phase.
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4.3.2Transport Properties

The argyrodite powders were pressed into pellets for determomigdonductivies from
electrochemical impedance spectroscdpigure 4.6a shows the trend in ionic conductivity and
Figure 4.6b, candd depicttheNyquist plots at room tempedtae used to extract resistance values
for conductivity For x = 5, the impedance data was fit to an equivalent circuit consisting of one
parallel CPE/resistor in series WitlC®E (sed able 4.3 for fit parameterswhich is typically the
circuit used forsolid electrolytes (conductive and capacitive behavior) plus polarisation
component at room temperature. This model did not lead to a good fit for x = 4 and the impedance
response was fit to an equivalent circuit consisting of two CPE/resistor in se¢hi@s@RE Table
4.4). The second CPE/resistor is ascribed to grain boundary processes given the much higher

capacitancé??

All the samples except x = B&xhibit an ionic conductivity greater thanmsS.cm’.
LisPSSeClexhibits the highestonic conductivityamong the studied materials in this work and
the previously reporteti sPSs«Se(Br/l).11*2114 |t was noted thatinlike the bromde phases, the
ion transport is indeed impacted by Se sulnstih in the chlodephasesThe measured materials
exhibited an interesting behaviour as a function,afith an initial sharp increase peaking at x =
1, followed by a more gradual decline from x = 2 to x = 4, and then a dramatiofflfopx = 5.

This trend can be readily correlated to the evolution of the structure upon increased Se substitution.

Going from the parent phase to x = 0.5, the increase in the volumeuwfiticell (from V
= 958.53 K to 967.83 K) broadens the Lion diffusion window andould contribute t@ small
increase in the ionic conductivjtwhich continues on going to x 5 eaching a maximum @f7

mS.cmt! at this substitution level. The ionic conductivity then drap28 mS.cmt for X = 2.5
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Figure 4.6. a) Room temperatur€RT) ionic conductivity valuedor LiePS.
xS&Cl (x =0, 0.5, 1, 2, 2.5, 4, 5p) Impedance plots fqx = 0.5, 1, 2, 2.5

inset denotes enlarged view at high frequencies where ti@pEdance valu

are normalized to the colaoressed pellet thickness; Myquist impedance pl

and corresponding fit for x =

4 with the respective equivalent cir€ii

parametersire detailed iMable 4.4; d) Nyquist impedance plot and fit for :

5 with the corresponding equivalent circufit parameters are presentec

Table 4.3.
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Table 43 Fit parameters of the impedance data
LiePSeCl at room temperature.

Equivalent circuit = R1/Q1 + Q2
R1 164. 8
Q1 0.452e9 F.$2- 1
al 0.995
Q2 21.44e6 F.$2° 1
a2 0.602

Table 44 Fit parameters of the impedance data
LiePSSeCl at room temperature.

Equivalent circuit =

R1/Q1 + R2/Q2 + Q3

R1
Q1
al
R2
Q2
a2
Q3

a3

44 . 44
37.9el11 F.&
0.980
22.05
8.26e7 F.¢*°V
0.825
1.38e5 F.¢*- 1

0.716
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This increase and subsequent decremseorrelatedio a change in the distribution dfi sites
present in the structyrenvo Li(48h) sites were realized in x =dompared with only a single

site inx = 2.5 as determineftom singlecrystal Xray diffraction dataefinement The presence

of new Li2(48h) sites between the inacagejumpsfacilitate the Li ion conductiorby acting as
local minima'*”? and the newshorterintercage jumpL(i2(48h)-Li2(48h) diffusion pathway)is
beneficial for long range Liion diffusion. This is in accord with previous studies that suggested
Li redistributioni.e., partial Li occupation in sites other than the conventistratturaimodel 4&
sites promotes fast Li ion diffusion in-argyrodites!?8138 Reflecting on the ionic conductivity
trend, our results imply that after a certétimeshold furtherincrease in the volume of the cell
leads to longeintercagehopping distances for Li ion@®.00 Afor x = 5) and, together with the

disappearance of the secondlie, eventually reduces the ionic conductivity.
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The LisPSSeCl and LisPS sSe sCl phaseswere further studied with’Li MAS-NMR,
which buttressed our finding fronefinementregarding thesumber of Lisites Li site occupancy
distribution extracted from the refinements aedahvolution of the NMR peaKEigure 4.7) are
presented iTable 4.5. Theratios obtained from refinement are in good accord witALthIAS -
NMR peak ratiosBased on a comparison of the relative signal proportions to the refinement data,
the peak at 1.93 ppm the x = 1 spectrum is assigned to Li(1), while Li(2) is the minor component

at a shift of 2.30 ppm.

Li,PS,SeCl

4 3 2 1 0
LigPS, Se,,Cl /|

— Exp.
Fit
| — Diff.

1 1 1 1 1

4 3 2 1 0
5 "Li (ppm)

Figure 4.7 'Li MAS-NMR for LisPSSeCl and LiPS sSe sCl at 25 kHz and
25 C, demonstrating a twoomponent fit for the former, while the latter is

well-fit by a single Gaussiaborentzian lineshape.
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Table 4.5 Li site distributionextractedfrom ‘Li NMR and
refinement of single crystal-¥ay diffraction.

7Li NMR LiePSSeCl | Signal Li cPS.sSe.:Cl
Integral Fraction
Li(1) 3.232 0.764
Li(2) 0.999 0.236
4.232
XRD LisPSSeCl LisPS.5Se sCl
Li(1) 0.39 0.76 0.48
Li(2) 0.12 0.24 -
0.51
6 r 3
544
— 4-
<
= 3]
0.25V 0.5V 0.75V
2 4
. {“m
. U L) — 1 T T
0 10 20 30 40
Time (min)

Figure 4.8 DC polarization for x = Inaterial at
0.25,0.5and 0.75V

Electronic conductivity(1.1 x 10’ S.cm?) was measured via DC polarization for 1 (highest
conductive phageandthe extracted valueerified that the ionic conduction is dominantthis

material(Figure 4.8).
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4.3.33'P MAS-NMR

The x = 1 and x = 2.materialsvere further studied bB}P MAS-NMR. The corresponding
spectraare presented iRigure 4.9. The substitutional pattern observed is in great agreement with
the substitutional pattern in the Raman spectrum of X=gife 4.1) showing a much wider raeg
of thiophosphate Ssubstitution possibilities for x = 2.5, while either zero£P®r one (PSef)
is preferred in x = 1.

_LiBPS4SeCI
_LiBPSZ_ESeZISCI

120 80 40 0 -40 -80 -120
31
6 ~'P (ppm)

Figure 4.9 3P MAS-NMR for the LsPS,SeCl and LiPS sSe sCl compositions at =

kHz and 25 C. The lineshapes exhibit a cascading pattern indicative of differing
of Se substitution on the FPStetrahedra, with P8 being the dominant coordinati

for x = 1, whereas RS¢€" is the mostepresented coordination for x = 2.5.

4.4 Conclusion

The targeted.isPS$.xSe&Cl argyroditecompositions were obtained t® primaryproduct
and contained colourless single crystals which wekestigated viasingle crystal Xray
diffraction measurementontrary toLi7PSe, LiePSxS&Cl crystallizes in the cubic high

temperature form at room temperaturbe effect of Se substitain on the previously reported
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disorder on d/4c sites for halide and chalcogen atomas investigatel andthe substitutional
patterns of th¢PS-nSe,)> moietieswasdistinguistedvia Raman and'P solidstateMAS NMR.
Furthermore, the ioniconductivitywas studiedvia EIS and correlated to the evolution of the
structure with increasing Se substitutidn the explored compositional spadesPSSeCl
exhibited the highest ionic conductivity 47 mS.cmt. This was attributed to the changetle
lithium substructure, identification of a new Li (48h) site and shorter Li2¢4B{#8h)
interchange conduction pathwakhe insights gathered on the interplay between structure and ion
transport foiselenidebased argyrodite compositions offer agfiel new avenue for designing and

understanding novel superionic solid electrolytes.
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Chapter 5 Cation Dopedand Dual M odified Argyrodites

x1011 PFG-NMR as a probe... Ea A
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This section is reproduced in part with permission from American Chemical Society:
Parvin Adelj J. David Bazak, Ashfia Huqg, Gillian R. Goward, and Linda F. Ndmfluence of
aliovalent catiorsubstitutionand mechanical compression Li-ion conductivity and diffusivity

in argyroditesolid electrolytesChem. Mater33, 2021, 146.57.

Contribution: The NMR measuremengsd analysisn this chaptewereperformed by DBazak
inDr.GGowar dos | ab at OmlyMgodidnefthe NMRidataeis psesentgd.here.

For detailed NMR method and results, refer to the corresponding publication.
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5.1 Calcium and Other Aliovalent Cation DopedArgyrodites

5.1.1 Introduction

Severaltheoretical and experimentstudies on aniosite substitution havéeen reportefor the
argyrodite class of materiald/>"6°7113 albeit cation substitution on the Li site and dual
modification are areas that have not been wgploredwhich inspiredthis study. Recently,
Schneideet al reported stabilization of higtemperature :PS by doping the Li site with iron

to form LisFen.sPSs, the latterexhibits a relatively low ionic conductivity of 1.4 x 1®&.cm?.[*29

While preparing thishesis other groups suggested partial substitution 6f/BFf* on the Li site

for LisPSX (X=ClI, Br) on the basis of XRD refinement&8mong their reported compasins,
Lis.sAloPSBr exhibited the highest room temperature conductivity of 2.4 m&iEHhAnother
study showed that 3-doped LsPSCI exhibits negligible difference in room temperature ionic
conductivity vis a vis LisPSCl and that YJ is exsolved at the grain boundal$# A patent
applicationclaims compositions in the argyrodite lattice derived by substitution of monovalent
alkali cations for Lt.[*32 While the reason for the substitution of a monovalent ion is not clear,
substitutionof a divalent cation with a similar radius to*Lsuch as Mg or C&*, is strongly
motivatedby the increase in vacancy concentration on the lithiumAsté.is demonstrated later

in this chapter,Hatis responsible fomore than a doublingy theionic conductivitycompared to

the parent phasevhen coupled with a small increasetlie CI/S* ratio. The structure and ionic
transport propertiesvere probedvia neutron powder diffraction (NPD), electrochemical
impedance spectroscopy (EIQ)j and*'P magicangle spinning (MAS) and pulsdigld gradient
(PFG) NMR. This study, therefore, helps develop a better understanding of the fundamental
structureproperty interplays that govern the ionic transport and lead to enhanced performance in

this class of materials.
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So far the majority of the L-argyrodite solid eldwlytes have been synthesized by
extensive mechanical milling of the soficecursors followed by heat treatm&it33123 Even the
recently eported direct solidtate route by Wagemaket al. utilized a short ball milling step and
a 10 h long heat treatmef?.Ball-milling consumes a lot of energy and prolongs the preparation
time significantly. Recently Zeieat al. prepared their highly conductive argyrodités+xP1ixGex
Ssl) via hand grinding; dwever, the following heat treatment was two weeks [#hdn this
chaptey all the reported argyrodite compositidnis.2yCaPSCl (00 T8t trphr ), Lis
«2yCaPSxClix (@ T& B TN T8 hw T 00 T xhw TNO T@ho
T®), Lic1x2yCaPS05xClix (0 T® 0w 1) and LisxayMyPS«Cli+x (M: Al or Ga) (w
o0 NG T 0 NG T 0 T™®Ne T o NG ™ e
N0 T8 B T8) were prepared by quick hand grinding (15 min) of the precursors
followed by a short heat treatment (5 h) at 550T his rapid technique saves a great deal of energy

and time.

5.1.2 Material Synthesisand Characterization

All material preparations fotis2,CaPSCl (0 T8t g oK), Lisx-2yCaPS-
Clhx(® ™ b ™M ™ o ™ 0o ™ X NG ™ho 1), Lieix
2CaPS05:Clisx (0 T® B 1) and LiexayMyPSx«Clisix (M: Al and Ga, ®
T OPIE o T ™ o ™ho ™ o ™ ™ ho TN 78 b
w 1) were performed in an argdiled glovebox (MBraun, @and HO content below 1 ppm).
Stoichiometric amounts of the precurséithium sulfide (LbS, Alfa Aesar, 99.9%), calcium
sulfide CaS Alfa Aesar, 99%)phosphorus pentasulfide o, SigmaAldrich, 99%) lithium
chloride anhydrous beads (LiCl, Sigrddrich, 99.9%) aluminum sulfide (ASs, SigmaAldrich,

98%) and galliun{lll) sulfide (GaSs, Alfa Aesar,99.99%) for corresponding compositionsre
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hand groundn an agate mortar for 15 minutes. The ground mixture with a typical weight of 0.5
gram was pelletized in a 13 mm die at 2 metric tons. The resulting pellets were transferred to quartz
ampules which were sealed under vacuum. Glassy carbon crucibles sedréouavoid direct
contact of the pellets with the quartz ampu@sartz ampules (inner diameter of 13mm and length

of 8 cm) were preheated for one day at°8D avoid traces of water meddling in the reaction.

The heat treatments were carried out &6%or 5 hours in a tube furnace with a rate ofG/nin.
Subsequently, the air sensitive products were ground, loaded and sealed in a 0.3 mm diameter
quartz capillary for powdeK-ray diffraction (XRD) measurement¥he XRD patterns were
measured overght ona PANalyticalEmpyreanX-r ay di f fract ometer apply
(1.5406 A). The applied voltage and current were 45 kV and 40 mA respecBedlgrns were
recorded in Deby&cherrer setup and HighScore Plus software was used to identifedhks. p
Time-of-flight (TOF) neutron diffractiordatawere collectedbn POWGEN at the I$S at ORNL
(cent er -spacinglovesthejrangedf 0.500973.0087 A) at ambient temperature. The
program GSAS Il was used for Rietveld refinement, and RSl structure in the space group

"Qod was used as a starting point for the refinement. The P and S occupancieshoanithd @

sites were fixed at their stoichiometric values. The atomic coordinates and atomic displacement
parametersUiso) were restrained to be the same for the shared sites S1 and CI1 (and for S2 and
Cl2). The sum of occupancies was set to one for the shae=d(€itc(S1)+Occ(Cl1)=1 and
Occ(S2)+0cc(Cl2)=1), and the atomic coordinates were restrained to be the same for Li and Ca

on the 48 site. All other parameters were subsequently refined.

Scanning Electron Microscopy (SEM) and Energy Dispersive Xay (EDX) Analysis
A Zeiss Leo 1530 FESEM (with EDX detector) was utilized for microstructural

observation of the materials as well as elemental analysis. As the materials were not stable under
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prolonged electron beam illumination, an acceleration voltage of 1WikW an acquisition time
of 1 minute was used for EDX measurements.
Electrochemical Impedance Spectroscopy (EIS)

EIS was employed to obtain the ionic conductivities. Powder samples were sandwiched
between two stainless steel rods (diameter of 10 mm)altgpressed at 2 tons by a uniaxial
hydraulic press to give pellets between 0.5 to 1.1 mm thick. EIS measurements were carried out
by sandwiching the pellets between two indium foils at 200 mV and in the frequency range of 1
MHz to 100 mHz at 298 K using VMP3 potentiostat/galvanostat (Bimgic). For temperature
dependent conductivity measurements, impedance spectra were recorded in the frequency range
of 35 MHz to 100 mHavith the MTZ35 impedance analyzer (Blagic) controlled by MTLAB
(Bio-Logic) sditware from 298 K to 338 K at 5 K intervals. TE#S measurement fab T®h
w T was performed at 273 K by immersing the sealed EIS cell in a cooling bath and waiting
until equilibrium was achieved. Data analysis was performed using tHeakGoftwareand the

activation energy was determined from the slope of the Arrhenius plot.

5.1.3 Resultsand Discussion

Compositions varying only in Ca content (standard).Targeted ompositionsLis..yCaPSCI

(0 Thrgt brphrg ) were preparedThe XRD patterns fofw mhr@h@ ) are shown in
Figure 5.1. These argyrodites show a very small amount of impurities.5 wt%; geFigure
5.2a for quantitative Rietveld refinement of the XRiata and~igures Figure 5.4, Figure 5.6,
Figure 5.7 for quantitative Rietveld refinements RPD data)which are not likely to impact the
ionic conductivity. Attempts to increase the €draction toU @& led to the rise of sPS; and
CaRO11 impurities (see XRD pattern iRigure 5.3) and a decrease in the ionic conductivity,

indicating thatd 1@ us the limit of solid solubility.
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Figure 5.1 XRD (capillary) patterns ot§ THrh® dand (0 18 b
No T Xhw 1) representing the identified impurities. Vertical ti
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marks in green represent the calculated positions of the Bragg reflections.
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Figure 5.2 Rietveld refinement of XRD patterns of la sCa.1PSCl, GOF = 3.3¢
Rwp = 5.95 (minority LiPS phase: 0.9 wt%) H)is 424Ca 1P St 62¢Cl1.375 GOF = 5.7
Rwp = 7.59 (minority LsPQy phase: 2.7 wt%). Experimental data are shown in [
calculated data in red and difference profile in bluertival ticks for Brag

reflections are shown in green and minority impurity phases are illustra
magenta.
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Figure 5.3 XRD patternof U & with illustrated impurity
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In order to have a bettanderstanding of the structural influences of'@aping on the argyrodite
products, Rietveld refinement against the neutron diffraction pattern was carriedut f@g v

(Figure 5.4) in the cubicspace groufFrtod , yielding reasonable occupancy values that were in
accord with the targetestoichiometry. Because of the low fractiohCa" in the lattice the Uso

for Ca (0.0542) wasnot refined andwvas set to be about half that of Li (assuming that a divalent
cation will have a smaller atomic displacement parameter on the same site due to its divalent nature
and larger sizePerforming the refinement without fixing thesdfor Ca?* or with smallerfixed

Uiso values (e. g. 0.04?)[138 which was reported fa€&* dopant in other cubic thiophosphates,

did not yield meaningful occupancid¥§e recognise that the accuracy of the refined occupancy of
Ca&* could be compromised by our approach; nonetheless, the refined composition

(Lis.71Ca.182S1.0Cl) is almost identical to the targetstichiometry(Lis 7dCa 1P SCl).

The refinement results fos T YTable 5.1) reveal that both Liand C&*ions partially occupy

the 48 site and neither are present on thg &#e.In this Li vacancyrich materialas in the other
Casubstituted compositiong-igure 5.6 and Figure 5.7 discussedelow), we do not observe
occupation on additional sites in the lattice that were recently revealed fbgrigwerature neutron

diffraction studies offi Lst uf f e d 0 & M®PhixSH, 1 aneébyLi Zei erfdrs gr oL
LisPSX (X = Cl, Br).[**8 The site disorder (ratio of @8% on the 4c site, 62.8%) is almost the

same as in the parent phase (61.5%).

Energy dispersive Xay (EDX) analysis confirmed the homogeneity within the material and
showed elemental ratios that were in accord with the theakghlues. Selected examples of the
normalized ratios obtained from EDX are givenTiable 52. For®w 1@ andw 1@ Uy the

Ca:P:Clratio is 0.10:1.01:1.00 and 0.16:0.99:1.00 respectively
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Figure 5.4 Time-of-flight (TOF) neutron powder diffraction pattern tfe targeted
Lis7Ca.1PSCI after heatreatment at 550°C f&rh. Ticks fortheminority LisPQi phase

(<1.5wt%) are in purple.

Table 5.1 Atomic coordinates, occupation factor and isotropic disg@inent parameters (
Lis 7Ca.1sPSCl obtained from Rietveld refinement of neutron time of flight data (space g
Froda) a = 9.8414 (1) A, and volume = 98.20 (2) A2 yielding arefined compositionof
Lis.71Ca0.15P S oCl.

Wyckoff Site X y z SOF Uiso(A2)
Atom

Li 48h 03116  0.023% 0685 0.476(14) 0.084(4)
Ca 48h 0.3116 0.023 0.685 0.0125(30) 0.6
cil 4a 0 0 0 042009)  0.024(1)
CI2 4c 1/4 1/4 1/4 062811)  0.033(1)
P1 4b 0 0 0.5 1 0.025(1)
s1 4a 0 0 0 05809)  0.024(1)
S2 4c 1/4 1/4 1/4 037211)  0.033(1)
S3 16e 0.1189 -0.1189 0.6189 1 0.040(1)
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Table 52 EDX analysis of the LigCaiPSCIl, Lis/xCa1PSCl and
Lis:Ca.1PSi sClis. Given the slight amount of hydrolysis that takes place du
the material transfer into the SEM chamber, the sulfur content could n

accurately quantified. A minimum of 4 measurements per composstieported.

Lis.eCao.1PSCl Atomic percent Weight percent
Measurement Ca P Cl Ca P Cl
M1 1.79 | 16.01| 17.70| 2.20 | 15.20| 19.23
M2 1.83 | 16.02| 18.04| 2.25 | 15.20| 19.59
M3 1.67 | 17.38| 15.42| 2.06 | 16.55| 16.81
M4 1.89 | 17.10| 16.47| 2.33 | 16.25| 17.91
M5 1.60 | 17.87| 15.84| 197 | 17.01| 17.26
Average 1.76 | 16.88| 16.69| 2.16 | 16.04 | 18.16
Standard dev. 0.11 | 0.74 | 1.15
Normalized to Cl amount 0.10 1.01 1.00
Lis.7Cao.1sPSCl Atomic percent Weight percent
Measurement Ca P Cl Ca P Cl
M1 3.14 | 16.09| 18.30| 3.84 | 15.21| 19.80
M2 3.12 | 15.45| 18.26 | 3.82 | 14.60| 19.76
M3 215 | 17.48| 15.09| 2.64 | 16.63 | 16.43
M4 2.49 | 16.28 | 14.63| 3.07 | 15.48 | 15.92
Average 273 | 16.33| 16.57| 3.34 | 1548 | 17.98
Standard dev. 042 | 0.73 | 1.7
Normalized to Cl amount 0.16 0.99 1.00
Lis.3Ca0.1PS15Clas Atomic percent Weight percent
Measurement Ca P Cl Ca P Cl
M1 1.26 | 15.39| 21.55| 155 | 14.56 | 23.35
M2 152 | 15.61| 22.27| 1.87 | 14.75| 24.10
M3 152 | 142 | 23.72| 1.86 | 13.40| 25.61
M4 1.6 | 15.13| 22.62| 1.96 | 14.29 | 24.45
M5 1.45 | 15,53 | 22.27 | 1.78 | 14.68 | 24.10
Average 1.47 | 15.17| 22.49| 1.80 | 14.34 | 24.32
Standard dev. 0.01 | 0.26 0.5
Normalized to P amount 0.10 1.00 1.48
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Compositions varying in both Ca and Cl conterg. Targeted ompositiond.is.x-2yCa/P SxCl1+x

(0 ™ hw ™M ™ o 1™ O ™ Xw TN T™Who TEP) were
prepared. ThXRD patternsof (0 18 b0 1 AT Ao 1 X 71§ are presented in
Figure 5.1, indicating that the mateis areessentiallypure single phases. The composition was
confirmed by refinements agairise XRD data for &0 1@ xhwo 18; Figure 52b) and
™hw T; Figure B.1, Table B.1) and against thBlPD data for (0 & B T1; Figure
5.6) that all reveale®2.7 wt %impurities. However, additional Ca substitution to tasy@minal
composition olLis 4sCa 1P S.75Cl1 25led to a notabléraction of secondary phases, which had an
undesirable impact on the ionic conductivity. Therefore, thedGlargyrodites cannot sustain as
high a degree of Ca substitutidikely owing to vacancy limitations on the #8ite The local
structure of T@®hD T Twas explored with Raman, showing only the P $noiety
characteristic of the crystalline structure with no evidence®&f([Figure 5.5a). The EDX for this

phase yielded €a:P:Clratio 0f0.10:1.@:1.48 (Table 5.2).

(a) Lig 3Cay 4PS, sCly 5

Intensity (a. u.)

(b) Lis s5Ga, 15PS;Cl

'-—\__4_——’\-___

T L] L L] T T
200 250 300 350 400 450 500 550
Raman shift (cm™)

Figure 5.5 Raman spectr®r (a)Lis 3Ca.1PS sClis and(b) Lis s5Ga.1P SCl exhibiting the

peaks corresponding BS moiety.
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Rietveld refinement ofs 18 B0 1@ was performed againsite neutron dataRigure 5.6),

where thelUiso values for Li and Ca on the B8ite were fixedsee5.1.2for details).The results
of the Rietveld refinement are presented Table 5.3 and reveal a composition of
Lis s5Ca.10PS.73Cl1.27 thatis very close to théargetedLisssCa.1tPSi.75Cli2s. The site disorder

increases to 74%, compared to 61% fePISCI.

Rietveld refinenreindh d@dftn tipevasisimilagyeperfor@dd against
neutron diffraction dataF{gure 5.7), where the W, values for Li and Ca on the B&ite were

fixed. The results of the Rietveld refinement are presentefable 5.4 and show a refined
composition of Li36Ca.0dPS.47Clissa that is almost identical to targetedsbkiCay.1PS:5Cliss.
While the diffracti-ohcpatmater ol tappeldssipeo
NMR spectum reveals the presence of two closely relaeyroditetype phasesvhich will be

discussedaterin the NMR section
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Intensity(a.u.)
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d-spacing(A)
Figure 5.6 TOF neutron powder diffraction pattern dfisssCa.1PS.75Cli2s Bragg
reflections arshown in greenjdks fortheminority LisPQs phase Q.63wt%) areillustrated

in purple.

Table 5.3 Atomic coordinates, occupation factor and isotropic displacement paramet
LisssCa.1PS.75Cl1 .25 obtained from Rietveld rafement of neutron time of flight data (spa
group Rod) a = 9.822(1) A, and volume = 94B9%2) A3 The calculated compositio

LissCa.10PS.zCla27 is close to the targeted one.

Atom  Wyckoff Site X y z SOF Uiso(A?)
Li 48h 0.3143(15) 0.0212(9) 0.6858(15)  0.463(3) 0.075
Ca 48h 0.3143(15) 0.0212(9) 0.6858(15)  0.008(3) 0.05
il 4a 0 0 0 0.536(15)  0.028(1)
cI2 4c 1/4 1/4 1/4 0.738(15)  0.033(1)
P1 4b 0 0 0.5 1 0.080(1)
s1 4a 0 0 0 0.464(15)  0.028(1)
S2 4c 1/4 1/4 1/4 0.262(15)  0.033(1)
S3 16e 0.120 -0.120 0.620 1 0.049(1)
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— difference Rwp: 2.91
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Figure 5.7 TOF neutron powder diffraction pattern ofkiCa 1PS: sCl1 ssafter heatreatmer
at 550°C foi5 h. Ticks for the minority LiCl phase (0.6 wt%) are in purple.

Table 5.4 Atomic coordinates, occupation factor and isotropic displacement paramet:
Lis3sCa.1PSsCliss obtained from Rietveld refinement of neutron time of flight data (sg
group Fod ) a = 9.7898(1)A, and volume = 938.24 (343. The calculated compositio
Lis.3eCa.0dP S1.47Cl1541S very close to targeted.

Atom  Wyckoff Site X y z SOF Uiso(A?)
Li 48h 0.3174(8) 0.0227(10) 0.6827(8)  0.447(3) 0.075
Ca 48h 0.3174(8) 0.0227(10) 0.6827(8)  0.007(3) 0.05
cl1 4a 0 0 1 0.668 (19)  0.020(1)
Cl2 4c 1/4 1/4 3/4 0.867(17)  0.031(1)
P1 4b 0 0 0.5 1 0.030(1)
s1 4a 0 0 1 0.332(19)  0.020(1)
S2 4c 1/4 1/4 3/4 0.133(15)  0.031(1)
S3 16e 0.1200 -0.1200 0.6200 1 0.048(1)
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Compositions_containingtri and tetra -valent cations Other aliovalent dopantsn the Li site

were also explored including but not limited to trival&@z#£* AlI**, and tetravalent Zf and St".
Different factors such as the size of the cation, mobility, charge, cost, and elemental abundance,
were consideredse substitution on the P site was rebergported yielding high conductivity,

but this presents limitatioria terms of both cost and stabilf8Z Owing to the smaller size of
Al%*(0.535A) and G&'(0.620A) cations compared to 1{0.76A), only small fractions of dopant
could be incorporated (y = 0.1); selected XB&itern&refinement Figure 5.8 andFigure 5.9),

along with EDX dataTable 5.5) are presented below. Attempts to synthesize ppaseLis.
3yMyPSCI (M=Al and Ga) ato> 0.15 were unsuccessful and led to significag®&j andlithium
thiogallate (iGaS) impurities respectively. $ior Zr** doping was not feasible. Given that the
Caargyrodite prepared materials exhibited the most promising results in terms of purity and
conductivity (discussed later in the transport section) at higher doping levels, we focuded the

NMR investigations othis set of materials which utilize eambundant elements Ca, P &1d3?
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Figure 5.9 XRD pattern of L :Gay.1PSCl, a= 9.8374(1) A obtained from whole pattern fittir
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Table 5.5 EDX analysis of the Lsi7zGa.1PSCl and Lk.4sAl0.1PS1.75Cl1 .25 Given the
slight amount of hydrolysis that takes place during the material transfer int
SEM chamber, the sulfur content could not be accurately quan#iednimum

of threemeasurements per composition are reported.

Lis8Gao.1PSCl Atomic percent Weight percent
Measurement Ga P Cl Ga P Cl
M1 1.73 ]| 15.95| 16.34| 3.64 | 1493 | 17.50
M2 1.71| 17.15| 14.26| 3.61 | 16.10| 15.31
M3 1.10| 17.42| 1466| 2.33 | 16.46 | 15.85
M4 1.50| 15.87| 17.05| 3.17 | 14.88 | 18.30
Average 151 | 16.60| 15.58| 3.19 | 15.59| 16.74
Standardiev. 0.25| 0.69 | 1.15
Normalized to Cl amount| 0.10 | 1.06 | 1.00
Lis.45Al0.1PS1.75Cl1.25 Atomic percent Weight percent
Measurement Al P Cl Al P Cl
M1 1.24| 16.57| 19.48| 1.03 | 15.81 | 21.26
M2 143 | 16.48 | 19.42| 1.19 | 15.72| 21.21
M3 1.39| 16,50 | 19.46 | 1.15 | 15.74 | 21.24
Average 1.35| 16.52| 1945| 1.12 | 15.76 | 21.24
Standard dev. 0.08| 0.04 | 0.02
Normalized 009 1.06 | 1.25
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‘Li MAS NMR

Besides NPD, the presence ofQa the vicinity of Li" was also established by the appearance of

a small secondary peak in tHei MAS NMR measurements for several {aontaining
compositions Figure 5.10), along with the expected main resonance. Deconvolution of the
lineshapes foto T, T vand ® T& b T , for which the secondary peak was not
obscured by the larger, halig@arichmemtrinduced chemical shift tredéf? yielded peak areas

with ratios corresponding to the*l€&* stoichiometric ratio in each case. For several nominally
targeted o T®hw T compositionswe observed more than one main peak ifithMAS

NMR (Figure 5.10). Although there was no indication of more than sigmificant phase in the

XRD or NPD pattern, these materials exhibited higher diffusivitigis prompted uso increase

the Clcontent further and target the compositibiz3sC&.1PSsCliss T hi s erfCbrupc h 0
material appears single phase by neutron diffractleigu¢e 5.7) but its biphasic nature is
evidenced by itéLi MAS NMR spectrum Figure 5.10, upper trace in dark green), which exhibits
two very weltresolved peaksThe peak at 0.98 ppm is consistent with the phase vib@ra®h
whereas the new narrow peak at 0.83 ppm that is shifted to a much lower frequency environment
is indicative of a more chlorirech argyrodite. This peak does not correspond to LiCl, which
appears at1.2 ppm as a solid®? and was only observed in trace amounts in the full spectra of
Figure 5.10. Semiquantitative analysis based on the 1:2 area of the two peaks in the spectrum
(derived from curve deconvolution), and the overall targeted stoichiometry suggests a composition
of x ~ 0.63 for the new aggodite at 0.83 ppm. The jump to much lower frequenty 4 visthe x

= 0.50 composition) indicates the lithium ions in this argyrodite (which may form-aamains

not resolvable in the RD pattern) exhibit a unique electronic environment that is magehhi

surrounded by chloride anions.
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Figure 5.10 Stack plot of Li MAS spectra for the ygeries and duadoped series, demonstratir
the strong chlorinenrichment shift trend, and no major change in chemical absivciated
with C&*-doping. The inset reveals the secondary peak associated witf dopant.
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Physical and electrochemical properties

The relative density of all the cofatessed pelletwas91 + 0.8 g. cm?® (Table 56). This value

was calculated using the sample geometry and mass compared to the theoretical density of the
argyrodite. The morphology of the microcrystalline material obtained by scanning electron
microscopy Figure 5.11) reveals that there is a distribution in the size of the particles
(predominantly 0.5 to 5 pm). Comparative SEM studies showed that the Ca substitution does not

influence the dominant grain size range(re 5.11b).

Table 56 The relative density of the cojaoressed pellets. This value was calculated usiac

sample geometry and mass compared to the theoretical density of the argyrodite.

Composition Lis7Ca.1PSCl | LissCa0.1PS.75Cli2s | LissCa.1PSsClis

Relative density 89.9 91.7 91.5
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Figure 5.11 SEM imags of a) w= 0.1w= 0, (550C, 5 h and b) ofw= 0.15w= 0,
(550C, 5 h).
The electrochemical window is significant to assess the stability of the prepared electrolyte
against lithium metallhe pesence of metals such as Si and Gedatestasily reduceavould have
a detrimental impact on the voltage window that the solid electrolyte can offer. For example, Jung
et al carried out cyclic voltammetry to evidence that despite the higher conduétivétyimes)

of LGPS compared to RS, the former exhibits poor stability in the low voltage range bé&adw
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V (vs. Li/Li *).[249 We recordedHe cyclic voltammograms &Sw= 0.1 (= 0)/Li cellin a voltage
window of 5.0 to- 0.1 V at a scan rate ofrtV s* at300 K (illustrated irFigure 5.12a) which is
in accord with the recently reportemltage windowfor &= 0.%7 The prepared samples also
exhibited a low electronic conductivity on the order of®cm?t. The preparednaterials

exhibited a low electronic conductivittheDC polarisation curve of a representative samgpke (

0.4- d
. 0.2-
<
g 0.04 A
E 1.0
<
2 0.2- g0S _
ES % 0.0 //711______
=0 /
& 041 5 0.5
-1.0
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-0.6 Voltage(V vs. LilLi*)

o 1 2 3 4 5
Voltage(V vs. Li/Li*)

500 - r t b
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Figure 5.12 a) Cyclic voltammogram curve of the stainless steel0.1 (o= 0)/Li cell with scan
rate of 1 mV S in the voltage window of 5.0 t@.1 V, inset shows the magnified view in the volte
range of 0.4 tc0.1 V. b) DC polariation curve ford= 0.15 (b= 0) at 0.25 V (black), 0.5 V (red)
0.75 V (blue) (colépressed at two tons and 3K

98



0 . 1& 5x 10°S.cm?) is demonsated inFigure 5.12. Thus, the combination of good stability
and low electroniconductivity makes the substituted argyrodite materials favorable as a solid

electrolyte

Transport Properties of the Cadoped compaitions

Temperaturelependent EIS and PHBMR measurements were carried out to assess changes to
the ion transport as a result offCaubstitution in selected standard anefich compositions. The
corresponding impedance responses with the respects/ariit shown irFigure 5.13, and
Arrheniusplots of all material®btained from ElSare shown irFigure 5.14 and Figure 5.15.

Since the CPE/resistor component is shifted to frequencies atteomperature that are too high

to measure with the impedance analyaaty the Warburg tail of the blocking electrodes was used
for the fit EIS measurement fab 1@ uwas performed at 195 K by immersing the sealed EIS
cell in a cooling bathThe impedane data at low temperature were fit with an equivalent circuit
consisting of one parallel constant phase element (CPE)/resistor in series with a CPE, representing
the blocking electrodes. Bulk and grain boundary contributtond notbe deconvolutefut the

a value is 0.9 denoting the ideality of the CREgQure 5.16 and Table 5.7). The ionic
conductivities at room temperature and the activation energig$ofEcompositions varying in

both Ca and Cl conteate displayed iTable 58. The marriage of anion disorder and the presence

of unoccupied neighboring sites for the molodle hops lead to good conductivity.
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Figure 5.13a) Nyquist impedance plots aéf= 0, 0.1, 0.15,d= 0) andw= 0.1,00= 0.5 at 298
K. Figure inset illustrates the enlarged view at high frequencies. For the sake o
comparison, the impedance was normalized to the corresponding pellet thidkoegs b)
Diffusivity plots forw= 0, 0.1, 0.15¢= 0),w= 0.1,0= 0.5 from PFG NMR data.
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Figure 5.16 Nyquist plot ofU 1 wat 195 K. The apex frequency is 1.11 £

Hz, which corresponds to a capacitance of 1.78%R;thea-value is almo:

0.9, indicating the ideality of the CPE.

Table 5.7 Fitted EIS parameters fdd 1@ vat 195 K

(relectrode= 5 MM, Celectrode= 1.28 mn).

Equivalent circuit= R1/Q1+Q2
R1 507240hm
Q1 1.108e9 F.4D
al 0.8987
Q2 38.14-6 F.&° 1
a2 0.2965
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Table58Conduct i vsi,foryoldplessedtpell@stat 2 ton) and activation ene
(Ea) values obtained from EIS and PF@rAeniusplots forthe prepared CGargyrodites.

SeeTable 5.9 for analysis detalils.

Compositions ot [MS.cnTl]  Ea(EIS) [eV] £ 0.01 Ea(PFG) [eV]
LisPSCI (pristine) 3.1 0.34 0.35 (1)
Lis.oCe.0PSCl 3.5 - -

Lis sCa.1PSCl 43 0.35 0.337 (4)
LisCa.1PSCl 5.2 0.34 0.334 (3)
Lis.eCa.2PSCI 3.4 - -

Varying in both Ca and ClI

Liss5Ca0.1PS.75Cl1.25 6.8 0.33 0.317 (6)
Lis.45Ca0.15P S 75Cl1.25 6.1 - -

Lis.42:Ca0.1P St 62Cl1 375 7.2 0.31 0.307 (7)
Lis3Ca.1PSsClis 7.7 0.31 0.302 (5)
Lis.35Ca0.1PSs.5Cl1.55-Pellet 10.2 0.30 0.287(4)
Lis3sCa.1PS.5Cliss- Powder - - 0.301 (4)

The sitedisorder arises because iBhs share two sitesgénd 4) with S which alters the energy
landscape for Li ion diffusioH® For Lis2,CaPSCl, the stepwise introduction of Ca in the Li site

is accompanied by a gradual increase in vacancy concentration which is the main contributor to
the enhancement in the contuity, given that the disorder is not significantly changeda vis
LisPSCI. The effect ofCa* incorporation orthe intracage or doublet jumpbould be negligible

at this small level of dopinpne Ca per ~ 10 and ~ 6 cagesdor T, @ T wespectively.

It is the longrange transporbetween the cage@ntercage)which dictates the macroscopic

conductivityin Li-argyrodites, as demonstrated lap initio molecular dynamicsmulations
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Table 5.9 Room temperature resistance valuesli@gik-2yCaPS.xCli+x (cold-pressed pellets at .
ton,10 mm diametembtained from the fit of the realxis impedance intercept in the Nyquist pl
R,dandl d e resistareethickness andotal conductivityrespectively SamplesA, E, G and
K aredepicted inFigure 5.13a.

Lisx-2yCayPSxCl1+x Sample d (mm) R ( Y G ( m$. ljaverage(ms.cml)

A 0.649 251 330
LiePSCl (pristine) 3.12
B 0.625 27.2 2.93
C 0.704 25.7 3.50
Lis.9Ca0.0sPSCl 3.50
D 0.606 22.3 3.50
E 0.804 241 425
Lis.eCao.1PSCl 4.26
F 0.768 229 4.27
G 0983 241 520
Lis.7Ca0.18PSCl 5.18
H 1.032 255 5.16

0.664 24.8 341
Lis.eCaon.2PSClI 3.40

J 0.732 276 3.38

K 0.736 13.7 684
Liss5Can.1PS.75Cl1.25 6.76

L 0.722 13.8 6.67

M 1.070 22.2 6.14
Lis.4sCan.15PS1.75Cl1.25 6.06

N 0.695 14.8 5.98

@) 0.880 15.3 7.33
Li 5.428Ca0.1PS1.624Cl1.375 7.24

P 0.926 16.5 7.15

Q 0.729 12.1 768
Lis3sCaniPSsClis 7.74

R 1.096 179 7.80
Lis.xsCao1PS.5Cl1s S 0.966 12.1 10.2
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These studieshowedthat theintercage jumpatehas the lowest jump frequenoy all and will
henceimit macroscopic diffusionFor example, in the case ofsBiSCI, the jump rates are 0.73,
17.78 and 21.58% 10'° s?) for intercage, intracage and doublet jummespectively’® The fact

that the C4" does not disrupt transport is further supported by the activation energies détpe so
Ca&*-substituted phaseJgble 58), which are effectively the same bisPSCl. Regarding the
argyrodites with trivalent dopantselecteadonductivity and extracted impedance analyses values
are demonstrated ifable 5.10, among whichLis 4sAl0.1PS.75Cl125 exhibited the highest ionic
conductivity of tle compositions (5.7 mS.cl) which is lower than itsC&* counterpart,

Liss55Ca.1PS.75Cl1.25 (lj =6.8 mS.crﬁ).

Table 5.10 Room temperature resistance valued i@k-3yMyP S xCli+x (cold-pressed pellets
at 2 ton10 mm diameterpbtained from the fit of the realxis impedance intercept in tr

Nyquist plot R, d andl  d eresistaregthickness, antbtal conductivityrespetively.

Li g-x-3yMyPS-xCla+x g (m9%. d(mm) R( Y) Lattice parametéR)

Lis.7Al0.1PSCI 3.70 0.615 21.2 -
Lis.4Al0.2PSCI 3.60 0.635 22.5 -
Lis.asAloiPS.75Cliis  4.76 0.631 16.9 -
LisasAloiPS.75Cli2s  5.69 0.500 11.2 9.8249(2)
LisasAloiPS.75Cliss  5.29 0.942 22.7 -
Lis1sAloPS75Cli2s  3.58 0.629 22.4 -
Lis.85Ga0.0sPSsCl 3.74 0.720 24.5 -
Lis.7Gao.1PSCI 3.89 0.590 19.3 9.8374(1)
Liss55Ga0.15PSCl 4.44 1.09 31.3

Lis.4GaoPSCI 405 0.623 19.6 -
Lis.asGaoiPS7sClis  4.81 0.634 16.8 -
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Doping withan aliovalentcation introduces Li vacancies and these generated vacancies

increase the Li ion mobility and diffusivity as demonstrateBligure 5.13b, owing to a lower k
for defectformation Room temperature Lidiffusivities exhibited by thed m® andw T L
phases are 4.15 1021 7FOand4.44 10%[ 7¥Orespectively, compared with85 10%2
i ¥Ofor w Tt (parent phase), which reflects a respective 8% and 15% incrEasedual
substituted argyroditey T@®ho T exhibited a high diffusivity ob® 1 p 1 | FQwhich
is about 2.5 times that of the parent phase, but lower than that of the seélyichiel phase
(LissPSiClig).% In contrast, the diffusivity of the super Clrich LissCa.1PSisCliss
composition is 33% higher thand Tm®h 1@ with an outstanding value of 1.21

p1 | 7O In Liex2yCaPSxCli+x, Simultaneous substitution of cation and anion yields
additional vacancies that contract the lattice to result in a progressive decrease in the intercage hop
distance withay along with an increase in the site disor(feigure 5.17, see NP tables above
andTable B.1). These factors, conjointly with tivgeakened electrostatic interactions between the
mobile Lirions and surrounding framework anions (induced by substitution of divafefar S
monovalent C), are thekey contributors to the high ionic conductivities for the dual doped
compositions, similar to what was found for the purelye@iiched argyrodited°? lonic
conductivities for the soft argyrodites can be further improved by hot pressing the powder or

sintering and modifying the grain boundaries.
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Activation energy is a factor that governs ionic conductiéor the Caargyrodites,
temperaturalependent conductivity measurements follow Arrhenius behavior with the lowest
activation @ergy exhibited by thesuper Clrich materiald 1@ 6 1 (0.30 eV). The
modified Arrhenius equation was applied to include a temperature dependenkpgreo n et i a l
= 08X EfT) , where 0 is the tcomplaircaisthaipefgdosEgie ndent
is the activation energy for ion migration, akgdand T represent their common meanings
values were also obtained frofii PFG-NMR and are in good accord with the values obtained
from impedance spectroscopy, asnpared inTable 58. For eachduatmodified composition,
the chemical shifobserved in NMRwvasalmostidentical to that of the equivaleatonly series

previously studied®® Combined with the relatively smalLi chemical shift of thewseries

relative to the parent phaseR&CI (seeFigure 5.10), this suggests that the €aopants are not
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significantly modifying the electronic environment of Within the cages where the €aeside;
their primary contribtion to improving the transport is via the excess vacancies that they introduce
to the Li" cage network, as illustratedfigure 5.13b and by comparison of theseries activation

energies with those of the dudbped series iffable 58.

5.1.4 Summary and Conclusion

In summary, a novel array of compounds in thaailgyrodite familywas introduceavith
the advantage of a rapid preparation technique and monitored their behaviour as solid electrolytes
by substituting an aliovalent cation for" and increasing the Gtontent.This firmly proves the
efficacy of aliovalent cation doping in this class of superionic argyrodites as a means of increasing
the vacancy population and thereby boosting their conductivity. Furthermore, the underlying
principles governing the fast ion camgtion and diffusion inthis class of materialsvere
established. ASSBs employing thiophosphates often operate witpresised pellets, hence it is
important that a solid electrolyte exhibits high conductivity in the absence of sintering. The novel
super Cl-rich composition LissCa.1PS5Cliss possesses a high room temperature ionic
conductivity of 10.2 mS crhin the coldpressed state with a low activation energy of 0.3D01

eV and a very high diffusivity af.21 10 | 7O
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5.2 Sodium Ar gyrodites

5.2.1Introduction

Sodiumbés | ower c 0 sethaveanmotivateu aesearchars to puosuentidea n ¢

sodium analogues of lithimibased solid ionic conductors which exhildttractive ionic
conductivity for application inpracticalsodium solidstate batteriesOne such example is the
sodium analog ofheLi7PsS11 phasavhich is predicted to have an ionic conductivity of 10 mS.cm
! at room temperaturé*d Neverthelessts synthesis has not been succedsfdito datewhich is

in accord with the computational studies suggestingttiethermodynamic stability may be a
challenge for the isostructural Na compolffd Li-argyrodites exhibit a suitable ionic
conductivity for practical applicati@and researchers have put much effoto imaking the
sodium versionArgyrodites with monovalent catioreherthan Nasuch as copper and silver
argyrodites are quite well known. RecentBtudenyaket al. claimed to have madé/PS and
KePSX (X: Cl, Br)i*3 and they concludkthat thesematerias do not form acubic argyrodite

structurerelying on Raman spectrelowever, theylo not present any diffraction data

The ativation energy for Naion diffusion is lower than Liion in argyroditesstructure
albeit Naargyrodites are less stable compared targyroditesWhile Adamset al. demonstrated
that NaPS may be a practically accessibldNa-argyrodite phase based a@omputational
techniquegt*¥ experimental edeavorsfail to prove thatclaim. Xie et al. reported on their
assiduousefforts to make argyroditeNai2nM™Ss (P, Ge, Sn) and stated thiduey were not

successful43

It wasdemonstratethat Cl-doping is the most favorable halide (among ClI, Br and I) for

doping theanion(S%) sitein NasPS, phaseowing to the lowest formation enerf{3 The above
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inspiredthis part of my thesito investigatevhetherCl substitution in NgPS positively impacs

synthesizability

5.2.2Material Synthesisand Characterization

Sodium sulfide (NaS, SigmaAldrich, 99%), phosphorus pentasulfide .8, SigmaAldrich,

99%), andsodium chloride (NaCl, SigmaAldrich, 9999 and lithium chloride (LiCl, Sigma
Aldrich, 99%) powdersvere useds starting preagors.The stoichiometric amounts of starting
precursors (total weight about one grameyemixed in a mortar for ten minutes in an argdied
glovebox (HO, &, <1.5 ppm) For the programs that included milling, the ground mixture was
thenball milled with 133 balls in a sealed zirconia jar using a high energy planetary ball mill
(Fritsch PULVERISETTE 7 Premium). The milling speed and duratiere400 rpm and7.5h
respectivelyAll the materials (other than sample 8) were pelletized in a die inside glovebox before

loading to a quartz tube which was vacuum sealed prioedabtreatment.

5.2.3Results andDiscussion

NasPSCl, NassPSsClis and NaPSClo mixture were prepared, dnseveral heat treatment
procedures were attemptéthble 511 summarizes some of thesgnthesis efforts with different
heat treanent programsThe \arying parameters ardype of mixing (hand grind or milling),

holdingtemperature, holding time and ramp/cool time.

The reactions for N&aPS«Clx (x = 1, 1.5, 2) are as follows:

()NaPSC| 2 NaShkNaPSNa
(2)NasPSisChsz 1.5 NaGB+NaP®.5 Na

(3) NasPSClZ 2 Na CkPS+ Na
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Table 511 Various preparation methods for targeted sodium argyrodites.

Sample | Composition | Ballmill speed| Ramp | Heat treatment temperatu Cool
and length andholding time

1 NasP SCl 400 rpm, 7.5h |10 h 55(°C, 24 h 60 h
2 NasP SCl 400 rpm, 7.5h | 8.75h | 55C°C, 48 h 8.75h
3 NasP SCl 400 rpm, 7.5h |30 h 750°C, 168 h 90 h
4 NasP SCl 400 rpm, 7.5h | 25h 750°C, 336 h 30h
5 NaesP SCl 400 rpm, 7.5h | 21.5h | 80C°C, 50 h 25h
6 Nas sPS sClis | Handgrind 11.75h | 73C°C, 7.5 h 11.75h
7 Nas sPS,.sClis | Handgrind 13 h 780°C, 7 h 8.5h
8 NasPSCl2 Handgrind 36 h 550°C, 24 h 99 h
9 NasPSCl2 Handgrind 17.5h |550°C, 168 h 87.5h

XRD patterns for selected samp(&s2 and pare shown ifrigure 5.18. Most of the peaks
observed in XRD correspond kesPS;, NaCl and NaS. XRD patterns for sample 6 and sample
7 are shown irFigure 5.19. Peaks for the N®S;, NaCl and NgS phases are identifiedhe
presencef these three phases in thedli productss in accord with the aboveentioned reaction
(2). Moreover XRD patterns for sample 8 and samplé-B(re 5.20) showtheformation of the
stable NgPS phase and presence of Na@l accord with the aboveentioned reaction (3).
Therefore, our experimental efforts indicate thatcompeting phases dominate the final products

andadditional halogen substitution will not stabilize to#y substitutedsodium argyrodites.
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Sample 5 - Na;PS;Cl « NasPS, * Na,S
v NaCl PClg

—— Sample 2 - NagPS;Cl

Intensity (a.u.)

W Sample 1 - NagPS;Cl

20 30 40 50 60
26 (°)
Figure 518X RD patterns (fl at stage) flTable 514
Solid black Iline shows [BBserPfebdaClataghd Na
peaks are identified with red circlest

Sample 7 - Nag ;PS, ;Cl, 5
* Na,PS,

v NaCl
Na,S

Sample 6 - Na; ;PS, ;Cl, 5

Intensity (a.u.)

20 30 40 50 60
26 (°)
Figure 519X RD patterns (fl at stage) Thbleblls a8
bl ackhelnsohebserved pattPHCH .. BENBEI ggsh dpd Na
are identified with red circles, Dblue
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Sample 9 - Na;PS,Cl,
Nas;PS,
+ NaCl

0 I

Sample 8 - Na;PS,Cl,

Intensity (a.u.)

20 30 40 50 60
26 (°)
Figure 520X RD patterns (flat stage) fTable5dE
Solid black |ine shows Pfs$erRGaddp NatCe

identified with red circles and bl ue 1

Afterwards, a small amount of Ni@pingwas attempted with simultaneous halogen doping
in the anion site (composition: d42Na0.0PS.75Cl125). Several heating programgere explored
which are tabulated ifable 512 and the final products were characterized by XRi2at

treatment parameters were optimizedrder to obtain a phase pure product

Selected XRD patterns (Sample 3 and sample 5) are preseifftigadiia 521. Samples 1

- 4 showed small amounts of LiCl andRO, impurities. Sample 5 showed no impurities in the
XRD pattern. The corresponding hdéwgatment procedure was repeated three times to check the
reproducibility. This pure singliphase sample was characterized bypedance spectroscopy
(Figure 5.22) and exhibitedan ionic conductivity 065.4 mS.crt which is higher tharhat of

LissPS.75Cl2s (0 4.2 mS.cm?).
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Table 512 Various preparation methods forskiNa.0P S .75Cl1.25 phase.

Sample | Ballmill speed| Ramp Heat treatmen| Cool
and length temperature  an
holding time
1 380 rpm, 16.5H 18 h 55(°C, 24 h 20 h
2 380 rpm, 16.5H 17.5h 55(°C, 6h 17.5h
3 380 rpm, 16.5H 15 h 550°C, 7 h 15h
4 380 rpm, 16.5H 17.5h 550°C, 5 h 17.5h
5 380 rpm, 16.5H 15 h 550°C, 7 h 17.5h
Sample 5
Bragg reflections
e
=
'
- "A‘J}‘ (ndlnth 0 | \
e
7 —— Sample 3
c « LiCl
9 + LisPO,
< Bragg reflections
[ = I
] = 1 v ] = 1 v ]
20 30 40 50 60
26 (°)
Figure 521X RD patterns (f It &traemsdt asdaenypk Eabie 552
Solid black | ine showkissDdoP&iCliesd ClaantdiP &

I mpupedlks are ibdamrtricfl masd emtichmmo nde s pBircad
reftiemame® shown by the green vertical 1
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Due to the time restrictions, further Na doping to find the limit of the solid solution was

not attempted and can be the subject of a futyper@xental or computational study.

—0— Lig 75Ny 3PS, 75Cl 25

700
— 6004 /{
1
E 500 /
400 7
S )
< 300
°
=" 2004
N v
1004 g
f‘j
T |E1 T T T T
100 200 300 400 500 600 700
z.dla.em-1

1.0 1:5 2.0 2.5 3.0
Z(kQ)

Figure 522 Impedance plot of the colpressed pellet (2 tons)

Lis7Na.oPS7sClios at 298 K. Inset denotes magnified view at h
frequencies. Impedance was normalized to the pellet thickness (Or6%0

For full Na substitution, considering the larger ionic radius of Na (1.02) compared to Li
(0.76), formation of NePSM (M = Br, I) or NaPSe3Br (reflecting on chapter 4 of this thesis)
could be more likely and a subjeictr future experimental exploration. Also, other synthesis
approaches such as quenching the tube in ice water right after theemigérature isothermal

time step could be investigated for potentially attaining the Na argyrodite framework.
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Chapter 6 Discovering New Solid Electrolytes

o

Modifying New Solid
known Electrolyte
materials Devek)pment

@~

L1, 3, ALS

Single crystal measurements targetedNaAl2PsS;1Cl were carried out by Dr. J. Assoud

(Crystallographer at UWaterloo).

This section summarizes efforts for finding new seligctrolytes. The term glass in this chapter

refers to an amorphous material.

6.1 Li-basedSystem Li-Al-S Glass

6.1.1 Introduction

Inorganic glassy solid electrolytes are highly promising for application 4sohdi-state
batteries because of their several advantages in comparison with the crystalline solid electrolytes:

a wide selection of compositions, isotropic properties, nandraundaries, easy film formation
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and so of**8 On the other hand, solid state ceramic electrolytes are safe to use at very high

temperatures due to the intrinsic thermal stability of ceraltfits.

A material may show either better or worst conductiuitythe glass form compared to
glassceramic state.Ma s a h i r o i Japag rhas ugported that the conductivity of their
crystallized LySi SiS-based sulfide sample was lowered by at least two orders of magnitude after
heating up above the crystallizaticemperature (Tctompared tahe original glass at room
temperatureHowever they noticed a different behavior for their8i P.Ss-based glass samples.
After the latter system is heated up beyond Tc, the ionic conductivdgimprovedto higher
values 0f0.6 mS.cm! for the crystalline solid electrolyte (V8.1 mS.cmi?® for the glass at room
temperature}t*d The chemical composition of the solid electrolgied the morphology of the

final phasealsoinfluence the conductivity

In this sectionwith the aim of discovering new solid electrolytés;Al-S systemwas
studied ands briefly discussed. Thisiea wasnspiredfrom a2015patent*? regardingatomic
layer depositionALD) methodof LixAlyS film productionfor stabilizing Li metalanode.The
lithium aluminum sulfidefilm reported in the patemtxhibiteda very low ionic conductivity on
the order of 18 mS.cm'. The same authors have published a p&pin 2016 based on their
patent, reporting the same conducieatHere,Li2-3xAlxS compositions wergargetedas potential

solid electrolytesand the products were characterized via EIS.

6.12 Material Synthesis and Results
Li>S (SigmaAldrich, 99.98% and Al>Ss (received directly fromBASF, Germanyas part of
collaboration were used as starting precursdiise precursors were ball milled at 370 rpm for 20

h. The ball milled materialwere redeemed in the Aitled glovebox anchad a khaki colofThree
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compositiors (LiAlo.33S, LirssAlo.1sS, Lio.esAlo.ssS) were synthesizedamong whichLiAl 0.33S
exhibited thehighest ionic conductivitpf 0.08 nS.cm* ( & at 2 5-pressed petlets@atB| d

ton). Ball milled LiAl 0.33S mixturewas heat treated at 240 for 2 h and the conductivity dropped

500

450 -

)

F 400 -

E 350-

20 40 60 80 100 120 140
z'.d-1(kQ.cm-1)

—#&—LiAl, ;3S glass
—e— Heat-treated LiAl ;,S

0 50 - 1(I)0 - 150-200-250-300-350-400-450-
z'.d-1(kQ.cm-1)

Figure 6.1 Room temperaturblyquist plots forLiAl 0.33S glass and he#iteated LiAb.33S.
Impedance is normalized to the respective pellet thickfuesbetter comparisaninset
displaysmagnified view at high frequencies

from 0.08 mS.cm? for glass t00.0B mS.cm! for the heattreated materia{seeFigure 6.1 for
impedance plots)understanding & underlyingbehaviorof theLi-Al-S systenrequires further

characterization of thematerialwhich was not pursueak part of this work
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6.2 Na-basedSystems Na-Zr -P-S, Na-Al-P-S andNa-Y-P-S
6.2.1Introduction

In recent years, Nen batteries have garnered tremendous interest as an alternative to Li
ion batteries because of sodiunitsv cost and natural abundari&&**¥ Current Naion
electrolytes are very similar to n@gueous Ldon electrolytes, which are flammable organic
liquids and have limited electrochemical stability window (< 4.5 V). A promisitgynative is
all-solid-state Naion batteries that utilize Nen conducting ceramic electrolytes offering wide
electrochemical window (> 5 V) and high thermal stabilfit§. The development of afiolid-state
batteries still falls short of expectatiodse to the lack of suitabkolid electrolytes required for
practical applications, with mogiresentday Na solid electrolytes only exhibitingood ionic
conductivities aklevatedtemperatureslf solid-state Naon batteries are to beompetitivefor
stationary energy storage systemiey must encompass high performaneghigh conductivity
at room temperaturé*? In 2012,a major milestonavas achieved towards practical i¢m solid
conductorsby the report ofglassceramicNagsPS; exhibiting 0.2 mS.crit at ambient temperature
owing to the stabilization of NBS6 subic hightemperature phas&his sulfide electrolytewas
employed in arall-solid-stateNa battery anch room temperature rechargeabla batterywas
realized*? Sulfide systems are particularly interesting due to their high room temperature ionic
conductivity compared to thexide analogies This stems from the large size and high
polarizability of silfide () ions which open up the bottlenecks for ion migration. Moreover, they
possess low grain boundary impedance and are easy to process into thin electrolyte membrane by
simple cold pressing.

This section describes tlegforts that were made to delop a novel sulfideelectrolyte

based on thdla-Zr-P-S system(Figure 6.2) and heelectrochemical performander glass, glass
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ceramic and ceramic compositions of thentionedsystem vere exploredto determine which

compositionexhibitsthe best conductivity valugt room temperature.

Na,,;,Zr,..(PS,;); (x=0,0.5,1,1.25)
P : N

| Glassy | Glass-ceramic Ceramic
electrolyte \ electrolyte ~ electrolyte

~ L J

Undoped ‘ From compound

precursors

From element and

Doped with Aluminum ‘
compound precursors

Elemental synthesis

Figure 6.2 Schematic of xperimental procedurearried oufor Na-Zr-P-S system

6.2.2 Material Synthesisand Characterization

Precursor preparation: Zirconium Sulfide ZrS) powderwhich isone of the main precursors
was prepared in hous@ solidstate routeZirconium (Strem Chemicals Inc.) and sulfur (Sigma
Aldrich, 99.998%)wereplacedin a quartz tube in an Afilled glovebox. The tubeontaining the
mixturewasvacuumsealed and hedteated at 90 for severdays!*®® Zirconium melting point

is 1855C therefore the element precursors were held at®@fy seven days in order to allow the
solid sate reaction to slowly occufter the heat treatment, the tuilwasopenednside theargon

filled glovebox to redeem the powd&sr XRD measurementd=or XRD measurement, Z&S
powder was mounted on a zdvaclground holder (ZBH) via grease. Kapton film was used as a

moistureprotective barrier.
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Glass Compositions Preparation In order to prepardNai+sZr2x(PS)s (x =0, 0.5, 1, 1.25)

glasses appropriate amounts ohé compoundprecursorsNaS (SigmaAldrich, X%), P.S
(SigmaAldrich, 99%)andZrS; (synthesizednh-house) were mixedndtransferred to thball mill

jars in an Affilled glovebox.Milling wasperformed in aplanetarybatti | |  ( Fri t schE Pu
7 Premium Line) up to 12 h at 500 rpm under Ar atmospldter redeeming the powdexRD

(sample was prepared on a ZBWas utilized toconfirm the presence of pure glassphase

followed by peletization (under 25 MPa and temperaturdependent ionic conductivity
measurements. The ionic conduciastof these glassesere determinedn a Swagelok® cell

usingEIS. EIS measurements were performed over the range of 100 mHz to 1 MHz af@ at 25

to 20®C. Aluminum Sulfide (granular, 98%, Aldrich) a8 used as the precursar the Al

substitutedylassmaterialstargetingNa,AlZr(PSs)3 and NaAl (PS4 compositions

GlassCeramic Composition: For prepamg glassceramic conductors for the abemeted
compositions, glasses obtained via mechanochemical reagti@subjected to controlled heat

treatment

Ceramic Composition:

From Compound Precursor: Alternative synthesis procedure®repursued to avoid the glass
phase formation through direct high temperature ssiltk reaction of relevant precursors for the
preparation of crystalline superionic conduct@smpound precursors, which axeeS (Sigma-
Aldrich, X%), P>Ss (SigmaAldrich, 99%)and ZrS; were mixedin a mortar inside an Afilled
glove box. Then the powder mixtuweaspresed in acylindrical dieundera force of 6 tons for
two minutes in the glovebox. Following that, the obtained pellete transferretb a quartz tube,
and vacuum seatlwith a torch. Afterwards, the tubeasheat treated in a tube furnace at different

temperature steps based on the melting point of the precursors. The quartweréesrbon
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coated prior to use to irthit the reaction of sodium with the quartz tube. After heat treatment, the

pellets werecrushedandground and then prepared for XRD measurement.

From Element-compoundMix Precursor: Synthesis via solidtate methoavasimplemented in

a sealed quartz tube from a mixture of elemental precursors and compound precursors.

Elemental Synthesis For the solidstate synthesis of ceramic solid electrolytes from elements;
metallic sodiumsulfur, red phosphorous and zirconiuweremixed in a glassy carbon crucible
(SIGRADUR G) and then the cruciblgasplaced in a quartz tube in an-Alted glovebox. Tle

tube wassealed under vacuum and transferred to a tube furnace for heat treatment. Schematic of

the performedheat treatments are shownkigure 6.3 andFigure 64. The first heat treatment

was performedb ased on t emper at ur e stingmintdo adow sulfi@aeath pr e «

time for the precursors to completely melt and react.

350
300°C,12 h
300
250

200

150 120°C,6 h
100 °C,6 h

Temperature (°C)

100

50°C,6 h
50

0 5 10 15 20 25 30 35 40
Time(h)

Figure 6.3 Heattreatmenprocedureof targetedNay+4xZr2x(PS)3 synthesized from

elements
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The second heat treatmemés carried oubased on the paper by S. Costeal, in which they

report successful synthesis of J8aP3S;2.[1%7

700
600 °C, 3days
600

500

400

300

200

Temperature (°C)

100 °C/h

100

0 50 100 150 200 250

Time(h)

Figure 6.4 Heattreatmentprocedureof targetedNay+4Zr2«(PS)3 synthesized from

elements

6.2.3Resultsand Discussion

ZrS; precursorpowder was synthesizedn-housevia solid state routeThe colour of
synthesizedZrS, powder was a violet brown as expected. Formation @S, material was
confirmed by XRD patterifFigure 6.5). The common impurity present in the synthesizebZrS
samples is Zr8vhich has an orange like coldrhis was separated froArS; prior to proceeding

to the next step.
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Figure 6.5 XRD pattern of the synthesized 2rS

6.2.3.1Na1+axZr 2x(PS)3(x =0, 0.5, 1, 1.25) glaswaterials

Potentialsolid electrolyteswere investigatedby systematically synthesizing awtiaracterizing
glassy, glass ceramic and ceramic compositionNaafaZr«(PS)s (x =0, 0.5, 1, 1.25)The
NaZr(PS4} and NaZr(PS4} glassmaterialshad a brick redand mustaratolour after milling,
respectivelyTheXRD measuremertscertain the presence of amorphous gaSe&lective XRD

patterns foNaZr(PS4} andNasZr(PS4} glas®es are shown iRigure 6.6 andFigure 6.7.
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Figure 6.6 XRD pattern of Nazi(PS4} glass.

60

Na .Zr(PS,), + grease + kapton
—— Grease + kapton

20 30 40 50

20 (°)
Figure 6.7 XRD pattern of NgZr(PS4} glass

125

60



EIS measurements wecarried out foNay+4xZr2x(PSy)3 (x =0, 0.5, 1,1.25) All the Na glasses
exhibit rather low ionic conductivities 0 10° S.cm* at room temperatur&electiveNyquist
plots of the impedance diagram fordde.75PS;)3 glassareshown inFigure 6.8. It is noted that
as the temperature risgle bulk conductivity of the solid electrolyte increag®scomparingthe
ionic conductivity data obtained from all the synthesized glassteriab (Figure 6.9), It is

observed that increasing the Na content leads to better bulk ionic conductivity.

1 =49 °C
70 4 =73 °C
1 =296 °C
60 4 =110 °C

0.5 1.0 1.5 2.0 2.5
01 Z/(kOhm)

0 15 30 45 60 75

Z/(kQ)

Figure 6.8 Nyquist plots of the impedance diagréon NasZro.75PSs)3
in the frequency range 100 mHz to 1 MHizsetdisplaysmagnified
view at high frequencies
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Figure 6.9 Comparison of ionic conductivities for thay+4xZr>x(PS)z(x =0, 0.5,
1, 1.25)synthesized glass materials.

TargetedNag+axZr2x(PS)3 (x =0, 0.5, 1, 1.25mixtures were subject to differeheat treanent
proceduresas describedn section6.2.2 Material Synthesisand CharacterizatiorNevertheless,
these efforts were not fruitftbwardsforming athio-NASICON structureSelective XRD pdérn
for NasZr(PS4} for three different heat treatment procedures {60@old 10 h; 502C, hold 4
days and 60T, hold 11 h) are provided lsppendix C - Supplementarynformation forChapter

6 (Figure C.1).
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