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Motivation —
Why solid electrolytes?
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Materials components of a Li ion battery

Cathode FElectrolyte Anode
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Solid Electrolyte: the Key for High-Voltage Lithium Batteries

Juchuan Li,* Cheng Ma, Miaofang Chi, Chengdu Liang, and Nancy J. Dudney*

Advantages Disadvantages
» Compatible and stable with > Relatively low ionic conductivity
high voltage cathodes and (Compensated with the use of
with Li metal anodes less electrolyte?)

» Lower total capacity

Demonstrated for LiNi, ;Mn, ;0,/LiPON/Li
> 10° m LiPON electrolyte layer achieved adequate
conductivity
» 10,000 cycles* with 90% capacity retention
*1 cycle per day for 27 years
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From Toyota Motor Company Website:

8000

High output type
(For HV)

High capacity type
(For EV, PHV)
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Lithium-ion
batteries All-solid
' New Development state batter
(Research)

Year 2012

Lithium—air battery
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(/M) Atsua 1amogd

5 times
improvement Current

(Research)
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Energy Density (Wh/L)

Figurel R&D of Next-Generation Batteries Promote research and de facto standards for next-generation
batteries with collaboration framework between R&D and production engineering
http://www.toyota-global.com/innovation/environmental technology/next generation secondary batteries.html
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Motivation: Paper by N. Kayama, et. al in Nature Materials 10, 682-686 (2011)
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Figure 3 | Thermal evolution of ionic conductivity of the new Li;oGeP;5;; phase, together with those of other lithium solid electrolytes, organic liquid
electrolytes, polymer electrolytes, ionic liquids and gel electrolytes®813-16:2022 Tha ney |i,;GeP5S;; exhibits the highest lithium ionic conductivity
(12mSem~! at 27 °C) of the solid lithium conducting membranes of inorganic, polymer or composite systems. Because organic electrolytes usually have
transport numbers below 0.5, inorganic lithium electrolytes have extremely high conductivities.
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Motivation: Paper by N. Kamaya, et. al in Nature Materials 10, 682-686 (2011)
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Figure 3 | Thermal evolution of ionic conductivity of the new Li;oGeP;5;; phase, together with those of other lithium solid electrolytes, organic liquid
electrolytes, polymer electrolytes, ionic liquids and gel electrolytes®813-16:2022 Tha ney |i,;GeP5S;; exhibits the highest lithium ionic conductivity
(12mSem~! at 27 °C) of the solid lithium conducting membranes of inorganic, polymer or composite systems. Because organic electrolytes usually have
transport numbers below 0.5, inorganic lithium electrolytes have extremely high conductivities.
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Motivation: Paper by N. Kamaya, et. al in Nature Materials 10, 682-686 (2011)
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Figure 3 | Thermal evolution of ionic conductivity of the new Li;oGeP;5;; phase, together with those of other lithium solid electrolytes, organic liquid
electrolytes, polymer electrolytes, ionic liquids and gel electrolytes®813-16:2022 Tha ney |i,;GeP5S;; exhibits the highest lithium ionic conductivity
(12mSem~! at 27 °C) of the solid lithium conducting membranes of inorganic, polymer or composite systems. Because organic electrolytes usually have
transport numbers below 0.5, inorganic lithium electrolytes have extremely high conductivities.
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Motivation: Paper by N. Kamaya, et. al in Nature Materials 10, 682-686 (2011)
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Figure 3 | Thermal evolution of ionic conductivity of the new Li;oGeP;5;; phase, together with those of other lithium solid electrolytes, organic liquid
electrolytes, polymer electrolytes, ionic liquids and gel electrolytes®813-16:2022 Tha ney |i,;GeP5S;; exhibits the highest lithium ionic conductivity
(12mSem~! at 27 °C) of the solid lithium conducting membranes of inorganic, polymer or composite systems. Because organic electrolytes usually have
transport numbers below 0.5, inorganic lithium electrolytes have extremely high conductivities.
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Motivation: Paper by N. Kamaya, et. al in Nature Materials 10, 682-686 (2011)
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Figure 3 | Thermal evolution of ionic conductivity of the new Li;oGeP;S,; phase, together with those of other lithium solid electrolytes, organic liquid
electrolytes, polymer electrolytes, ionic liquids and gel electrolytes®813-1620:22 Thea new, Li,nGeP5S; exhibits the highest lithium ionic conductivity
(12mSecm™~! at 27 °C) of the solid lithium conducting membranes of inorganic, polymer or composite systems. Because organic electrolytes usually have
transport numbers below 0.5, inorganic lithium electrolytes have extremely high conductivities.
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Solid Electrolyte Families
Investigated in this Study:

Li,PS,

Li,S

Li,PS,®
Li,PS, L

Li4pzss¢;|!.ii7:3s 1
1LIaF237

Z

Lixp(zv-x)ISSv ;
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Computational tools
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Summary of “first-principles” calculation methods

Electronic coordinates
Exact Schrodinger equation: / Atomic coordinates

FH({r} R DY, ({r},{R* D =EV ({r},{R"})
where
FE({r,},{R"}) = FE (R} + F ({r,},{R"})

Born-Oppenheimer approximation
Born & Huang, Dynamical Theory of Crystal Lattices, Oxford (1954)

-

Approximate factorization:
qja ( {ri } ’ {Ra }) _ X()I:Iuclei ( {Ra } )Y];lectrons ( {ri } ’ {Ra })

Treated with classical mechanics Treated with density
functional theory

6/03/2015 Seminar at Sandia National Laboratory
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Electronic Schrodinger equation: WAKE FOREST

T G, (R (b, (R = U, (RO (G ), (R
%Electrons({r} {Ra})___z Z Ze Z €

| —RY| I -

For electronic ground state: o = 0

Density functional theory
Hohenberg and Kohn, Phys. Rev. 136 B864 (1964)
Kohn and Sham, Phys. Rev. 140 A1133 (1965)

Mean field approximation: U, ,({R“})= U, ({ o), {R})
Electron

density

w, (r)]

Kohn-Sham construction: p(r) = p.(r) = Z

Electrons (l‘ (l’), {Ra })Wn (l’) =&y, (l')

Independent electron wavefunction

6/03/2015 Seminar at Sandia National Laboratory 15
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More computational details:

ElectronS(r ,O(l‘) {Ra})__h Z —Z¢ +e J.d3 'p(r) +V (P(r))

2m : r—R’ ‘r—r
electron-hucleus gjectron-electron exchange-

Exchange-correlation functionals: correlation
LDA: J. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992)
GGA: J. Perdew, K. Burke, and M. Ernzerhof, PRL 77, 3865 (1996)
HSEO6: J. Heyd, G. E. Scuseria, and M. Ernzerhof, JCP 118, 8207 (2003)

Numerical methods:
“Muffin-tin” construction: Augmented Plane Wave developed

by Slater = “linearized” version by Andersen:
J. C. Slater, Phys. Rev. 51 846 (1937)
O. K. Andersen, Phys. Rev. B 12 3060 (1975) (LAPW)

Pseudopotential methods:

J. C. Phillips and L. Kleinman, Phys. Rev. 116 287 (1959) -- original idea
P. Blochl, Phys. Rev. B. 50 17953 (1994) — Projector Augmented Wave (PAW)
method



] WAKE FOREST
Outputs of calculations: UNIVERSITY

Ground state energy:

U, ({ p(r)} ,{R"}) — Determine formation energies
min‘ R%) (U 0 ({ p(r)} ,{R"}) ) — Determine structural parameters

— Stable and meta-stable structures

v, (r)‘2 — Self-consistent electron density

p(r)=>

{5n} —> One-electron energies; densities of states

Nuclear Hamiltonian (usually treated classically)

| P2
ﬂNuclel ({Ra}) _ Z -

+U,({p()},{R"})  =>» Normal modes
of vibration

6/03/2015 Seminar at Sandia National Laboratory 17
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Codes used for calculations

____Function | Code | Webste

Generate atomic ATOMPAW http://pwpaw.wfu.edu

datasets

DFT; optimize PWscf http://www.quantum-espresso.org
structure abinit http://www.abinit.org

Structural visualization XCrySDen  http://ww.xcrysden.org
VESTA http://jp-minerals.org/vesta/en/
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ATOMPAW Code for generating atomic datasets for PAW calculations
Holzwarth, Tackett, and Matthews, CPC 135 329 (2001) http://pwpaw.wfu.edu

ATOMPAW

INFO

DATASETS Download source code and example files:

CONTRIBUTERS g atompaw-4.0.0.12.tar.gz (5.4mb) 12/23/2014: Slight update of new
CONTACT INFO version of atompaw code. In additon to previous updates, added
PBESOL output for Quantum Espresso interface and added interface
for SOCORRO.
e atompaw-3.1.0.3.tar.gz (3.8mb) Updated version of arompaw code
PHYSICS Web (01/03/2014 and 09/18/2013 -- Marc Torrent and Francois Jollet
introduced improvements to the XML and abinit dataset generation
routines; 07/09/2013 -- Marc Torrent introduced small corrections;
06/22/2013 -- Marc Torrent and Francois Jollet added a new option for
outputting a file in XML format according to the specifications set up
bv the GPAW groun . The outnut file format is controled bv a menn at

2
=
5
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Atomic PAW datasets
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Validation
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~-LizP Oy

(Pnma)
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Validation of calculations UNIVERSITY

Raman spectra — Experiment & Calculation

| | | I | | |
Exp. A
H— | —t—+1
Exp. B
| | | | | |
| | I | | | | | | | |
| Exp. C Exp. D
T —t—— 77—
LDA LDA
(PAW) (PAW)
I —— I I R I —t
LDA LDA
(USPP) (USPP)
| GGA GGA
| ] | | | ] |
200 400 600 800 1000 200 400 600 1 800 1000
\ (cm'l) Vv (cm )
’}"—LigPO.gl 3—L13PO4

A: B. N. Mavrin et al, J. Exp. Theor. Phys. 96,53 (2003); B: F. Harbach and F. Fischer, Phys. Status Solidi
B 66, 237 (1974) —room temp. C: Ref. B at liquid nitrogen temp.; D: L. Popovic et al, J. Raman
Spectrosc. 34,77 (2003).
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Heats of formation — Experiment & Calculation

Table 1.

WAKE FOREST
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Calculated heats of formation for Li phosphates, phospho-nitrides, ana thiopbosphnates ana

related materials. The structural designation wes the the notation defired in the International Table
of Crystallography®® based on structural information reported in the International Cryvstal Structure
Database. ®® The heats of formation A (@V/FU)} are given in units of eV per formula unit. When
available from Ref. [31] and [32] experiment walues are indicated in parentheses. Those indicated with

1 kL)

Material Structure A (eV/FL}
a-Lig POy Pmniy (#31) -21.23

~-Lig PO Pnma (#62) -21.20 (-21.72%)
~-Lig PS4 Pmniy (#31) - B.a47

a-Lig PS5y Pnma (#62) - H28

Lis P20 P3lm (#162) -20.72

Lig P2y P1 (#2) -33.97
LisPoOg N P1 (#2) -33.18
LiyFaSg Pilm (#162) -12.42
LijFaS= P1 (#2) -11.5%9
Li=Fq0 P1 (#2) -544.84
Li-F48,, P1 (#2) 20,01

LiPO, P2/e (#13) 12,75

LiFMNa T42d (#122) - 3.65
s1-LisPOsN  Phem (#57)  -12.35
SD-LisPOaN  Cme2y (#36)  -12.47
SD-LisPS:N  Cme2y (#36) - 5.80

6/03/2015

were wsed Atting the OO and N reference energies as explained in the text.

Material Structure A (eV/FL)
N Phig /mme (#1904} - 0,094 (- 0.45%)
PN C2/c (#15) - 3.02 (- 3.32%)
h-PaOy  Ric (#161) -15.45 (-15.53%)
P20y Fdd2 (#43) -15.78

PaSs P1 (#2) - 1.93

Pi5g Pnma (#62) - 2,45 (- 2.33)
S50 Pray (##33) - 484 (- 4.71*%)
LizN Phi/mmm (#1891} - L&0 (- 1.71*%)
Liz O Fmim (#225) - 6.10 (- 6.20%)
LizCz Phig /mme (#1904} - 6.35 (- 6.57%)
LigP Phia /mme (#£10) - 3.47

LizS Fmim (#225) - 4.30 (- 4.57)
LizS2 Phig /mme (#1094} - 4.00

LiN Oy Ric (#167) - 5.37 (- 5.01*)
Li2S04 P2y /e (#14) -14.63 (-14.89%)

Seminar at Sandia National Laboratory
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Estimate of ionic conductivity assuming WI}I‘SEEQBYEST

activated hopping

Schematic diagram of minimal energy path Arrhenius relation

Approximated using NEB algorithm® oc-T = Ke—Ea/kT
— “Nudged Elastic Band”

From: Ivanov-Shitz and co-workers,
Cryst. Reports 46, 864 (2001):

In(aT), [1} cem ' K|

3
_4k
4
_8F
_12k
1 1 1 1 1 1
1 1.3 1.4 1.5 1.6 1.7 1.8

13T, K~

Fig. 2. Temperature dependences of conductivity in
F-LizPOy: (1-3) for single crystals measured along the (f)
a-axis, (&) b-axis, (3) c-axis and (4, 5) for a polycrystal (4)
according to [4, 5] and (5) according to |7].

E4 =1.14,1.23,1.14,1.31,1.24 eV f
“Henkelman and Jénsson, JCP 113, 9978 (2000) A S5 . | i
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Arrhenius activation energies — WAKE FOREST
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Experiment and Calculation

Table 3. Calculated migration energies (ES*) for Li ion vacancies (vac) and interstitials
(int), vacancy-interstitial formation energies (E}“‘l) and corresponding the activation energies

(Ejfl) for crystalline materials computed using the NEB method in idealized supercells.
When available, experimental activation energies E;*" are also listed together with additional
information including the literature reference indicated in [ | brackets. For -LizP Oy, results
for different crystallographic directions are quoted to compare with single crystal experiment;
in other cases, only the minimum energies are given. All energies are given in eV.

vac int
Material Ecal Ecal E}'ﬂ E! ESP Reference
#-LisPO4 0.7 0.4 2.1 1.4
~v-LigPOy 0.7,0.7 04, 0.3 1.7 13,11 1.23,1.14 (sngl cryst.) [100]
Lis 88 PO3.73Np.14 0.97 (poly cryst.) [58]
Liz.3P03.9Nog.17 0.56  (amorphous) [58]
Lij 35 PO2.99Np 13 0.60  (amorphous) [101]
LiPO3 0.6 0.7 1.2 1.2 1.4  (poly cryst.) [97]
0.76-1.2  (amorphous) [97]
LiPNo 0.4 2.5 1.7 0.6 (poly cryst.) [99]
SD-LiaPOsN 0.4 0.8 2.0 1.4 0.6 (poly cryst.) [52]
~-LisPSy 0.3 0.8 0.7 0.5 (poly cryst.) [102]
3-LigPS, 0.2 0.0 0.2 0.4 (nano cryst.) [103]
Li-P3S11 0.2 0.5 0.0 0.2 0.1 (poly cryst.) [76]

(O VAV e JrAVERS)] SClillidl dL 2diluld INdLIVIIdl LduuUIldLwuly 490
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»What is meant by “first principles”?

A series of well-controlled approximations

d Born-Oppenheimer Approximation
J Density Functional Approximation
1 Local density Approximation (LDA)
( Numerical method: Projector Augmented Wave

Validation

 Lattice vibration modes
J Heats of formation
J Activation energies for lattice migration



How can computer simulations contribute ' WAKEFOREST
to the development of materials?

Computationally examine known materials and predict
new materials and their properties
» Structural forms
» Relative stabilities
» Direct comparisons of simulations and experiment
» Investigate properties that are difficult to realize
experimentally including

Of particular interest in battery materials --
Model ion migration mechanisms
» Vacancy migration
» Interstitial migration
» Vacancy-interstitial formation energies
Model ideal electrolyte interfaces with anodes
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Systematic study of LiPON materials - Li,PO N, —
(Yaojun A. Du and N. A. W. Holzwarth, Phys. Rev. B 81, 184106 (2010) )

Typical composition of
amorphous LiPON films

6/03/2015 Seminar at Sandia National Laboratory 29
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Experimentally Computationally
known structure predicted structure
LiPO; s1-LisPO,N
© -~ —4 - ..-‘:'_& \
< :H'_'_;,-\. : .!- :
bl ‘.
f Ry ¢ s
a—c ; a;[ — j

PRI

LE -
Fig. 7. Ball and stick diagrams for LiPOg3 in the P2/c structure (20 formula units per unit cell)

and s1-LioPO2N in the Pbem structure (4 formula units per unit cell) from the calculated results.
For each crystal diagram, a view of a horizontal chain axis is also provided for a single phosphate

or phospho-nitride chain.
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Computationally Experimentally
predicted structure realized structure
~ = b
c e,

Pbcm
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Synthesis of Li,PO,N by Keerthi Senevirathne, WAKE FOREST

Cynthia Day, Michael Gross, and Abdessadek Lachgar

Method: High temperature solid state synthesis based on
reaction  [i,0++P,0,++1P,N, - Li,PO,N

Structure from X-ray refinement: Cmc2, Li P O N
| ‘

e =

e % | > A

Li ion

l—n N 2o NS e, NS PO,N, ion

6/03/2015 Seminar at Sandia National Laboratory 1 32



Comparison of synthesized and predicted WAKE FOREST

structures of Li,PO,N:

Synthesized Predicted
I _
3z W //' jl }\\
Q — - {b .
*‘ -~

~ i %
w 1 |'R" ® &

i oP 0 oN
SD-Li,PO,N (Cmc2,) 5,-Li,PO,N (Aem2)

Calculations have now verified that the SD structure is more stable than the
s, structure by 0.1 eV/FU.
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Comparison of synthesized Li,PO,N with Li,SiO,

SD-Li,PO,N (Cmc2,) Li,Si0, (Cmc2,)

a=9.07 A, b=5.40 A, c=4.60 A a=9.39 A, b=5.40 A, c=4.66 A
K.-F. Hesse, Acta Cryst. B33, 901 (1977)

Li of e O N oSi
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Electronic band structure of SD-Li,PO,N

states/eV/atom
0.5

BT TCL L H T T T

!!"::::Il---.::::___:l::=|III nj

8
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0
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More details of SD-Li,PO,N structure

Ball and stick model i oP 0O
W v o W

oN

Isosurfaces (maroon) of
charge density of states
at top of valence band,

primarily it states on N.
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Vibrational spectrum of SD-Li,PO,N pRETEEREEE

100

95
E 9( FTIR Spectrum
z
E 85 -
=
g _
= 80
> 75 -
102 Z zZ Q Sz Z N
S ]
|Bz|Al | B2| |B2 BilAl L B, |
700 800 900 1000 1100 1200 1300
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Stability of SD-Li,PO,N in air WAKE FOREST
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ICDD 00-013-0440
112 ‘ Li,P,0,
’11[]—- (a) ||| | ; || ‘ TR I
1 ' POZN(S)+§OZ(g) — L1,P,0,(s)+2NO(g)
108 -
106 4 LL_M,.__.,
] 700°C
104 -
102 - L JL; o
] 600°C
100 e
¥l JL__jLJJL JL
200 400 600 800 1000
Temperature / °C AS Synthesmed

Thermogravimetric analysi 15 20 25 30 35 40 45
e .og.a etric analysis 26 (dogrees)
curve in air

Note: no structural changes were observed while heating in
vacuum up to 1050° C.
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In(c-T) (S-cm™-K1)

WAKE FOREST

lonic conductivity of SD-Li,PO,N privERSITY
, NEB analysis of E,,
® 78% of theoretical density .
1- O 55% of theoretical density (Vacancy meChanlsm)
0
-1
3
ig E.=057¢eV
A 0.6 =
-5 0.5F a
=
6 - Q‘iE0.4— .
= 0.3 _
-7 0.2 1
i8 - 0.1 .
. E, ~04¢eV;E, ~2eV
-10 T T ] [ T ( T
14 16 18 20 22 24 26 28 30 =E,=E, +3E,=14eV

1000/T (K-

=>»Sample has appreciable
-6 o . .
o~10" S/ecm at 80" C population of vacancies
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WAKE FOREST

UNIVERSITY

Summary of the Li,PO,N story

[ Predicted on the basis of first principles theory
[ Subsequently, experimentally realized by Keerthi
Seneviranthe and colleagues; generally good

agreement between experiment and theory
[ lon conductivity properties not (yet) competitive



WAKE FOREST
Systematic study of Li,PS, materials — (N. D. Lepley and N. A. W.
Holzwarth, J. Electrochem. Soc. 159, A538 (2012), Phys. Rev. B 88,
104103 (2013) )

pLi,S

Li,PS;®
Li,PS, i
Li4PZSE‘Li7P3
:Li,P,S,

LiP (2y./58y >

-
3
-

P
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WAKE FOREST

UNIVERSITY

Comparison of some lithium
phosphates and thiophosphates

Key ﬁoﬁ
| |
0i; {b@ o Q ||
®N
"o (L”é o) ff-?
or ﬁ| 0, || 0,
O
. — 8
{ & ; S
Crystallizes (experimentally and Experimentally amorphous;
computationally) into P1 structure computationally metastable

in P1 structure
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WAKE FOREST

UNIVERSITY

Some lithium thiophosphate
crystal structures

LiysP2S+

eNn O°F @ o

. ©
oo & Qm Q. Qﬁ)@

e . .
b
s
Experimentally amorphous; Experimentally and computationally
computationally metastable metastable in P1 structure

in P1 structure
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WAKE FOREST

UNIVERSITY

Vacancy migration analysis from NEB results
for Li,P3S,;:

0.4 Along b axis ]
5 ﬂ"‘ F@'@-m_é
o 4 D
v
g 0.2 Em =
5
0.1 —
0
4 3 4

E, ~0.15eViE, =0 eV
=E,=E, +3E,=0.15eV

Experiment -- A Hayashi et al., J. Solid State Electrochem. 14, 1761 (2010):
o~2-3x10" S/cm E,~0.12-0.18 eV
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WAKE FOREST
Systematic study of Li,PS, materials — (N. D. Lepley and N. A. W.
Holzwarth, J. Electrochem. Soc. 159, A538 (2012), Phys. Rev. B 88,
104103 (2013) )

pLi,S

Li,PS;®
Li,PS, i
Li4PZSE‘Li7P3
:Li,P,S,

LiP (2y./58y >

-
3
-

P
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WAKE FOREST

UNIVERSITY

Pnm?2, structured materials

Ball and stick diagram for the Pmn2, structures of 3-LisPO4 and ~-LigPS4 (2 formula

Fig. 2.
The key shown at the left indicates the ball

units per unit cell) from computational results.
convention used throughout Sec. 2.
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Pnma structured materials

Fig. 3.

WAKE FOREST

UNIVERSITY

Ball and stick diagram for the Pnma structures of 4-LizgPO4 and #-LiaPS4 (4 formula

units per unit cell) from idealized computational results.

6/03/2015
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WAKE FOREST

UNIVERSITY

Pnma structured materials

More detailed look at -Li;PS, structure

>

Li sites:
d sites (100% occ.)
b sites ( 70% occ.)
c sites ( 30% occ.)
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Possible vacancy migration paths
in B-Li;PS,

Li sites: Pe S
d sites (100% occ.)
b sites ( 70% occ.)
c sites ( 30% occ.)

6/03/2015

WAKE FOREST

UNIVERSITY

NEB diagram:
0.3 g
bi-axis path c-axiy path

0.2~ A =
N i L 2 #
=0 -+ F -
i

-0.1

d, d; d, d, d.d; d, d,.

FIG. 8. (Color online) Energy diagram of NEB path for Li

vacancy migration along the b and ¢ axes for g-Li;PSy-b.

E, ~03eV;E, =0eV
—>E,=E, +3E, 03¢V
Experimental values:

E, =04-0.5¢eV
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From ORNL: Experiment on electrolyte Li;PS, WAKE FOREST

JAC'S

UNIVERSITY

Communication

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Anomalous High lonic Conductivity of Nanoporous ﬁ-Li3PS4

Zengcai Llu) Wu]un Fu, E. Andrew Payzan T Xiang Yu, Zih Wu,' T8 Nancy J. DudneyJ Jim Klggans,
Kunlun Hong," Adam J. Rondinone," and Chengdu Liang™*"’

Temperature / °C
- 400300 200 100 25 0 -20
£ 2
23 N a
b A 1.64x10™
o -4 Q‘B\
2 J
§ -5- C '-,\_\\\
S . 2
5 6- 48.93%10]
s _7_' o Nanoporous B-LizPS, 12.61x10°
B | 2 BukLigps,
o -8 T T T T T T T T T ) T
o 16 20 25 30 35 4.0

1000T" / K

60— 0.12 -
40! ! a4l >o0.09| —80C b
‘*E 20- < 0.08] —25°C
G 0 20.03
i.zoi 50.00
0! | £0.03
“ ol k Z-0.06
::g} | G0.09
e rr———————— .0_120 .........
0 1 2 3 4 5 1000 2000 3000 4000 5000
E/Vvs LilLi' Time / min I

Figure 5. Electrochemical stability of /-Li;PS, and cycling stability
with metallic lithium electrodes. (a) CV of a Li/f-LiyPS,/Pt cell,
where Li and Pt serve as the reference/counter and working
electrodes, respectively. (b) Lithium cyclability in a symmetric Li//-
LiyPS,/Li cell. The cell was cycled at a current density of 0.1 mA cm™>
at room temperature and 80 °C.

Figure 1. Arrhenius plots for nanoporous f-Li;PS, (line a), bulk /-
Li,PS, (line b), and bulk y-Li;PS, (line c). The conductivity data for

bulk Li;PS, are reproduced from the work of Tachez.'°.

6/03/2015
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WAKE FOREST
Systematic study of Li,PS, materials — (N. D. Lepley and N. A. W.
Holzwarth, J. Electrochem. Soc. 159, A538 (2012), Phys. Rev. B 88,
104103 (2013) )

pLi,S

Li,PS;®
Li,PS, i
Li4PZSE‘Li7P3
:Li,P,S,

LiP (2y./58y >

-
3
-

P
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. . . WAKE FOREST
Investigation of Li,P,S, UNIVERSITY

Collaboration with Zachary D. Hood at ORNL
Synthesis:

2L1,S + PSy ——— L1,P,S, + S
Sulfur removed by treatment with solvent; sample prepared
for electrochemical applications using ball milling.

Scanning Electron Micrograph of prepared sample:
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WAKE FOREST

Crystal structure: Space Group P6;/mcm (#193) ' prrrRERnTy

Projection on to hexagonal plane:

@f@ ﬁ%oﬁm

53
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WAKE FOREST

UNIVERSITY

Crystal structure: Space Group P6,/mcm (#193)
Li,P,S¢ units:

2.3A
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WAKE FOREST

O U N L:rE RSITY
Crystal structure: Space Group P6,/mcm (#193)

Disorder in P-P placements:

Shelabelzf

6/03/2015 Seminar at Sandia National Laboratory

Site label z‘
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WAKE FOREST

UNIVERSITY

Examples:

Structure “b” AE =0.03 eV

100% z%

AE =0
Structure “c”

50% 21
50% z‘

Structure “d” AE=0 A p O
50% z
s O

o 50% z ‘
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WAKE FOREST
UNIVERSITY

Structural variation can be mapped on to a
two- du}\ensninal hexagonal lattice with each P configuration
taklng settlngs, Liand S conflguratlons fixed
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WAKE FOREST

UNIVERSITY

in
Temperature ,dependence of X-ray powder diffraction

‘ 298K
I __ A u-j Lb A

s

S 208K

'B' 1 L i A ";A Lh AM

‘B

c

9 103K

E ) i a “ A A A a_ M

10 30 50 70
2 © (degrees)
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WAKE FOREST

a i ..l.i.i....u.l.i.u.jul_.ll -l..l il e

UNIVERSITY

Struc. (b))

Struc. (c)

truc. (d

....;.-..L....uh.;.l- ;.lm&.n...m bl

10 20 30 40 50 60 70 80

2 O (degrees)
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140007 WAKE FOREST

Comparison of 13 K UNIVERSITY
X-ray data with simulation '
Extra peaks
12000} peais
10000 .
Note: simulations _ 34|13 g Struc. (b)
scaled by 102%
, Ay 28000
0 compensa. e 3 i struc. (c).
for systematic [
LDA error. £6000 "
truc.
Ry
4000 -
Simulations consistent _ Calc Avg.
with incoh(irent avirage 2000
overallPzIl andz Exp (13 K}
configurations

0
10 20 30 40 50 60 70 80
2 O (degrees)
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In terms of diffracting plane spacing: WAKE FOREST

d=/1/(281n®) UNIVERSITY
X-ray spectrum Neutron spectrum

100_ l T l l l _] 100_ l l l T T _
ol Sir}"‘:' (b) | sl |Struac. (b) |
BMLLL_MLH_,L_,ij_ BMII‘: d |l a4 L la
ey Struc. (c) I ] — |
50 h {1 50F 1

103"“\“"“““-“L“J | I 103“‘“‘“" | p ? i
I Struc. (d) 1 I Struc. (d)l j
50+ e 50~ &

(ORI W A
R Exp. l 1001 (%xep%. A 1
501 (Ref. 7) j | 500 ] - .

UJ-‘LJ—ML#JL : : l.jj'll ' ! : :
1080 [ Exp. (15K) 108" Exp.(15K)| =
50+ ‘ h g 50~ l | " &
- 2 3 4 5 6 7 0 2 3 4 5 6 7

d (Angstroms) d (Angstroms)
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Structural parameters

WAKE FOREST

UNIVERSITY

R R

Exp. 293K (X-ray)*
Exp. 300K (X-ray)
Exp. 300K (neutron)
Exp. 15K (X-ray)
Exp. 15K (neutron)
Calc. structure “b”
Calc. structure “c”

Calc. structure “d”

*Mercier et al., J. Solid State Chem. 43, 151 (1982)

6/03/2015

6.070
6.075
6.075
6.051
6.055
6.07
6.06
6.06

6.557
6.597
6.595
6.548
6.553
6.50
6.54
6.54

0.1715

0.172
0.173
0.172
0.172
0.18
0.17
0.17

Seminar at Sandia National Laboratory

0.3237
0.324
0.326
Hood
0.324 et al.
0.326
102%
0.33 L DA
0.33 corr.
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Intensity (a.u.)

WAKE FOREST

UNIVERSITY

Stability: Li,P,S; is much less reactive than other
lithium thio-phosphates, but it decomposes in air,
especially at higher temperature

Heated to 350°C for 1 hour e
Decomposition
products:

Heated to 280°C for 1 hour -
PZOS
Li,P,0;
Li,SO,

Room Temperature
JL . H A __}L_A.__J‘_JJLAA—JL—}J—M-—
10 20 30 40 50 60 70

2 Theta (degrees)
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WAKE FOREST

UNIVERSITY

lonic conductivity and Activation Energy

Temperature (°C)

120 100 80 60 40 20 0
5.4 1 1 1 1 1 1

-5.6 A
E,=0.294eV
-5.8 A

_6 =

-6.2 -

In{G=T) [Secm*«K]

6.4 -

-6.6 e
2.4 2.6 2.8 3 3.2 3.4 3.6
1000/T (K2)
2.38x 107 S/cm at 25°C and 2.33 x 10 S/cm at 100°C

Li,P,S¢ pressed pellets with blocking (Al) electrodes

Li/ Li,P,S¢ /Li cells could not be cycled
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WAKE FOREST

UNIVERSITY

Simulations of ion mobility using Nudged Elastic Band Model

[l | s {i'

8- . 2t
0.5}
Vacancy 04
mechanism: :‘é’i"
AE>0.6 eV 02
0.1
: O
Li g ¥ C D
> @
s O
Interstitial
mechanism:
AE>0.1 eV
Possible
interstitial sites
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Models of Idealized Interfaces



Crystal structure of bulk Li;PS, — y-form W‘GfleREQBFST

Pmn2, (#31)
= Note: Li;PS, is also found in
"Q | the B-form with Pnma (#62)

structure

= N
A
o ©0
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WAKE FOREST

UNIVERSITY

v-LizPS, [0 1 0] surface
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UNIVERSITY

' WAKE FOREST

ideal y-Li;PS, [0 1 O] surface

ions of
in the presence of Li

Simulat

imized

Computed opt

structure

ial configuration

Ini

69
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More simulations of ideal WAKE FOREST

v-Li;PS, [0 1 0] surface
in the presence of Li -
supercells containing

12 Li atoms and

2 or 4 electrolyte layers

%% %% %% %% %%

6/03/2015



v-Liz;PS, [0 1 0] surface in the presence of Li - WQEEREQBFST

supercells containing 12 Li atoms and 2 or 4 electrolyte layers
(greater detail)

2 electrolyte layers 4 electrolyte layers

W@ gy © @
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Computational counter example -
stable interface:
Li/pB-Li;PO,
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. WAKE FOREST
Computational counter example - UNIVERSITY

stable interface:
Li/SD-Li,PO,N
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W% WAKE FOREST

UNIVERSITY

Mystery:

Models of ideal Li;PS, surfaces are computational
found to be structurally (and chemically) altered by
the presence of Li metal. (Also found for [3-Li,PS,
and for various initial configurations of Li metal.)
Experimentally, the ORNL group has found that solid
Li;PS, electrolyte samples can be prepared in

Li/ Li;PS,/Li cells and cycled many times

Possible solution:

Thin protective buffer layer at Li,PS, surface can
stabilize electrolyte — for example Li,S/Li;PS,/Li,S



WAKE FOREST
Idealized Li,S/Li;PS,/Li,S system UNIVERSITY

D =D =S =D = =

Details: @ @ @@ r(((@% (L M@,% @
Thin film of cubic Li,S

oriented in its non-polar

[1 1 0] direction, optimized
on [0 1 0] surface of
v-LizPS,. While the Li,S film
was slightly strained, the
binding energy of the
composite was found to be

stable with a binding energy
of -0.9 eV. @w \@”@@ @@ ’@C I @D @
o D e QD e, D> e @D e D s
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Plausible explanation --

Idealized Li,S/Li;PS,/Li,S
system optimized
in presence of Li

©C@™®C@™®C@™

In practice, a single Li,S
buffer layer may not be
sufficient. These are not
explicitly prepared in
constructing 3-Li3PS4
electrolytes, but may be
formed during the first few
cycles.

@ @ ap @ @ @ e W@ Wap

@& I, @ W

® @@ ™ ®D®™®D®
st snoe T 2 A, D W @ Ww Qo
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WAKE FOREST

UNIVERSITY

Li/Li,P,S./Li interfaces
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Models of Li,P,S./Li interfaces -- Surface parallel to P-P bonds:

~ Surface with vacuum Surface with lithium
Li O © 9,0 @ _© @ _°
® o @° ¢ *° &

2@ ® 2 ® ¢ B ¢
' @ 2% ¢,9%
2E B8 B8 o
9 . 2 i » .
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Models of Li,P,S./Li interfaces -- Surface perpendicular to P-P bonds:

Surface with vacuum Surface with lithium

Experimentally, Li,P,S./Li has not been stably cycled (yet).
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WAKE FOREST

UNIVERSITY

Things we have learned so far in studying the lithium
phosphate and thiophosphate families of materials

i,PO,N, LLPS,

Li,PS,

Li4P256¢;|!-ii?|535 1
1LIaF237
!

LiP 2y 55\!__"5%

H
L]

Lower conductivity & Higher conductivity &
greater stability lesser stability
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W% WAKE FOREST

UNIVERSITY

Additional thoughts

» Limitations of first principles modeling
[ Small simulation cells
d Zero temperature
» Possible extensions
(] Develop approximation schemes for treatment
of larger supercells
(J Use molecular dynamics and/or Monte Carlo
techniques
» ldeal research effort in materials includes close
collaboration of both simulations and experimental
measurements.
» For battery technology, there remain many
opportunities for new materials development.



