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22Na source

22Na is produced by bombardment of Mg target with suitable projectiles
such as protons, deuterons or a particles.

2.602 years
22Na Y ‘ p

90 4 %)
B (0.1 %) £ (9.5 %)
3.7 ps
l v (1.274 MeV) ‘ n
22
Ne y ! \
. Gamma ray ® °*V
Decay scheme of “°Na o+ neutrino
* B decay: #*Na — #Ne + B* + v, + Y1 27mev) pOSItron

* 1.27 MeV v appears almost simultaneously with positron - can be used as start event for lifetime
spectroscopy
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Positron inside matter

fate of a positron inside matter
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Wave—particle duality

After thermalization:

22Na
o Classical point of view: following the diffusion e*source  Yi27vev Thermalipation
theory, the positron diffuses tens to hundreds of et /
nanometers (diffusion length) and then -3 © 06/.0000
annihilates with an electron of the crystal. 00000 o\
Yo511 M;/Qo O OO O bifusion
o Quan:cum mechanics p(()jin('; of v(ijew: ;cjh(: po?citron O o‘o o0
wave function is expanded inside a defect free - .
crystal before annihilation with an electron wave. 00 deo odAofh?/Io'ts'ﬂ vy
rapping and Annihilation
o Possible agreement: the positron diffusion length E+ |
is of the order of the "radius" of the expansion i
[ ] o] ( @) (6] L J

volume of the wave function.
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Positron in a crystal
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Crystal lattice

)

After thermalization
the positron wave
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function is spread
over the crystal.
Then, the positron
annihilates with an
electron.
1,~100..200 ps

C

P =
\ / \
A\ /,
" — N

Prof. Rafael Ferragut POLITECNICO MILANO 1863



Positron in a crystal

Crystal lattice

—_——

After
thermalization
the positron
diffuses and
annihilates with
an electron
1,~100..200 ps
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An atom is
missing. A
defect
appears, a
"V (1}
/

/

Positron is
trapped and
the lifetime
is
increased,
about 50%
in Al (t,>1,)

A

g

e Lu'-ﬁ]

e L) .
w0 bee Fe Ga vacancy in GaN

Localized positron wave function in a
vacancy; isometric plot.
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Positron in a crystal

An atom is
missing. A
Crystal lattice = defect
27N appears, a
/ N "/V N

/OO TR

Contains Positronium (Ps) atom

larger
defects
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Positron is
trapped and
the lifetime The lightest

After
thermalization
the positron
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diff d IS atom, When a positron is bound to an
! l.JS.eS an p increased, positronium, is electron its lifetime is increased up to
annihilates with o 1000 times !!! ... Ps can annihilate in
about 50% formed, a
an electron Y ) 3 gamma rays.
100.200 s 1M Al (1,>1,) hybrid
b p- P (matter/antimat
ter)
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ili. Positron lifetime spectroscopy
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Positron Annihilation Lifetime Spectroscopy - PALS

Birth y—ray
1.27 MeV
At ©
1, i ifetime
1. Positron li i o : :
) ) * positron lifetime is measured in a >*Na
Sample laboratory setup as the time difference
between the 1.27 MeV "start" and the
pogitron source -~ annihilation 0.511 MeV "stop" gamma quanta.
22-Na / T~
diffusion (100 nm)
/ 100 um

Thermalization
~1-10 ps
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Positron Annihilation Lifetime Spectroscopy - PALS

The conventional Positron Lifetime Measurement

SCA
22N Source 127 MeV
1.27 MeV ¥ S [. PM T start { MCA
e Szl TAC hd=
(@)
81/\_
e Stop
Y N\ -0~ NP 7 stop PM l :
511 keV 511 keV SCA
Scintillator 511 keV

- Positron lifetime 1s measured as time difference between 1.27 MeV quantum (" decay) and
0.511 MeV quanta (annihilation process)

- PM.. photomultiplier; SCA...single channel analyzer (constant-fraction type); TAC...time to
amplitude converter; MCA.... multi channel analyzer

Prof. Rafael Ferragut POLITECNICO MILANO 1863




Time resolution - PALS

Data analysis The analysis of the spectrum is performed thanks to
specific software suites, such as LT software’.
T
I s cose |
-5 is possible to resolve the deconvolution of the
] = —e T * 1T . .
S(t) 5 e B(ﬂ + b resolution function and analyze the components.
1=1
n 105 T T 4 T T T T T T T T T T T T T 4 3
- Experimental Data (Beam Energy 18 keV) 3
E I — - 1 Component 1: z,;  161(9) ps /;: 17.8(1.3)%j
! 2 0% Component 2: z,;  409(5) ps I 59.9(1.3)%E
=1 < ] Component 3: 7,; 2372(10) ps /,: 22.3(0.2)%
‘:-‘ Background: 7.8 counts / channel (12.5 ps) ]
1 @ 10° Fit: Variance 1.076 3
— — 2 2 S
—=a=mie [l @Pnwar
T =~ 1074
P
[=
=]
A: positron annihilation rate S 1
w,(r) is the positron wave function. §g
. . ® g
n_(r) is the electron density. g

Time [ns]

1 ‘J Kansy, MicrocompUter program foranalySiS Of pOSitron Typical positron lifetime spectrum in an epoxy-based industrial adhesive. The positron

implantation energy was 18 keV according to a mean implantation depth of 4 um. The

annihilation ”fetimeSpeCtra. NUCL InStrum' MethOdS PhyS A spectrum can be decomposed into three exponentials with three different lifetimes.
374, 235 (1996).
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Positron in a crystal

An atom is
missing. A

Crystal lattice = defect
SN el
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LiCoO, Samples with Carbon Coating

|
|
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(a) SEM micrograph of the PVDF/LiCoO, grains.

(b) Schematic of graphite/LiCoO, heterostructure.

(c) Positron lifetime spectra of LiCoO, cathodes with
different grain boundaries, with (blue) and without
(orange) graphite. The slopes are the inverse of the
positron lifetime of each component.
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Frequency

LiCoO, Samples with Carbon Coating

LiCoO,/PVDF flat
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(a) SEM micrograph of the PVDF/LiCoO, grains.
(b) Schematic of graphite/LiCoO, heterostructure.

(c) Positron lifetime spectra of LiCoO, cathodes with
different grain boundaries, with (blue) and without
(orange) graphite. The slopes are the inverse of the
positron lifetime of each component.
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First PALS results

1 06 L I i 1 ! | ! <
| \C 1
[ 7, LiCoO, 1
N = ==:LiCo00, + C]
Pz |
&N
L o -
. ﬁo LiCoO, +C Cathode Thickness (nm) 7, (ps) T(ps) I; (%) L,(%) T(ps)
1 0 - - . - -
s Two lifetime components ] Exp. LiCoO2 + PVDF + Graphite 114 (2) 152(2) 319(2) 74(2) 26(2) 197(3)
L@ : Exp. LiCoO2 + PVDF 115 (2) 145(2) / 100/ 145 (2)
%J | @ . Tiand Ty A Cal. LiCoO2 (Perfect Crystal) / 131 / / / /
8 Slope z_—] - Z'_l ] Thickness, positron lifetime components, relative intensities and average positron lifetime
O i pe by ®h ] obtained in the LiCoO2 cathode with and without graphite. Calculated data is based on
GGA + LDA.
10* -
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Counts

one component 7;
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Positron lifetime spectra of LiCoO, (LCO)
cathodes. Spectra of SP, XC, NT and No C
cathodes.

NoC: without carbon. Only the PVDF  polymer binder

SP: Super P carbon
Graphite

XC: carbon nano-spheres

NT: carbon nano-tubes

G. Pagot, V. Di Noto, K. Vezzu, B. Barbiellini, V. Toso, A. Caruso, M. Zheng, X. Li, R. Ferragut. Quantum view of
Li-ion high mobility at carbon-coated cathode interfaces. iScience 26, 105794 (2023).



PALS & BES correlation
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. ° Figure 1. Broadband electrical spectroscopy results
Time (HS) e ° N Real permittivity (¢/, A) and conductivity (o', B) spectra on frequency of the four differentsamples containing LiCoO,, PVDF
° and: without carbon (No C, blue circles), carbon Super P (SP, green triangles), carbon nanospheres (XC, red diamonds),
and carbon nanotubes (NT, black squares). Markers represent experimental data and dashed lines are the fitting results.
Concentration of effective mobile lithium ions (n;+ ., C) and lithium diffusion coefficient (D;;*, D) as a function of the
carbon employed into the cathode electrode. Error bars (2 sigma) are calculated on the basis of the fitting error and
experimental data accuracy. Dotted lines in Crepresent the totallithium ion concentration in the electrodes with (redline)
and without (blue line) carbon.



Battery test
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CR2032 battery tests results. Discharge curves are obtained at
different current rates (0.5C, 1C, 2C and 4C) with configuration Li |
LiPF6 1 M in EC:DMC 1:1 | cathode, where cathode corresponds to
each sample employing SP (green), XC (red) and NT (black) carbon
materials (a).

Durability tests in the first 150 cycles at a constant current rate (0.5C)

for each sample employing SP (green), XC (red) and NT (black)
carbon materials (b).



First-principles calculations
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VC-GBLCO PBE+U d06
SW-GE@LCO —— PBE+U
VC-G@LCO ==+ DFT-D3 do5s
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(a) Vacuum model VC-GELCO  (c¢) Top view of SW and VC (e) Binding energy of

(b) Sandwich model SW-G@LCO (d) e* inject into the SW supercell VC/SW-GE@LCO heterostructures



Band structures

¢ Total

® Cpetpy
[ ] Cp,

T M K I'  DOS (States/eV)

a
(a) Electronic band structure (b) Electronic
and density of states (DOS) band structure of free
of LiCoO:bulk. Total standing graphene layers.
electronic

state, Li, Co, O are shown in
black dashed line, lime

poetbyridlare shmangeylack solid line, partial band px + py , pz orbitals are shown in
pH %EQR@W, respectively. High symmetry line are calculated along I', M, K, I'. Fermi-
leve

is shown in red dashed line.

r M K r DOS (States/eV)

Fig. 2 Electronic band structure and density of
states (DOS) of SW-GELCO at the equilibrium
distance dy = 2.4 A. Total electronic state, C,
Li, Co, O are shown in black dashed line, gray,
lime green, blue and orange, respectively. High
symmetry line are calculated along I', M, K, T'.
Dirac point of graphene is located at the K-point
and shifts downward by 1.0 eV with respect to
the Fermi level shown in red dashed line.



Schematic Diagram of Schottky

Barrier

. (b)
Semiconductor Gmpl«ene G5, <0
Conduction
Band
< | Ec s y CBM $s. < PBp — N-type schottky
S Schottky
g Pp. = E, - Bavrier ¢BP < ¢Bn ==+ P-type Schottky
) Height (SBH) '
3 for Electrons : P -type
: ______________ I . .
m Er «~ ) cB Intrinsic N -type
CB
Ev 3 ] cB
Valence § i % “““ ‘1 -
Band 2 - -
] v
E; = ¢pn+ Ppp interfacial dipole

(b) Different interaction types and fermi level position

h ic di f Schottky Barri
(a) Schematic diagram of Schottky Barrier within the band gap for different types of semiconductors.



Positron Annihilation Calculations

0.3 . Lifetime: 220 ps | Lifetime 327 ps | 1\ <io*
>
- B = = !
e depletion ® 2 2 |
. | | o a |
0.2 e accumulation | | © ® i
| [ g 'g I
| | = = |
) ] I = = !
o © O 0© ,. | £ £ |
| 1
o = '
[ [} ! 1
= \ GS bulk > o« LiCo0: umi\_)
12.50 18.75 25.00 31.25 3.5 7.0 105 135 170 20.5 235
Distance (A) a Distance (A
2 [[Cifetime-350 ps | 0% i
[=] Graphene Surface States
® 5 — Li-ion Adsorption >
3 . E EaelLi*) =1.02 &V
E :
< 1| & <l >
2 Ci |C2, ca c4 C3 (G6 | 5 °© i 16A | Pasitron Eigenvalue 1 |2
= o ‘ i ! E(e*)=-1.28 eV
T“: v ' \ | Cc5 cs: -4
) ; 4 “m '
Distance (A) Vacuum GS slab Vaculm 0 \ GS slab > Vactium *
-6.25 0.00 6.25 12.50 18.75 25.00 31.25 37.50 -4.00 275 -1.50 -0.25 0.00 100 225 3.50 475 6.00
Distance (A) b Distance from graphene surface layer (A)

Calculated plane-averaged charge density

difference of SW-GEDLCO perpendicularto  Ragyits of the positron calculations: (a) graphene stack (GS) bulk, (b)
(001) plane at the equilibrium distance. The gy _|aver GS slab and (c) SW-GEDLCO heterostructure. The maximum
corresponding isosurface of charge density  ositron probability density occurs at 1.8 A from the graphene
difference is the inset. Orange (green) surface. Ground-state positron densities are presented along c
region represents charge accumulation direction. (d) Threedimensional plot of calculated WDA positron total
(depletion). potential in a GS slab.



iv. Doppler broadening of the
annihilation radiation
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Doppler broadening Spectroscopy

Birth y—ray
1.27 MeV
At ©
el

1. Positron lifetime
|

Sample g N
- 10! Compton-edge T
pOSItI‘Oﬂ source \
® — |
\ ‘E 3
22-Na 7 ~— o b
diffusion (100 nm) s W
10% valley V|
100 uym
g 10*
i o 0 200 400 600 800 1000
Thermalization EUJ
~1-10 ps 3. Doppler broadening Energy spectrum (GeHP)

0.511 MeV £ AE, AE=pcl2=p, c/2

p, follows the longitudinal direction along the sample and the detector axis
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Doppler broadening Spectroscopy

annihilation peak

10000 ]
T T T T T T T T T T T T T : ; pa ra bOIa
1.0 e annihilation g% 4 "sr . : :\
in GaAs ﬂ L3 1 1000 £ ]
; L) I
42.' 08 - F E ’( | — 5 +
D ﬁé [oA 8 i
C % A A
Q 3 g I 100 |
€ 06} 3 g f o4 . ]
3 | i e e 1
N FWHM ~ 2.6 keV s T ,‘% FWHM = 1.4 keV
= 04} ® % 4 A 7 10
® . | | § , a
£ s . A ] g
5 $ i L : _
z g 4 i | FWHM = 2.580(3) keV |
490 500 510 520 530
510 512 514 516 518 520 E (keV)
y—ray energy [keV] . Overlap
Conduction
band
The Doppler lines Qf GaAs are broadened compared | coniicesi |Bandgap
with the reference line of 8°Sr at 514 keV. :
- Vorers®
Metal Semiconductor Insulator

Prof. Rafael Ferragut POLITECNICO MILANO 1863




Doppler broadening Spectroscopy

& Protons n = Energy Levels
@ Neutrons n=1234..
& Electrons

level 1

¢ 1s
level 2
Q 2s 8 &
2
level 3
Q 3s % 3p %30! &
level 4 not occupied by any
(‘Q 4s (% 4p(% 4d{@ af groyd—state electrons Fitted and
level 5 . o experimental
Q5 % g %5 @ & Doppler broadening 1°
i i e ¥ profile spectrum for
level 6
6f 6 6h . .
(c} o {% 6p(&6d g Fe, including the 3p, -100
level 7 , 3s and conduction
¢7s p 7d 7f 79 7h 7i
{% electrons.
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Doppler broadening Spectroscopy

Momentum distribution of the positron-electron pair before
annihilation p (p)

o) = w23 | [drevri@um |

v, (r) is the positron wave function.

y,(r) is the electron wave function.
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Doppler broadening Spectroscopy

22N a
source

0\

\\ + Sample
R Ge MCA
XE_

W\'f}’

Detector

R VAVAS > | [ ADC {Memory|
511 keV 511 keV

Experimental setup of Doppler-broadening spectroscopy.

>

I||I 3

TR

n + kontakt ~700 i Lithium Diffused
P-type HPGe
Radiation
_____ _ ™~
p + kontakt ) “ e/

0.3 y lon Implanted

—
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Doppler broadening Spectroscopy

10000 F T T T T T T T T T T T T T T T T

1000 ¢
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Doppler broadening Spectroscopy

10000

1000
» JIV parameter

counts

W=A. /A

wings

100

2.75keV |E - 511 keV| < 4 keV

49 500 510 520 530

Prof. Rafael Ferragut POLITECNICO MILANO 1863




Doppler broadening Spectroscopy

Mean implantation depth (nm) ' ' ' ' ' ' ' '
0.180 |- g i -
0O 30 80 160 250 355 475 610 750 910 gt ¢ g ¢
T T T T T T T T T T [}
ost0F - 0178 - gig ’ T
~——sintered graphite 5
0.505 |- ! | g 0170 g
£
Y
0.500 L | T 0.165 - -
(]
‘:@ | = 0.160 | $ B
% 0495 1 e LiCoOo, '
G 0.490 | ® LipsCo0; | 0.155 - e LiCoO, A
o \ ] e Li,;Co0O,
© o485 3 | 0.150 | .
iii ’ 1 0 2 4 6 8 10 12 14 16 18
0.480 * E‘i \g% i _g 7 Positron implantation energy (keV)
0.475 | - ‘“%-:i::i::ijg 1
0470 1 1 1 1 1 L 1 1 1 1
0 2 4 6 8 10 12 14 16 18 . . .
Positron implantation energy (keV) POSItron d IfoSIOn Iength
Figure 3. Evolution of the 5 parameter as a function of the positron implantation energy (mean L +z 50'60 nm

implantation depth, upper frame) in LiCoO; (green symbols), in Lig 5CoO; (brown symbols) and in a
graphite reference sample (black dashed line). The VEPFIT fitting (green and brown dashed lines)
gives an estimation of the positron diffusion length.

o J. Nokelainen, B. Barbiellini, J. Kuriplach, S. Eijt, R. Ferragut, X. Li, V. Kothalawala, K. Suzuki, H. Sakurai, H. Hafiz, K. Pussi, F. Keshavarz,
A. Bansil. Identifying Redox Orbitals and Defects in Lithium-lon Cathodes with Compton Scattering and Positron Annihilation Spectroscopies:
A Review. Condens. Matter 7 47 (2022).

o G. Pagot, V. Toso, B. Barbiellini, R. Ferragut, V. Di Noto. Positron Annihilation Spectroscopy as a Diagnostic Tool for the Study of LiCoO,
Cathode of Lithium-lon Batteries. Condens. Matter 6 28 (2021).

Prof. Rafael Ferragut POLITECNICO MILANO 1863




Doppler broadening Spectroscopy

Mean implantation depth (nm)

0.52 0 30 80 250 475 910
. "«  ‘catbon' @ 09+ = ' S-parameter LiCoO, (LCO) cathodes.
. [ ——————————————— 1 Spectra of SP, XC, NT and No C cathodes.
2 00 Wemesee o, NI -
E 048 + . %% g o XC- B - Wi
= v % -0 - e-9-99 No C: without carbon. Only the
[ SP PVDF polymer binder
0.46 | -
o, Y % No C SP: Super P carbon
%q, 0 XC: carbon nano-spheres
e 0.44 - b B -
_ ¥ n-e-9-00 | NT: carbon nano-tubes
o4l . . .

0 4 8 1216
Positron implantation energy (keV)

o G. Pagot, V. Di Noto, K. Vezzu’, B. Barbiellini, V. Toso, A. Caruso, M. Zheng, X. Li, R. Ferragut. Quantum view
of Li-ion high mobility at carbon-coated cathode interfaces. iScience 26, 105794 (2023).
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Defects in GaN films grow by LEPEVPE

Mean implantation depth (nm)
010 50 100 200 350 500 700
| I

GaN film

o

[4)]

o
T

S parameter
o
-
w
L]

o«
~
o

—

Sapphire substrate
0.47 - i TABLE 1. Sample specifications.
360 I I 6 1 4 1 ' I N 1 ' T ' I ' I ' 1 ' I .
I . Sample A (b) ] Sample Thickness
g 320 + gl | & Sample B 7 A 3mGafoA1203
GEJ 280 | o Sample C i B 1000 mnGaNuB umGaN/xAL O,
= i le D | C 1200 nmGaN*/3 pmGaN/zAlL, 04
= Sample ——> D 650 nmGaNYzA L0,
- 240 .
© 5
g 200 “Grown by LEPEVPE.
i L LEPEVPE: Low Energy Plasma Enhanced Vapor Phase Epitaxy
160 L1— EAAS

0 2 4 6 8 10 12 ' 14 16 1 A. Calloni, Ferragut, A. Dupaquier, H. von Kanel, A. Guiller, A. Rutz, L. Ravelli, and W.
] . . Egger: Characterization of vacancy-typedefects in heteroepitaxial GaN grown by Low-
Positron implantation energy (keV) Energy Plasma-Enhanced VaporPhase Epitaxy, J. Appl. Phys. 112, 024510 (2012).
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Coincidence Doppler Broadening Spectroscopy (CDB)

Source + Sample
e.-e-

EDET "/VV\,-mJ\/\/\,—. DET AE=p, ¢/2 (energy shift)
"'{1 ;(2

p, follows the longitudinal
direction along the sample
and the detector axes

DW DW

Timing
filter

LA R AL IS |

Energy window Energy window

(511 kev) [~ | GATE [ (511 kevy

Store (E1.E:)
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Coincidence Doppler Broadening Spectroscopy (CDB)

22Na
source

Sample
Ge et Ge
detector A o detector B « coincident detection of second
I VAR Naval EVaAVA annihilation y reduces background
511 keV 511 keV by 3...4 orders of magnitude
LN,

* sum of both energies 1s 1022 keV

¢ when 515 keV is detected in
detector A: detector B shows 507

V V keV

* thus, electron energy is detected

twice
ADC ADC i ,
* energy resolution of system is
Comncidence improved by a factor of 0.707
Memo
MCA L

K.G. Lynn et al., Phys. Rev. Lett. 38 (1977) 241; P. Asoka-Kumar et al., Phys. Rev. Lett. 77 (1996) 2097
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Coincidence Doppler Broadening Spectroscopy (CDB)

Background-free il T 10.0x10°

Counts

CDBS spec"trum i 5.0x10°

Prof. Rafael Ferragut
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Coincidence Doppler Broadening of the annihilation radiation

E, +E,,=2 m, ¢ =1022 keV

Es

Counts
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3.226x104
2.690x104
2.152x104
1.614x104
1.076x104
5.380

0

POLITECNICO MILANO 1863



Coincidence Doppler Broadening Spectroscopy (CDB)

2000000
I 100
Jam PEG-2
192635
120636
TERAT
gl 101
b
T2 . . .
i without coincidence
7 1 0 -2 &
U = )
ot & Y '
72 ‘l‘
108 -3 i e
i 10 l|,,||.w1th coincidence
2 ‘ﬁ
0 Cl =
: 10—4 .,
3 7
i ‘ﬁ"'"-,"-..-':; .
U | ] ..I 1 1] L
T THSE G 1 0 -5 ] | | =
491 501 511 521 531

Gamma energy/keV

Coincidence Doppler Broadening of the annihilation radiation

POLITECNICO MILANO 1863

Prof. Rafael Ferragut




Coincidence Doppler Broadening Spectroscopy (CDB)
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FIG. 3. The comparison of the experimental and theoretical P|_ (10 moc) the detector axes
annihilation probability densities for Al, Si, and Ge. The
area under the experimental data is normalized to unity. The FIG. 4(color). The spectrum for different elements after nor-
calculated curves have been normalized to the quantity A,/ Ay, malizing to Al: (a) experiment and (b) theory. The theoretical
where A. and A, are the annihilation rate with core electrons curves for p; < 20 X 10 3mgc [dashed line in (b)] are not
and the total annihilation rate, respectively. accurate.
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Coincidence Doppler Broadening Spectroscopy (CDB)
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Information:

PALS: Defect concentration (trapping fraction)
CDB: Chemical environment of defects
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CDB results

56=103 pr / myc (mrad)

0 5 10 15 20 o G. Pagot, V. Di Noto, K. Vezzu’, B. Barbiellini, V. Toso, A. Caruso,
' ' ' ' M. Zheng, X. Li, R. Ferragut. Quantum view of Li-ion high mobility
1.5 at carbon-coated cathode interfaces. iScience 26, 105794 (2023).
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Momentum distribution:
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CDB results
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CDB results

o G. Pagot, V. Di Noto, K. Vezzu', B. Barbiellini, V. Toso, A. Caruso, M. Zheng, X. Li, R. Ferragut. Quantum view
of Li-ion high mobility at carbon-coated cathode interfaces. iScience 26, 105794 (2023).
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Coincidence Doppler broadening of the annihilation radiation of the studied cathode
materials. (a) Distribution of the annihilation peak intensity I(p;) (normalized in area).
(b, d) Momentum distribution N(p,) associated to the high momentum electron
contribution. NT distribution is translated adding 0.25 N(p;). (c) S parameter evolution

as a function of the positron implantation energy.
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Mpyp)

Momentum distribution: iscience
dI(p,) J—.)
N(p,) = —kp, ——22
(pL) PL dp, .‘e‘ o

-~

ks

Linear combination: :

‘ @ CelPress

N(p,) = (B —1) - Nycoy, - (PL) + B - Nc(pL)

The average lifetime Ty can be estimated by

A-=p)- i +B-13!

__1 ~

}\E:TE =

Results of the linear combination proposed to test the
consistence of the lifetime and CDB measurements.
T, is the measured value.

Cathode B Tg(ps) Tim(pS)
SP (Super P) 0.45 (3) 201 (4) 197 (3)
XC (nanospheres) | 0.55 (4) 232 (5) 231 (4)
NT (nanotubes) 0.60 (3) 235 (4) 233 (3)
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CDB simulations
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Computed Doppler spectra for (a) LiCoO.. (b), (c) and (d) show
the graphite, nanosphere (C60), nanotube (CNT-12),
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Positron localization

CNT(12,12)

(a) The positron density of CNT-12 is
mapped, with areas of high density
depicted in purplish-red and the
electron density of the carbon
nanotubes shown in yellow. (b)
Within the white dashed square in
(a), the positron potential energy is
shown in green, and the positron
wavefunctions between the
nanotubes are marked on
isosurfaces. (c) A three-dimensional
mapping of the positron density on
the 001 plane.



CDB simulations

Momentum distributions
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Momentum distributions, N (P,) for calculates LCO and carbon, along with
their linear combination, compared with experimental results from diverse
s o ———————==== samples. The momentum profiles for different measured sample types in (a)
Momentum (atomic uuits) Momentum (atowic units) SP, (b) XC, and (c-d) NT, are represented by black symbols. The linear
combination of the calculated spectra is denoted by the red solid line.




Positrons as a quantum probe

Quantum view of Li-ion
high mobility at carbon
coated cathode interfaces
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