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CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

PROBING BURIED ELECTROCHEMICAL OEMIL HZB......
INTERFACES

Electrochemical processes start the Helmholtz layer and continue in diffusion layer and bulk electrolyte,
motivating us to study its interfaces and bulk with surface and bulk-sensitive methods at operating conditions

solid/liquid interfaces Solid/gas interfaces solid/solid interfaces
Gas Electrode (cathode) Electrolyte
Electrode (cathode) Solution l ' ' : ' Electrode (cathode)' Solid electrolyte
- : , Di ' P i
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it °e Al ® o o @ : ' :
i L0 . @
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ol® o % E 5 g 5/’5 e i
= ' Helmholtz | /"' Diffusion layer ' Bulk electrolyte
Helmholtz Iayeryv ' Diffusionlayer '  Bulk electrolyte eimnote fayer il
. : - o All-solid-state batteries
Agueous and non-ageous Me-ion cells Me-air/O, batteries (Zn-air, Li-O,) Batteries with polymer electrolyte
with liquid electrolyte Solid oxide fuel cells Solid oxide fuel cell
Me-MeH batteries (KOH) Alkaline and proton-exchange TE'I f(')IXI E ue _Ce S
IN-TIiM batteries
Redox-flow batteries membrane fuel cells
Supercapacitors Gas electrochemical sensors
Fuel cells (alkaline, phosphoric acid, CO,/N, electroreduction cells

direct methanol, molten carbonate)
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EMIL — ENERGY-MATERIALS IN-SITU OEMIL HZB......
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EMIL — ENERGY-MATERIALS IN-SITU OEMIL HZB......
LABORATORY BERLIN entrum Berlin

Hard X-Ray Undulator U17:

cryogenic in-vacuum undulator
Yrrm Synchrotron-based BESSY Il
; . x-ray analytics

Off-synchrotron

HAX)PES
&ES ) analytics Silicon
UE48 —_— XAS UPS, CFSYS, n cluster tool
Soft X-Ray Undulator UE48 29 IPES, XPS O
(APPLE II) XRF [sissY1 ,.;,"1 N . g\()‘léo 2 x PECVD
SISSY1&1l iy " 4 n ALD, PVD

cAT x UHV transfer"
Precious / chambers
CNO TML,, metals TMK
Béssy Il current: 300 mA | Preparation
TOP Up, Multibunch Ul7-PGM chambers
10" £ 2 x I mmundulator apertures . 800llmma
i 1st H. i i ] Sample sizes: .
IdH.  sthh. o] 11 x 11 mm2/ 25 x 25 mm? separation
] 50 x 50 mm2/ 100 x 100 mm? UHV chamber
1012 e E 77777777777 6" wafer Sputter Storage
i -170° C<T<1450° C tool

UEA48-PGM

onl  UE4s-pGN O W 7-DCM | * 2 combined radiation sources (Soft + Hard X-rays)
- ; S = covering energy range 80-10000 eV
W 00 il ::"E%' 1 « Sample environments for in situ and operando XAS of
10 100 """""""" == | 1000 """"""" E 10 000 liquids and gases and HAXPES/XAS of solids A

Photon energy (eV)
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OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARC|

SYNCHROTRON-SPECIFIC PROBLEMS OEMIL HZB.......

Does my operando cell reflect processes in the real cell? Zentrum Berlin
Is my area of analysis representative to all material and responds similarly to applied EC

conditions?
Synchrotron sources - pinhole or window (1mm @) and the beam (100 um @) is smaller than the cell area

(10 mm o) «— Local overpotential
BV~ f B :
Global potential change , At the end of operando experiment local
Fraction of area (hole ] e o . o
. spot is still in simple Ni,Co oxidation mode
. xin Li,Nig 15C0q 15Mn, 5,0, vs whole electrode)
{2 1.0 0.8 0.6 0.4 0.2 0.0 5 , -~

5 1 ; 1 . A S o _______
= Ni and Co O oxidation Local S " '
< oxidation : impedance I g
=l Voltage . = 44
5 4 hysteresis MEER® 3 o5 vshift
e o 34
o 3- Ni, Co and O g
3 reduction ;3
O
> 2

2 1 I 1 1 , T w 0O 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350
R. A. House, G. J. Rees, et al.

Capacity (MAN §7) Nature nery.5,pp.777-7585 2020)  Beam and sample environment local electrochemical fails
can be invisible globally - Local overpotential of 0.5 V will shift
5 global curve only by 50 pV and 5 mV for beam and window area!

Capacity (mAh g™")
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NEUTRON SOURCE SPECIFIC PROBLEM

OEMIL HZB......

Zentrum Berlin

Does my operando cell reflect processes in the real cell?

Is my area of analysis representative to all material and responds similarly to applied EC conditions?

Neutron sources - large beam # safe averaging!

Fully lithiated and partially lithiated co-existing phases will be interpreted as effective 1 phase with

roughness

QZo-Sl

different properties => extremely large uniformity is needed, i.e. small roughnesses

Li and SEI growth neutron reflectometry experiment

Gl i e

S

counter electrode (CE)

— — LiCIO, /d-PC

)

Li

working electrode (WE)

80

60

40

20

-20

Normal momentum transfer

Local resistance « thickness => thin spots carry more current
When local current doubles, measurement usually doesn’t make sense:

h-PC d-PC
I

lllllllllllll
2 0 2 4 6 8 10

SLD,x 10° A

https://doi.org/10.1016/j.apsusc.2017.01.290

.j'ma:c —~ tavg

ja’ug tcwg — 20
.maar tav tav
J_ 2 = I =92 = g~
.](I’Ug tavg — 20 4

Jmax — local current, j,,, —average current through the cell, t
average thickness, o — roughness

avg

For the uniformity roughness should be 4 times smaller than
average thickness 6
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EMIL HZB.......
NEUTRON SOURCE SPECIFIC PROBLEM
Does my operando cell reflect processes in the real cell?

Is my area of analysis representative to all material and responds similarly to applied EC conditions?
Neutron sources - large beam # safe averaging!

Fully lithiated and partially lithiated co-existing phases will be interpreted as effective 1 phase with
different properties => extremely large uniformness is needed, i.e. small roughnesses

85x50mm Si crystal block (42.5 cm?area), roughness 0.5 nm, after
Ti/Cu deposition (55 nm thick overall) roughnessis 1.7nm

AT T e SEl: thickness 5 nm, with diffusive roughness 3.5 nm
counter electrode (CE) Li
D= s ~ — 7 __Liclo,/d-PC A=
DN AL e e 5 .
O D gl APE S .. For Ti/Cu v
| == —'_electialyte = ] ;' WE — avg
s 1. g~ 4 For SEI
| = Cu ] I ! I l i i or x
w | : i
working electrode (WE) E I
N0 | !
oy ) Li plating proceeds non-uniform
1 i SiAu Cu Ni
20 1 . . c
2 0 2 4 e For the uniformity roughness should be 4 times smaller than
SLD,x 10™

7

https://doi.org/10.1016/j.apsusc.2017.01.290 average thickness
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PROBING BURIED ELECTROCHEMICAL OEMIL HZB.......
INTERFACES

Zentrum Berlin

Solid/solid interfaces
Electrode (cathode)

Solid electrolyte

Solid/gas interfaces
Gas Electrode (cathode) Electrolyte

Helmholtz Iayeri/ E Solid/liquid interfaces

Electrode (cathode) Solution

Helmholtz |aye/ ' Diffusionlayer '  Bulk electrolyte
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PROBING THE SOLID/SOLID INTERFACES:
WINDOW APPROACH

Features s&h hvin

Electrode (cathode) Solid electrolyte

Usually HV and UHV-compatible

High stacking pressure is required N
to operate the battery s&h hv out NS € 6_ Gv@/_\e @/\e

Slow kinetics of solid-state ;/i S— T "
o o o 5 . - . Helmholtz layer' : Irusion layer ' UIK eleclrolyte
reactions sometimes require higher high KE e out Ultrathin Metal cC
temperatures
for different materials for graphene
210 A c
. . 250 [ Si0, NaCl
Window material: < 5051
Ultrathin metal film (6-10 nm) 8 gl
Graphene (2L) £ 150l T
€ 125} =
S 100} ERN
2 75)
o SO Ll
< 25f
0— " 1 " 1 i 1 i 1 n
0 2000 4000 6000 8000 10000

s T S e L
100 1,000
Energy (eV)

Electron Kinetic Energy / eV
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PROBING THE SOLID/SOLID INTERFACES: OEMIL HZB.......
WINDOWLESS APPROACH
Polymor matrix  Pressing screw Requirements

with cathode particles Fluorescence
detector

good electrical conductivity of the electrode, stable over cycling. Overpotential should
be no more than 0.1 — 0.2V, acceptable resistance is calculated using distance between

hv out

hvin .
holes and operating currents Overpotential (aim at max 0.1 V)
W
& AU=R-1,,
\t' /
HAXPES analyzer TWO_ p OI nt
Electrode resistance :
. , perating
in hole (radius of current of the
the hole) cell
) D ‘ If calculated AU is too
) i high, reduce D or |,
Thick current collector

10
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PROBING THE SOLID/SOLID INTERFACES OEMIL HZB......
WINDOWLESS APPROACH
Polymor matrix  Pressing screw Requirements

with cathode particles Fluorescence
detector

good electrical conductivity of the electrode, stable over cycling. Overpotential should
be no more than 0.1 — 0.2V, acceptable resistance is calculated using distance between

hv out

— holes and operating currents
. * Smaller particles for better interfacial contribution (for 50% interfacial contribution one
needs particles with diameter not more than 10 times higher compared to expected
N/ interfacial thickness).

HAXPES analyzer

V'total R3

t 3
f=1-(1-4)

t — interfacial thickness
R — full particle radius
f — interfacial contribution

f - ‘/interface o R3 - (R - t)3

Lower C-rates (operating currents) to ensure that material in
hole is at the same state as material under CC

11
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PROBING THE SOLID/SOLID INTERFACE Ringsensor Calibration curve

OEMIL HZB.....

Zentrum Berlin

1% Cycle CuS ===Li,5-Cu mmmm |j,S-Cu
La HIKE

.. . . . 5500 257
Achieving high static pressure in the cell 5000 " 2o
4500 P
% 4000 e 154
_ i £ 3500
Typical laboratory all-solid-state cell Operandocell £ B ¥ 10 -
2500 i 0.5 -
2000
WC WE piston 0,2 0,4 0,6 0,8 1 0.0 4
PEEK Torque (Nm)
Brass cell centering ring
housing perforated ® Meas1l » Meas2
WE CC
TiS: pressed TiS:z pressed CuS + 2Li 9 Li,S + Cu
with solid with solid 2
electrolyte electrolyte . H
. o Li,S + Cu = CuS + 2Li
cc cc
O-ring Pressing
screw

Same electrode diameters (10mm), much different
pressing systems ST

11

uM
BEE,

ﬁ\ " P. Adelhelm group

T T T T T T
0 100 200 300 400 500

Capacity / mAh g!

CusS or Li,S/Cu electrode,
Li metal anode, LiPS:Cl
electrolyte

To achieve reasonable electrochemical performance, pre-
pressing of the cell stack in the standard laboratory cell is

needed

The stacking pressure of the cell should be measured,

ideally during operation as well

12
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PROBING SOLID/SOLID INTERFACES

OEMIL HZB.....

Zentrum Berlin

WE contact
CELL VERIFICATION
For anode-free studies: growing of metallic alkali holey Cu CC
should be confirmed beforehand
. . . SPE
electrochemically and microscopically
CE contact

impedance spectroscopy
LN DL LR B

Li 1s hv=2100 eV

. R 20 T+ coincel * o | SEM images
PEO+LITFSI : 15 __. operando cell . * . ] Pristine After Cyc“ng :t::}zzslgng
Hp _g 10 ] " . ] —— pristine
i i T ) = - Plasmon
HO* \ﬁ/ ﬁn\H g 4 W ° ° gg: :** J
2 N 54+ & o 9 L
PEO _g -p.. %OR 021/02h 3 |
0 il - e I) m
pLE o 5 10 15 2
\/ \/ 3
SN / Re(Z) / Ohm x 10° E
/ \ %

o¢\\ //\o

galvanostatic cycling
' T

| ! |
s coin cell

TFSI ) I @ operando cell
Holey Cu 3
deEOSIFed Cu (5 nm) o
olid polymer -
eIectro?l (150 pm) =5 |
LIfOI|(300 um) : ] BE (eV)
00 02 04 06 038 13

Nucleation potential

time (hr)



T Ll

e mosToaTeees o hv=4700 eV =2 . e
FOR BATTERY RESEARCH
7
05V 05V
PROBING SOLID/SOLID INTERFACES
Separating pure electrochemical from pure —— R S —
hv = 4700 eV hv = 4700 eV hv =4700 eV

chemical reaction

< m
A 1 I T Ll T T T T |l T .g §
2.00 1 4 g &
= 118 CC-CV Discharge .- @
= I Polarization 41 8 >
= 1.50 | §7)
Perforated % - 1.5 3 S
CC Support > 125 48 SN =
(WE) = - 1 23 .
o 1.00 D S
G‘rjmrflu—-» s = I 162 t;
Sk-pellet - — (L|) § 075'._ { L-Cﬂ; 2
S, T 050 ™ w
o L ]
0.25 |- 42 : : y
0.00 |- ]
(e L | | EIS FD B | T | S, T TN I A | 0
0 1 2 3 4 5 6 7 8 9 101
Time (h)
A
v ad ad . -m‘ ‘v‘ v g
Li.PS.-Cl electro lyte Li 2474 2472 2470 2468 2466 58 56 54 52 534 532 530 528
6 5 , - - . .
metal CE, 6nm of Ni WE CC OEMIL Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
8 Aktekin E. K | For prqug Sta.blllt}/ of electrolytes, it is |mpor’Fant jco separate its electrochemical
. Aktekin, E. Kataev et al// £ reduction or oxidation from pure reaction a) with Li metal b) evolved 02 on the cathode:

doi.org/10.26434/chemrxiv-2024-g4wkt stepwise control of potential is important



INTERFACIAL DEGRADATION IN LITHIUM-
ION BATTERIES REVEALED BY OPERANDO X-
RAY SPECTROSCOPIES

BEAM DAMAGE MITIGATION
IN UHV

Synchrotron
Light

Perforated
CC Support Perforated
CC Support
HAXPES (WE)
Anplyse 6 nm Ni + —>»
SE-pellet

Pressing

Solid-state
Screws

w gy <’
Cell ﬁ

LPSCI — Li,PScCl electrolyte pellet

LPSCI Pellet

Ex-situ sample
without Ni-coating

1%t Measurement
2"Y Measurement

Intensity (arb. units)

T | T T T — 1 — 1 T T
2480 2478 2476 2474 2472 2470 2468 2466 2464
Binding Energy (eV)

Intensity (arb. units)

hv=4700 eV —
S1s

T T T T T

Operando Cell

WE Surface
with Ni-coating

18t Measurement
2"4 Measurement

T T — 1 — 1 | I T | I T
2480 2478 2476 2474 2472 2470 2468 2466 2464
Binding Energy (eV)

» Ultrathin current collector approach helps to drain
electrons and mitigate beam damage
* Forthis, grounding of WE to spectrometer is needed

B. Aktekin, E. Kataev et al// doi.org/10.26434/chemrxiv-2024-g4w|%’?
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PROBING BURIED ELECTROCHEMICAL OEMIL HZB.......
INTERFACES

Zentrum Berlin

Solid/solid interfaces
Electrode (cathode) Solid electrolyte

Helmhalt layer'/ E Diffusion layer E Bulk electrolyte SOIId/ gas Interfaces

Electrode (cathode) Electrolyte

Helmholtz layeri/ E Solid/liquid interfaces

Electrode (cathode) Solution

Helmholtz |aye/ ' Diffusionlayer '  Bulk electrolyte



High and low KE e out

CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

PROBING SOLID/GAS INTERFACES

Windowless approach

0.1-10 mbar of Gas

hV in Electrode (cathode) Solid electrolyte
' \/ a a
\/ /\m. ©P000 00600
ALY AV AY AY
g) QO060 0060606 3
—5 ; VAN AN A

Trajectory of photoelectrons

'/"' Diffusionlayer ' Bulk electrolyte Focusing lenses

L. Nguyen, et al, Chem. Rev. 119(12)
(2019) 6822-6905.

hv out

Helmholtz layer

Requirements

As for solid\solid: sufficient interfacial contribution, low electrode impedance

Detectors and photon sources should be at reasonable pressure, using differential
pumping stages and beamline windows

High porosity for creating three-dimensional border electrode/electrolyte/gas

EMIL HZB......

Zentrum Berlin

APXPS Li-O, electrochemical cell

Anode Li» Li* +e
Cathode O, + 2Li* + 2e" » Li,0,

WE current collector RE current collector

‘ Graphene « i

Separator with
EMITFSI+LITFSI

& Lit conducting
ceramics (LAGP)

Li foil (CE)

CE current collector

Potentiostat

Hemispherical electron energy analyzer

17
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EMIL HZB......

Zentrum Berlin

PROBING SOLID/GAS INTERFACES

Windowless approach APXPS Li-0, electrochemical ce
current collector RE current collector
0.1-10 mbar of Gas i cunent e
hV in Electrode (cathode) Solid electrolyte
' \/ a a ;
\/ /\ml e ® e e ©e0 % | LT cezzizral | LaTTETIIa. Graphene < & _Li* conducting
RV ANV AN A Y e aanmme . ceramics (LAGP)
(f O @v Zia v V A v A . fl . . \¢<paratorwith
rajectory of photoelectrons EMITESI+LITFSI Li foil (CE)

h\[ out Helmholtz layer /""" Diffusion layer " Bulk electrolyte Focusing lenses
L. Nguyen, et al, Chem. Rev. 119(12) CE current collecfor
(2019) 6822-6905.

High and low KE e out
What is reasonable pressure?

. . AG = —nFE ”
enera Case p as »AEQQS —_ v 1n(pggs) Potentiostat
AGgas = RT 111( J ) \ p

0
Moles of gas

Hemispherical electron energy analyzer

For 10 mbar: 60 mV difference

For 1 mbar: 90 mV difference

For 0.1 mbar: 112 mV difference

For e-4 mbar: 200 mV difference 18

Anode Li» Li* +e 5 RT
Cathode O, + 2Li* + 2e" » Li,0, =2 13 mV
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PROBING SOLID/GAS INTERFACES OEMIL HZZBHamBho:;Z
REVEALING REACTION PATHWAYS entrum erlin

Separating pure electrochemical from pure chemical reaction
Lithium-air battery

(Q

S

Li,0, + 0,

B _
C = L0,

e 1~ A+ "+ Li1" /’
: O,te—> (O, )i} (Lf'OZ} ferln) <,

DR 1 AT 2e-+2L1" :
¥R o, *Li,0, ZEE220) o(14,0)

-Elec!rolyle;‘ e et ' gl ' \ |
e I| |

+€? — Li,co,

Anode(lithium) Li» Li* + e
Cathode (carbon) O, + 2Li* + 2e" » Li,0, Electrochemical reaction often result in reactive intermediates, that can purely

chemically interact with electrode and electrolyte materials

19
Y.-C. Lu et al. Energy Environ. Sci., 2013
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PROBING SOLID/GAS INTERFACES OEMIL szBHamBho:;z
REVEALING REACTION PATHWAYS entrum erlin

Separating pure electrochemical from pure chemical reaction  Experiment time, min

chemical reaction

- ? I 39 . 6'0 . with carbon
C T T T T 3 "f T Y
+" 8 FEl  cc discharge 15¢E E Li" 0"+ C + 0y —
RE current collector v C XNE - .
WE current collector g 6 1mC 10F » _ » 3 - LioCO3 + -C\_,C- + ...
- 4F - 0.5 E | ; o)
g) 2 i 0.5 pAh g ) ! | | 3
> : — ——
Graphene <« _Li* conducting y OF open circuit
ceramics (LAGP) 5 =B E
S _4F CC recharge
Separator with o : ' ' ' ' ' ' ' ' '
eparator wi
EMITFSI+LITFSI Li foil (CE) T I ClS, hv=485eV "1 [~ " " T ]
- [ ccC discharge 1te . 41 F Bl CC recharge .
CE current collector L ) B ]
§_ [ LiOp +Lig0, : 1t k
$ L|QCO3 Lio ‘ ! LIOZ + Li202 1L A
hv "5 C Viste, g 2 C / 1°F ] J.I\
L NN e L <« LinCOs 4 F -
€ | edieweses 1 [ o 2 ] T 1 L olgie)
g [ RGO / 1t RGO 1F : Li2COs I
= - 1 F ‘M 1t . organic carbonate
W ]F 1 ] o)
] 1 e v v v s YL e ey ] >u< L|RCOB

Potentiostat

295 200 285 295 290 285 295 290 285  gpoxy groups
Binding energy, eV
* Pure chemical interaction of intermediates can be isolated by setting system to
- OCV state for periods of time
Hemispherical electron energy analyzer * The presence of 02 in this or that reaction pathway can be figured out by
reducing gas pressure

20



I A
CHALLENGES AND STRATEGIES OF H z B
OPERANDO X RAY SPECTROSCOPIES Helmholtz
Zentrum Berlin
SUPPORTING OPERANDO RESEARCH

KE=200 for all spectra
O1s C1s

6.0 [ 6.5 = 5%
2 o )
co? P
> g -
. : 60 = o -

. = O.256L

255 e 3 < ]
£ s EL ]
> Z g6 -
: 2 2o r 8o T

ey . e ©50 Q9 o
Lithium deposition r = ° ]
and intercalation 550 °C 8% ]

5.0 | emmtemmmnm|

4.5 lll'.lll"l' l'llllll'llll'llll'llll'l
538 536 534 532 530 528 526 296 294 292 290 288 286 284 282

Binding energy, eV Binding energy, eV

S o Li,O + C —9%— Li,CO,
Li,O, + C —9%— Li,CO,

21
formation of Li,O Kataev, et al. // ACS Nano 2015
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PROBING SOLID/GAS INTERFACES EMIL HZB......
BEAM IRRADIATION EFFECTS N Zentrum Berli

Classical beam irradiation effects — Operando beam irradiation effects — oxidation by

reduction by seconFIarv electrons decomposed gas and electrolyte products

U0, (spotA) ¢ 9 o f Li K XAS

M hv=685 eV
‘w L+ pristine %

after adsorption in 0.1 mbar O,

.

/
/
o ————

£
after desorption in UHV :’
i

swn

Normalized intensity

groups /

295 293 291 289 287 285 283
Binding energy, eV

[ Oxygen functional /

Li K-Edge Absorption Intensity (Arb. Unit)

Li-O, cell with reduced graphene oxide cathode, Li anode
and LAGP electrolyte, 1 h exposure time

S e ) - Beam exposure results in generation of radicals that tend to chemically react with
® B 9 e MmN R material, which might lead to oxidation as compared to classical ex situ UHV reduction
| SRS S » Solution: setting excitation energy below ionization of gas/liquid, adjusting flux and
https://doi.org/10.1371/journal.pone.004 ’

9182 pressure, electrolyte composition 22
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PROBING BURIED ELECTROCHEMICAL OEMIL HZB.......
INTERFACES

Zentrum Berlin

Solid/solid interfaces
Electrode (cathode) Solid electrolyte

Helmhalt layer'/ E Diffusion layer E Bulk electrolyte SOIId/ gas Interfaces

Gas Electrode (cathode) Electrolyte

%

Helmholtz layeri/ E Solid/liquid interfaces

Solution




CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

SOLID/LIQUID INTERFACES- OEMIL HZZBHE'mBm:tZ
entrum Berlin

WINDOWLESS APPROACH _

Material-on-membrane approach Requirements
NCM electrode * Electrolyte wetting membrane
* Electrolyte evaporation is compensated by dosing solvent
Li-Ref (PC) in the chamber
Li*-conducting PC vapor pressure at RT is 0.04 mbar
: membrane GF —glass fiber, LFP — LiFePO,, PC — propylene carbonate, NCM —

NiCoMnOxide, Membrane chemically-exchanged NAFION

Dip and pull approach ACS Appl. Mater. Interfaces 2023, 15, 4743-4754
DRsample
% XY Zsample Requirements

* Small contact angle of liquid on WE to produce meniscus

and avoid droplets

* Electrolyte with low enough vapor pressure (or dozing
electrolyte solvent in chamber simultaneously)

(b)

vacuum
seal

spectrometer

https://doi.org/10.1021/acsami.1c07424 24

PtCE Ag/AgCl RE
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SOLID/LIQUID INTERFACES- OEMIL HZB
entrum Berlin
WINDOWLESS APPROACH
Dip and pull method - ionic resistance in the meniscus
! meniscus
/ ' = ,
decreasing
Camo10 SFC Ireaction rate
hv @ l'llsluF ﬁRm,lo ‘_j
15.5 kQ
;_@_ Cam,3 : ®
1.1i5:uF Rm3 a g)l
Con [ 15.5 kQ
£ 30=2= CFd S
QO&O& C.:d.,mi I: f;“: kQ WE Fc @
4 il
1 “ e Bulk electrolyte
— WE RE 4.24 kQ . .
c R, N Au WE, 1M LiCIO, in propylene carbonate, Fc/Fc*
i T . (ferrocene)
WE |26:6 HF 100 Q

Phys. Chem. Chem. Phys., 2025, 27, 7456-7466

The electrolyte meniscus has extremely poor mass transport compared to the bulk (iR drop is ca 1000 times larger) => faradaic
processes are 2-3 times order of magnitude slower
» Applicable to capacitive/pseudocapactive processes, with current decaying to zero (equilibrium conditions)

* For studying faradaic processes consider in situ as the possible experiment scenario (dipping => EC => OCV => pulling => spectroscopy
=> dipping etc)



CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH “ Helmholtz

SOLID/LIQUID INTERFACES Fentrum Berln
WINDOW APPROACH Windows  CHANGE FONTS IN EXCEL
How to separate environment of my analytical probe Soft X-rays out -~ 50-200 nm SiN,

(UHV, RT) from the cell environment (higher gas and static

=l Bas e Hard X-rays out - several microns of polyimide
pressures, elevated temperatures, corrosive liquids)?

Photoelectrons out - several nm of metal or graphene
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CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

SOLID/LIQUID INTERFACES
CELL VERIFICATION PARAMETERS

To verify: capacity, C-rate performance, dQ/dV curves,
reaction onset potentials (incl nucleation potentials)

If electrode preparation technology is adjusted,
first studies should be conducted in the coin cells

Adapter to

EMIL HZB.....

Zentrum Berlin

NCA - LiNij g,Co, 15Al; 05O

NCA on Al Qj}) Li-metal

1x GF; 1x Cellgard H2013
100 plL 1M LiPF4 in EC EMC

NCA on PP 0 Li-metal

CE current

collector

CE WE and

separator

gate valve

SiN, window

Electrochemical performance of the coin cells Wik 1x GF
00 15 Cl2_ IC _ 2C CHO Cl2 _ 1IC 2c__cno 8 UL 1M LiPFg in EC EMC
I ' ' ' ' ' ' ' 1500 : : — : : : : 1500
180 ?%%: .2 ooe —— pristine NCA on Al (1.6 mAh/cm?)
ol 2202%nm0mnn 222220000 — | 1e0or Ball milled NCA on Al (0.5 mAh/cm?) 1120
| éé-ééé©©©@©_ %é% 2 900} —— Ball milled NCA on PP-separator (0.5 mAh/cm?)l{900 ©
S 140 ' sssae 2 >
z . - <~
= : < 600} T 1600 <
< 120 . £ e
= . > 300f + 1300 <
5 100 _ g . U >
O F A =
¢ 80 Bapg : T O T 10 g
@] 3 ééééé I = D
so L -300} 1 1-300
| | ® - pristine NCA on Al (1.6 mAh/cm?) - Cycle 1 1 Cycle 38
40 L © ' Ball milled NCA on Al (0.5 mAh/cm?) -600 L—— . Z . s s 1-600
- A - Ball milled NCA on PP-separator (0.5 mAh/cm?) 3.0 3.3 3.6 3.9 4.2 3.0 3.3 3.6 3.9 4.2
2 5 10 15 20 25 30 Voltage [V] Voltage [V]
Cycle . .
» Slight decrease in Qg of separator coated electrodes
27

v Rate capability sufficient for aimed op. conditions (C/10)



CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

SOLID/LIQUID INTERFACES OEMIL HZB......
CELL VERIFICATION PARAMETERS Zentrum Berlin

To verify: capacity, C-rate performance, dQ/dV curves,
reaction onset potentials (incl nucleation potentials)

CE current

collector
WE and

separator

CE

CE film

h Separator w. el-yte WE contact
[ WE on separator [ ] Adapter to

100 nm SiN gate valve

Operando cell performance should be similar to
coin/pouch cells at the same C-rate and
electrochemical window!

Si wafer SiN, window

UHV
Chamber

hv out

WE current
collector

Electrochemical performance of the operando cells

Initial Formation cycle; 0.1C CC, 1h CV; NCA%‘,}PE”UMM

T — | Tricks to achieve reasonable performance
static operando cell g s chromon
Rl | B l * Nodrop-casting - pressing of electrode material on the
- / separator or window, calendaring if needed
S a0} 1 * Increasing amount of conductive additive (carbon) in the
£ | p— : electrode
35t - - * Using carbon paper as conductive matrix/current
collector
B — * Increasing static pressure by introducing thicker
Specific Capacity / mAR? gl separators, fine adjustment of the cell parts size
LP57 = 1.0 M LiPF, in EC/EMC 3:7 -

NCA - LiNij g,C0o, 15Al 050,
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SOLID/LIQUID INTERFACES
BEAM IRRADIATION EFFECTS

E=

Simple water radiolysis leads to

Ionizing radiation

H,O » €aq,HO-,H- HO,-,H,0",0H ,H,0,,H,

More complicated EC solvents and salts will create massive side

reaction pathways

CE current

collector

CE WE and

separator

Radiolysis products

H,, CH,, CO, CO, from
EC, EMC

HF, PF., POF; from LiPF,

Adapter to
gate valve

SiN, window

WE current
collector

NiCoAl oxide cathode, Li
metal anode, 1.0 M LiPF in

EC/EMC 3:7 Continuous X-ray beam exposure can
Dj}io . jeopardize whole electrochemical
- > charge/discharge curves
EC EMC

Nernst equation

[0x]

=)

,V

E,. Vs LilLi*

8 [Red]

Reaction kinetics
Current density

/jijof(ﬂ)\

Exchange ~
Kinetic law

current dtety. . AGH
Jo X Q. €Xp| — RT
Activity of Li+ at the interface /

5 —

4.5 —

3.5 —

Activation energy for

exp2 the charge transfer
exp 4

exp 6

——exp 9

coin cell ref

off-sync sXAS cell ref

————]

Strategy to mitigate:
avoid constant
exposure

r{f v+ rr+| rrr+rrr¢r¢vror. . r v ¢t T [ T 11

0 50 100 150 200 250 300

Capacity, mAh/ch A 29
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SOLID/LIQUID INTERFACES OEMIL HZB.......
BEAM IRRADIATION EFFECTS hv=855 eV mapping, OCV measurement

CE current pristine .
- collector 700 ; 3 consecutive sweeps
separi?or 600'7J\/ : 2.85E-10 —
500 1 sie] NIL Ex situ post mortem
w0 | < T optical image of electrode
Adapter to :l 300 1 ! | £ 27E10 7
gate valve @ S 265610 -
. ) g 200 3 4
SiN, window 100 S WMW
2.55E-10 — o .{,_w
WE current 0 2.5E-10 i i |
collector -100 41 245610 ]
— ':/.".’ . 846lslﬂlB;O'S;Zl8;4.8;6'8;8'8;0l8;2'8;4.8;6l
N iCOAl Oxide Cathode Li -600 -400 4260 (IJ 2(I)0 4(I)0 6CI)O 8(')0 Photon eneray, eV
)
metal anode, 1.0 M LiPF; in After 1 measurement after normalization
EC/EMC 3:7 700 .
£'7 NiL
500 & :0 s 'TQ‘ _{;P-.
Beam damage polymerizes 0 g Ty Polymerized area
electrolyte affects signal g = i Y
: . ; g 20§ 871 M WL [0 e
intensity, but doesn’t chan ge - 5.1 i ! | W" bl Strategy to mitigate:
chemistry of cathode material ] 4 2, I change spot for each
MaSS transport in pOIymerized 100 f P 846I8:8.8;0I8;2I8;4I8;6I8;B.8é0I3;2I3;4I8;6I achiStion
electrolyte might be reduced &0 40 20 o 20 40 60 800 Photon enerav. &Y 30

oaese_x



Time [h]

CE current

CpIBO) B SPECTHOSCORlesFon - collector e e .
SOLID/LIQUID INTERFACES lxgpn
CELL VERIFICATION PARAMETERS "‘l
SPECTROSCOPIC FEATURES - LP57 = 1.0 M LiPF, in EC/EMC 3:7

NCA - LiNi g9C0y 15Al5.050;

WE current
collector

, . . 4.5 : :
2.8 2
. 2.6 &, o) S ”“
= . Ay '
- 2.4r o : = 40F o i -
g - 2.2} ° .. {Oxidation state ¢ ’
5 2 O o O extraction S g
- & 20} @ : ] 2 :
R /) o0 T35} 5
g 9 ¢ > o A, 5
£ < 16¢ e & - © e 5
< o =z i
£ 1.4} s S o 3.0} ) g
iy o 2 :
— 12f o o () ‘.
o © 2
P : 1.0f : "'LE :
ocv E E E i 1 1 1 1 1 25 1 1 1 1 1
S il S R R 1 ) B & S S 2.5 3.0 3.5 4.0 45 5.0 3.0 3.5 4.0 4.5 5.0
3.0 35 4.0 45 50840 845 850 855 860 865 870 875 880
Excitation energy [eV] Voltage [V ] Voltage [V ]
Voltage [V N H : : oy N
- Li; Nig gC0g 15Al 50, = Liy 4 Nig €0 15Alg 050, + NLI* + ne

Conversion of Ni*and Co3*to Ni**and Co* on charge
* Nioxidation state was calculated from Lp,-Lsq,, ratio of Ni L-edge sXAS (assuming linear dependence)
* For constant load, NCA reaches Ni** state at ca. 4.5V, on charge, at higher voltages no further Ni oxidation
(indicating O anion redox) 31
* Forlithiation/delithiation - amount of extracted/inserted Li etc
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CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

SOLID/LIQUID INTERFACES OEMIL HZB......
RELATED PROBLEMS
Liquids: bubble formation, leaking

SiN, window in the beginning of SiN_ window in the end, Ni Static cell Flow cell

the experiment contrast

200

o

-200

-400

N

CE current Reference
electrode

=460 eV collector
N hv=855 eV CE WE and

separator

600

400

Adapter to
gate valve

N
o
o

gate valve

SiN, window

Z, microns
o

Thin window
(Working electrode)

)
=1
S

WE current
collector

—— . - =W : -
— | ‘\‘ R W/
. : _\ _ = b i 'w;':',‘l
-400  -200 0 200 400 600 600 -400  -200 0 200 400 600 NCA on PP Li-metal
X, microns X, microns

1x GF; 8 pL 1M LiPF¢ in EC EMC

A
=}
1=}

Batteries

Using flow cell can help with bubbles in liquids, high static liquid pressure and beam irradiation effects, but

» Harder to control temperature (if necessary)

* Impurities from electrolyte are constantly flowing to the cell -for batteries accumulated HF ruins performance
* Doesn’t model real cell conditions well for batteries - e.g. dissolved metal are washed away

Counter
electrode or
thermocouple

32

Liquid
outlet

Electrocatalysis, fuel cells v

X
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RELATED PROBLEMS S 2p map hv=750 eV, KE~600 eV entrum Berlin

Potentiostat

@—l

Graphene on
poroys Si,N,

Pt counter
electrode

2L graphene 2L graphen

CO0OO0OO0OO0CO0OO0O0OO0O0O0CO0O00 00

O 000000000000 O0O0O0

Potentiostat

Current
collector

Bulk ionic liquid Bulk ionic liquid
energy analyzer
ELETTRA, ESCAmicroscopy




CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

~ EMIL HZB Helmholtz

Zentrum Berlin

TAKE-AWAY MESSAGES

sLocal X-ray sensitivity does not guarantee electrochemical relevance.
Representativity must be engineered, not assumed.

Beam size and electrode uniformity set the meaning of operando data.
Small beams probe extremes; large beams average assumptions.

Interfacial roughness governs local kinetics, not necessarily cell voltage.
Significant heterogeneity can remain electrochemically silent.

«X-ray irradiation is an active perturbation.
Radiolysis and beam—electrolyte interactions can modify interfaces and kinetics during measurement.

Cell design defines electrochemistry.
Static, flow, and meniscus cells each impose distinct transport and history artefacts.

An operando cell is successful only if its electrochemistry is credible.
Signal quality without electrochemical fidelity is misleading.

sInterpretation requires triangulation.
Combine operando probes, electrochemistry, isolated in situ studies and DFT modelling to avoid false

causality. 3



CHALLENGES AND STRATEGIES OF
OPERANDO X-RAY SPECTROSCOPIES
FOR BATTERY RESEARCH

MINIMUM REQUIREMENTS FOR RELIEABLE OEMIL HZ!BHE.mBhOFZ
OPERANDO ELECTROCHEMISTRY

Defined electrochemical representativity

off-the-beam: CV (dQ/dV), EIS, current rates, capacities, performance stability over supposed time of the
measurement per 1 cell

Ex situ post mortem off-the beam studies of the cells

SEM, optical imaging, chemical information (EDX or XPS)

Verified electrode structure at the probed scale

Thickness, roughness, wetting, compression must be homogeneous over the illuminated region and in the
whole cell area.

Quantified transport limitations

lonic resistance, concentration gradients, and iR drops must be estimated for the chosen geometry.
Assessed beam—matter interaction

Radiolysis, heating, and beam-induced chemistry must be considered as active perturbations — use short
experimental time opportunieis to check it before hand

Key observables (OCV, polarization, impedance, dQ/dV) must be reproducible with and without the probe.
Stated interpretational limits

The experiment must declare what can and cannot be inferred from the operando signal.

Include chemical modelling of the isolated reactions to decipher full reaction scheme

Consider DFT for extracting fingerprints and information of the unstable species
35
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OPERARIDO X RAY SPECTROSCORIES Holey Cu
FOR BATTERY RESEARCH de pos Ited Cu (5 n m)
REVEALING REACTION PATHWAYS solid polymer (150um) O EMIL HZB........
Separating pure electrochemical from pure Li foil (300 pm) | i
chemical reaction e v = 21R0 eV
1 OCV 1 Applied Potential Measured Current R e e
S 304 - Y ]
-_l-g 2.0 1 Li stripping : , 2"9plating
=4 1.0+ | l - ' LOL stjipping
% 1 _
= 0.0+ ' B W -
2 1 ¢ ' plati e = | | -
u -1.04 ¢ ¢+ i Li plating 2T . i .
I N | Zt 90 min
027 B
O L J
—~ A | . | =g | | -
< R | i i [ I 1
é OO I I . brief accident _ 30 mln
- - | ]
0 T' N o o a 3 ) | pristline
23 3% 3 3 & — 70 65 60 55 50
£ v ¢ ¢ 2
(a1 (a T (a

- Li% is present when ( BE (eV)

For generating large amount of chemical species, potential steps at extreme conditions might be useful 38
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SEPARATING OF CHARGED VS
UNCHARGED SPECIES

A Cls-K2p spectra
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Operando HAXPES
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@

A floating' speciespEoiKTFg electrolyte, B insulated species
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WE contact

holey Cu CC
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CE contact
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| e
> -1.0 1 o @
g 9 . f.]i 1 Q (@] O ©
© 9 @ = -1.54 o
. J o
%OOO 8 W 2010 ABEy.¢ / €V °
o ABEy ./ eV % 2 L] ® K2p, K-salts %
@® Cis, -CO- o 8 | @ Fis, KF o
@ Cis, -(C=0)OR O. @ 304 @ Fi1s, TFSI ° o
O O0ls, C=0 o { © O1s, -COK/-CO*- o
O O1s, -CO- ® 354 O 01s, -SO,- ®
U!S . 150 . 1.|5 ‘ 2?0 ' 2?5 . 3?0 ' 315 . 4?0 ' 4.5 015 ' 1.|0 ' 1f5 ‘ 2?0 ' 2|.5 ' 3:0 ‘ 3:5 ‘ 410 ‘ 4j5

ECEH / \
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Creating of SEl and insulating species during operando XPS experiment might
cause line shift with potential
This line shift is purely electrostatic and should be separated from newly
evolved species
The separation is possible by plotting ABE vs Ecell lines, where ABE is difference
between line of interest at OCV and given potential
Pure electrostatic shifted species will then lie on the straight x=y line 39
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ELECTROCHEMICAL CELL DESIGN - OEMIL HZB......
MATERIALS

Materials requirements: electrochemical stability, chemical resistance, temperature stability (for high T
experiments), absence of impurities, UHV compatibility (when applicable), compatibility with detectors
(non-magnetic for electron detectors)

Cell body&other electrical isolation connections: polyestheretherketone (PEEK), will oxidize above 2.0 V vs SHE (5.0 V vs
Li*/Li), will react with hot acid/bases upon prolonged exposure

Current collector: standard for the systems of study (Al for cathode, Cu for anode in classical LIBs). If not possible, consider
stainless steel or pure metals, check for ESW. Can be also produced by magnetron deposition of desired material on stainless
steel pieces.

Plastic gasket: PTFE — the best stability, very firm; fluorinated carbons — lower stability, swelling, but softer (FFKM)

Glue: no glue, even outside cell working area, exception: ceramic glues on the parts not exposed to electrolyte are fine
(Al,0,/MgO mixtures)

Reference electrodes: for liquid — standard choice for the system of study; for solid and gas for batteries lithiated Au or
magnetron-sputtered LFP

40
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GROUNDING ISSUES OEMIL HZB.......

UNEVEN &%
GROUND ..

Working electrode which is not grounded to

analyzer can

* Collect noise from the ground of the whole large
machines

* Introduce ground loops => WE oscillation

» Separate peaks in XPS by amount of applied
potential or less, making analysis and
measurement harder

* Inhibit hole compensation which increases
differential charging and leads to stronger beam
damage

41
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CONTRAST PROBLEMS

CE current

collector

CE WE and

separator

Adapter to
gate valve

SiN, window

3
o
WE current a
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Ball-milled NCA (LiNi, ;Co, ,:Al, ,sO,)on PP behind 100nm Al/100nm SiN, 1M

LiBF, in 3:7 EC/DMC, lithium metal anode.

OEMIL

‘'n'que ‘AjIsuajul pazijewioN

OEMIL HZB......

Zentrum Berlin

Ex situ analysis is required

3.5 4 pristine Li
O K ——— delithiated 60% SOC 250 cyc
—— delithiated 70% SOC 250 cyc
3.0 4 —— delithiated 80% SOC 250 cyc

delithiated 90% SOC 250 cyc
lithiated 60% SOC 250 cyc
25 4 ——— lithiated 70% SOC 250 cyc
—— lithiated 80% SOC 250 cyc
lithiated 90% SOC 250 cyc

2.0 4

TEY intensity, arb.u.

] T ]
535 540 545 550
Photon energy, eV

Electrolytes often contain the same elements
as electrodes, making operando analysis not
feasible (O in carbonates, SiN window and TMO, S
in sulfides and Li;PS:Cl etc)

For achieving contrast and separating reactions,
different solvents should be used (carbonates
replaced by acetonitrile, Li;PS:Cl by Li,YCl,)

If replacement is not possible, supporting ex situ
study is required 42
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SUPPORTING OPERANDO RESEARCH
CHEMICAL MODELLING KE=200 for all spectra

C1s O 1s
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E E

r oo g a0 a4 4 4 o 0 o 3 3 1 43 5 59
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Bindina enerav. eV Binding energy, eV

. Li deposition on solid O,
Annealing up to 220 K, Li + 0, — Li02

CO, desorption
2Li + O, — Li,0,
43



I A

CHALLENGES AND STRATEGIES OF HZB

OPERANDO X RAY SPECTROSCOPIES Helmholtz
Zentrum Berlin

SUPPORTING OPERANDO RESEARCH

CHEMICAL MODELLING KE=200 for all spectra
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