EXLFRBAXE %51 AEREFEER

EILFORBEFHFLLVZ JO—F

5. BRIEZFZDHAIE
~[E#rik, HitiE BEHMESRRE~ (£02)

(ALBEKREE) I H et
(AMmEXRF) FEHE
(FREKRF) ALEE

i OE

=IREAN

(FEXF) ZHE®
(EERMEEUER) ZILUERE

©
| 2

This supplementary material is the presentation file provided at the 51st Electrochemistry Workshop held by Kansai in response to
the comprehensive paper in Electrochemistry, 90(10), 102010 (2022) https://doi.org/10.5796/electrochemistry.22-66109 entitled,

Electrochemical In Situ/operando Spectroscopy and Microscopy Part 2: Battery Applications

Masaki MATSUI>" Yuki ORIKASA,* Tomoki UCHIYAMA,¢ Naoya NISHI,? Yuto MIYAHARA,? Misae OTOYAMA ¢
and Tetsuya TSUDA,f

@ Department of Chemistry, Hokkaido University, KitalO Nishi 8, Kita-ku, Sapporo, 060-0810, Japan

b Department of Applied Chemistry, Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu, 525-8577, Japan

¢ Department of Interdisciplinary Environment, Kyoto University, Yoshida-Honmachi, Sakyoku, Kyoto, 606-8501, Japan

4 Department of Energy and Hydrocarbon Chemistry, Kyoto University, Kyoto daigaku-katsura, Nishikyo-ku, Kyoto, 615-8510, Japan

¢ Department of Energy and Environment, National Institute of Advanced Industrial Science and Technology, 1-8-31 Midorigaoka, Ikeda,
563-8577, Japan

f Department of Materials Science, Chiba University, 1-33 Yayoicho, Inage-ku, Chiba 263-8522, Japan

* Corresponding author: matsui@sci.hokudai.ac.jp

© The Author(s) 2022. Published by ECSJ. This is an open access material distributed under the terms of the Creative Commons Attribution 4.0 @
License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any medium provided the original @ ——

work is properly cited. [DOI: 10.50892/data.electrochemistry.21357915].

209


https://doi.org/10.50892/data.electrochemistry.21357915

ES1AEBERIEEFEE R
K[UEEOERBEEFHFLLNVTIO—F

XiRElHr « XHRIRIN T3 56

T BE (ZantERF)

RIS (REIAZ)
B AL RITEFDANRY MNIVEHER
NEPN R 2%
RIGOBIfHAL

BIDXERFATEROBIPRNNSK ZLADRIEEAF(SEAR]

210



X FA OV RRATT YD)\ — 5 B RE1S,

e

AEMRCGUT, EAIZIRE - JO-J2EVD IS

XHERDO IR+ —EFEEER

2731001 70X—MLDFe 4,

(BE5.0 g/cm3%ARE) —
faﬁi@a‘%x%é@%ﬂé 1 IXIF—-hEWnEE

2 4 BZIBEEIIREL)

) O

§ 001

£ 1E-3

,‘_E 1E-4

1E- FEXHR

1E-

10000 15000 20000 25000 30000
Energy / eV

211



KERZE TIEH I DXHR

XHREIT L NT> - XERCT

T. Konya, Y. Shiramata, T. Nakamura, BUNSEKI KAGAKU, 68 793-800
(2019).

BER (IXRIVF-) ZEEUCAIEEFEERZETEARTY REHRINETEE

HREISCDF A

4

L

Nano Terasu(2024)

BT ST #ESR(1999) } PF(1983)
- SPring-8(1997)
HalT5 SACLA(2012) ’ ‘ rrTalisen
(] New SUBARU(2000) " i‘
fﬁ&gﬂ% SAGA- LS 2006 f’ 2, &L‘%SR(2013)
Sy N, UVSOR(1984)
Bk OF) h% ,

h,’ HiSOR(1997)

https://www.ritsumei.ac.jp/acd/re/src/aurora.html(CHIEE

IRNF—2ZEZZENBZ T, ENBABL

212



SPring-BOFANE (EMERTYL—5) DSOBSE
SPring SOMANKE TR
(PUIAL—S)DSDREHE [ S is,

SPring-BO4E AR Ty

(EXHP /D2~ 5) DSOREN -

2

PRESEIFEDS
WBASL\DA ?

=)
]

am

7 SPrng-8OHMAXE et
(54595—) PEOREDE .-~~~

e

=)
E]

SPring-8DREIRMA NS OB

=
F

5

O R T

BB (EFE/H -mme (mrad) - 0.1%/CV/RIE) oSO

10° ERAXRE
107 il
1 10 100 1000 10 108 108
TeV 1keV 1MeaV
HOIRILF—(eV)
IR TR SRR FEEERME BOUR i FEXER
N i ————————

I ! 7 ! - j o ’ Al j 11 I.I
http://www.spring8.or.jp/ja/about_us _-'ﬂ's o 10 ]E-D L ’ 10 IE.J )
/whats_sp8/whats_sr/pdf/spectra.pdf 7" (/) :=r>m.‘:ﬂ-._- i‘ﬁﬂ)a&(ni;? .

B NADKEE AREFONE

PRSI ESERRDF 2

HEX
B X KRR CHDIh, E/IOA—F—([CEDE—DIRERD X KR ERDH I EN eI EE
= KA#RPKa,& Ko #RICEBRAIDERDFN BB, BAEEEDLT/H—- N 1E5Nn5,.

=g
EEREZRTRHLSNS XHRD103~ 10MFEDEIEE R X #RIETHD
FiTK

FEROPRBUERTHDD. BHFETZ2RVSHE. FITE-LFEREZERATE. XHR
OALIE (U GRAIPIRE R F O FEROEEEOBHEENAE.

RN (~Bum) OFEREIRR . H3VIIEREICHEIFRET LT — 5 DUREN1TZ S.

ERDRERD X R2ERD
s 2B AL TL\S TR OIRINIGRT DR R Z AW TR T —5ZURE T 2L, R
FEELEFOEVED SR FESDRZXRII5IEN RS,

m RROHESIENEBNTVSILICMAT, HIANMHRIMISEN. MIFEDL
L\ FEROQ/NSRERRI OI7 1IN E5NS.

213



—

p— N,

A

KRR CTZ53

NG ]

-

Z

D

ERFE

XiR[OlfT — FEEREE

XitRIRUY — &BF - FPEIS
XHRESEIHT — TR
XHRICEF I — (EFIRRE
XRRGIE3R — REBSIE

/INAEEREL — S

XHREREL — P IERE DASE B
X#RCT (AA=2>7) —3RTHRE
TN — DFDIEFBIE

Parax

ANSEERT THFANN ST —ZX6HD. #D
TOANFELESTNS 5 E—HECBTENEFL

A

IRET TEX R

SRORERFE CRITETRVWAETFE
o XERIRURSIYE (TRIVF—175I)
« XERAREL (LARREL)

HIiE D AFAITE
« XAJO0A=NLA=F-D5

Lok

+RE

FERAS RRIAIE
o SR — 5~ DB - BIERAEDRRAT

BAORYS T ORE
. FIKIT. FRE
AEELY Y TVAE, NMAN-TYh

ST TEBRCLIESKRTITS

= S
— >
/

XirEARIDIEEER

XRD

EEXAFS

L

ABTXHR BBXHR
F—IBF
. =
WETF A-SIBFDN
v
1 B X R ﬂ BIEXAFS
XERAEBFNH(XPS)

214

AFIRILE—

XANES: JEEBEHEADRICIEIE
=TEFIRE(IER). MFIRERE

EXAFS: BRELIRICLDHRE)
= BEFMBE(BCfE]. EEIERRL)

10



XtRIRUN 7353

locounter | counter
X-ray :

Jo

y '_ S = 1In(lpl 1)

11500 12000 12500 13000
Energy/eV

11

Referenced parameters
introduction

no—

FEFF
calculation

Background Normalization EXAFS isolation EXAFS signal
: removal

The standard procedure of EXAFS signal fitting Standard model EXAFS fitting
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Electrochemical in situ/operando measurement
~diffraction, spectroscopy, microscopy~

Infrared Spectroscopy

Masaki MATSUI
Department of Chemistry, Hokkaido University

matsui@sci.hokudai.ac.jp
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PEM Controller P.Stat & FRA
IRRAS setup
24

https://www.piketech.com/product/sr-veemax/ https://www.czitek.com/pages/micromatr-1
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\ BB .
T Optical setup
FIOKKAIDO
A
a b
E i rode  Evanescent wave
E x "I Working Electrod = BaF, 67000-740 1.46
Electrolyte Solution Electrolyte Solution CaF, 77000-1,100 L42
External reflection Internal reflection
CdTe 10000400 2.4
a. External reflection geometry
Csl 40000-200 1.74

v" Incident beam reflects at the electrode
surface. GaAs 7000-650 333
v The electrode needs to have high infrared

reflectivity. Carbon is not applicable. oe 3300-600 00
v The window ha_s a close refractive index to KRS 20000250 .
electrolyte solution.
b. Internal reflection geometry - 00001700 b
. NaCl 40000200 1.52
v" Incident beam reflects at the :
window/electrolyte interface. = 43300660 310
v" Composite electrode containing carbon-
based material is applicable. ZnSe 20000-454 240
v The window needs to have a high refractive
index for the total reflection. 25

external reflection cell measurement tips

Micrometer
E—MBEH Joint

¥

R.E. Lithium foil |

Intensity / a.u.

W.E. Pt disc

—

& Incident angle 65° j
o, ‘~". T T T T T
IR Beam sweerereeenanes % % """""" "I 4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm”'

MCT Detector

v" The working electrode is pressed on
the CaF, (or BaF,) window.

v Since the very tiny amount of the
electrolyte solution remains at the
electrode surface, a fast reaction is
difficult.

Ideal external Non-uniform gap
reflection (blue) between electrode

v' Mercury Cadmium Telluride (MCT) and window (red)

detector is better to obtain high
intensity. 26
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Before: Rg,

SNIFTIR spectrum calculation

Positive Peaks: Decreased molecular vibration

3600 3100 2600

Wavenumbe

AR/R = (RE,.;— RE,)/RE,

After: Rg,,,

3600 3100 2600 2100

Wavenumber / cm™

1600 1100

3100 2600 600 1100
Wavenumber / ci

Negative Peaks: Increased molecular vibration

27

3.6V ref. 3.6V

3.8V ref. 3.6V

4.0V ref. 3.8V

4.2V ref. 4.0V

4.4V ref. 4.2V
4.6V ref. 4.4V
]

4.8V ref. 4.6V

5.0V ref. 4.8V

5.2V ref. 5.0V
—_————
5.4V ref. 5.2V

5.6V ref. 5.4V

5.8V ref. 5.6V

C=0 str. of decomposed
carbonates

‘AH=1%

3.6V ref. 3.6V
_—

4.0V ref. 3.8V

4.2V ref. 4.0V

J \

5.6V ref. 5.4V

5.8V ref. 5.6V

C=0 str. of decomposed

carbonates

2100 1900 1700 1500 1300 1100 900
Wavenumber / cm-!

2100 1900 1700 1500 1300 1100 900
Wavenumber / cm™!

p-polarized beam enhances the molecular
vibration perpendicular to the substrate at
the surface of the electrode

=50V
All the negative peaks < 5.0 V are
assigned to the solvent molecules

adsorbed on the Pt substrate
Negligible changes for the spectra using
s-polarized beam

>50V

Decomposed products dissolved in the
bulk electrolyte solution can be detected
using s-polarized beam.

in situ FTIR spectra for the oxidation process of 1 mol L' LiPFg in EC:DEC (1:1) solution
on Pt electrode taken with s-polarized beam (c) and p-polarized beam (d) o8
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Internal reflection geometry

’ 4.0V ref. 3.9V
v An internal reflection cell with Ge |
window, which has refractive index of 4.1V ref. 4.0V
4.0 is applicable for the composite
electrode. However, the Ge window is b ov rof. 41 |

easily oxidized during the 18t charging

process.

v Since composite electrode has rough S | BN BN

CHa
c=0 CH:c.oc PoF,

3.5V ref. 3.5V

3.6V ref. 3.5V

‘——‘———-—J\/V\—'——‘«MW—'L_AW
3.7V ref. 3.6V

3.8V ref. 3.7V

3.9V ref. 3.8V

| ARIR=1%

LiNig 3C0y.15Alg 050, 1M LiPFg EC:DEC(1:1)

surface, measurement with polarized 2200 2000 1800 1600 1400 1200 1000 800 600
beam shows no surface selection rule. Wavenumber / cm’*
29
Application: Surface analysis of Mg metal anode
HOKKAIRQ
AEC electrolyte Mg(TFSA),-based electrolyte
(@ (b) () (d)
e ERoE nsv;;.w Q5 Vvs 1V
R e B o
Losvmoy | o | |otvmer p s iy x —
e — 1Vvs. 05V |Vvs(;5V
Working Electrode - e e o s vaiy
{thin film electrode on diamond window) [N OCEE o2 et e o 1Vvs OCP e
lARIH-E% IARIR-S% |A“’R=5% ARR=5 %
v' Fabricate thin film electrode T R P———— S——
on the diamond window.
v Need to maintain electrical .
v AEC electrolyte shows reversible spectrum change

connection between the
electrode and ATR disc.

v" Avoid electrical connection
between the ATR disc and
ATR accessary

suggesting no passivation layer formation, while the
Mg(TFSA),-based electrolyte shows passivation during
the 15t cathodic scan

30
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Application: Graphite composite electrode

Spring

v" Applicable for composite electrode
containing carbon.

v Since, the cell configuration is like
a coin cell, the spectroscopic
measurement can be performed
under a standard charge-discharge
protocol such as 1C constant
current.

HOKKAIDO

UNIVERSITY

Voltage / V

0.5

0 T T
0 50 100 150 200 250 300 350 400

Specific Capacity / mAh-g!

v Charge-discharge profile of the
operando FTIR cell at C/10

4 LiBOB ‘
AR=2%
AR=5%
‘ * * Mw
=) o0
5 |
] L A 2
Ol | —e— e WMNW% A
A Vol S
prm T ]
v’ Operando FTIR spectra for

graphite anode during the 1st cycle 31

Application: LiMn,O4 composite electrode

Spring

4.4 J
N -
. o
i
— —
2 4 —
w
38
36
3.4
0 20 40 60 80 100 120

Q/mAhg

v Charge-discharge profile of
LiMn,O, composite electrode
cycled at C/5

1st Charging

I

ging

1st Dischar:

Pt

2100 1800 1500 1200 900 2100 1800 1500 1200 900
wevenumber / cm!

wvenumber / em-!

Veso Ven blll
| or ad) Se.yor By (50l or ad) (sol or ad)
- (sol or ad WV, GH
Ulcm i t"c- (sol U:'.I(” (sol or ad)
(sol or ad) (sol or ad) Vs
1900 1700 1500 1300 1100 900 700

Wavenumber / cm?
v All the peaks observed in the operando FTIR
spectra correspond to concentration change of
the electrolyte solution 32
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Fundamentals of Raman spectroscopy

Excited
state

Baij
P = afoEO cos w;t + _Ek
0

Virtual - - - ee e --
state --- Z ————— x ————— -A» -
Ground 7 Vibrational
state V- states
Stokes Rayleigh  anti-Stokes Resonance
scattering scattering ~ scattering Stokes
scattering
Ei =
= | anti-Stokes 2 Stokes
© >
= ©
= o
k)
c
L
£
Raman shift

Fig. Schematic illustrations of scattering processes and
an example of Raman spectrum.

Definition of Raman shift
_ 107 107
Q[em™t] =

, 27 A [nm] Argman [nm]
Intensity ratio
IA_S — 0-A_S [(Vlaser + 0)4] exp(_ﬂ)
IS Os [(Vlaser - -0)4] kBT
0: Raman shift
Aaser: laser wavelength, Araman: signal wavelength
Viaser: l@ser wavenumber,, o: cross section

Kyoto University

Selection rule: rate of polarizability change with atomic vibration

Induced dipole moment P

(Classical theory)

QrEo{cos(w;—wy)t + cos(w;+wy)t}
| ] 1 J
Stokes anti-Stokes
a: polarizability E: electrical field induced by incident photon

w;, wy: angular frequencies of incident laser, and atomic vibration
Qy: normal coordinate at equilibrium

N | =

l ] an

Rayleigh

Relationship between Raman shift and phonon dispersion

150

conservation of momentum
ki =ksxq
wave vector
E: incident photon  G: phonon
ks: scattered photon

Since || < 1/a,

Frequency (cm™)

Raman: I point

Frequency (cm™")

*Fig.  Graphite  phonon  dispersion
i calculated with the optB88-vdW functional
starting from the optimized equilibrium

M K © structure.

*Reprinted with permission from [E. Hazrati et al., Phys. Rev. B, 90, 155448 (2014)]. Copyright 2014 by the American Physical Society.
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Characteristics and comparison with other techniques

Kyoto University

Intensity S I R Peak Position
Concentration i Structure (crystal phase)
= Functional groups
S 0
S it
® i . .
Ny ¥ Intensity ratio
= P Composition
2 !
o) .
IS !
Peak Shift = FWHM
Chemical interaction ! ™~ Crystallinity
Strain Raman shift / cm™’ Defects/doping
Compared with IR... Compared with XRD... s _ |2
(©) Complementary relation ) Surface characterization P Juo
&) (u-Raman) Better spatial resolution cf. optical skin depth (3;) A: laser wavelength

u: magnetic permeability
& Suitable for Inorganics and Carbons & Easier to fabricate the cell & electronic conductivity

() Less informative for Organics &) Unmeasurable for Metals

Experimental setup of Raman spectrometer

Kyoto University

Spectrometer

(single monochromator)
t Detector
detector
U =— UV, VIS: CCD  NIR: InGaAs
rating
Recommendation:
Operando calibration by Si wafer, indene etc...
(every time before use)
Notch filter ‘
Edggrﬁlter
s Filter
. Edge filter Notch filter
Spectrometer Gratmg ) & small Stokes shifts & anti-Stokes
longer focal length higher groove density @) anti-Stokes © small Raman shifts
higher resolution higher resolution = = —
weaker stray light lower spectral range g \Laser [
Laser 3 \ .
Power (proportional to Raman signal) should be <1 mW um‘2 g | - 'Ed e
Spectral stability should be confirmed in in situ/operando cell % . I . g
: : = |
Tips for the choice of wavelength (A) = ‘_ 1 . Notch
Raman intensity (/): I ~ A~ anti-Stokes 0 Stokes
Enhanced intensity under resonant Raman condition Raman shift
cf. UV-VIS spectrum, band gap clinily Sl
Electrolyte fluorescence: longer A preferred to reduce
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Examples of in situ/operando Raman cell

Kyoto University

. % \
In-plane EC-Raman in our lab Cross-sectional EC-Raman
ical wind
For non-aqueous electrolytes For aqueous electrolytes ooy A% cparator oode
o
Counter Electrode _ Gas \ \ e
inlet/outlet I
/i YV 2
Quartz glass *
i Counter
Incident Laser Electrode A | 2
Working Electrode \\// \//
Ni stainless steel
- Reference
Reference Working Electrode  Fig. A schematic illustration (cross sectional view) of the
Electrode Blectrode  /  cident Laser in situ Raman cell. Reproduced from article written by H.

Fukumitsu et al., Electrochemistry, 83, 993 (2015), with
CommerCia”y avai|ab|e Ce” permission of The Electrochemical Society of Japan.

EC Frontier (Japan)* Quartz

SB6 (2 electrode)  SB1300 (3 electrode) window | Other companies
~ CE MTI (USA)

EL-CELL (Germany)

( . Separator
I 9YRE Redox.me (Sweden)
W.E. etc...
Reprinted from https://ec-frontier.co.jp/product/index_cell.php. 37
Copyright EC FRONTIER CO., LTD.

Signal enhancement by near-field effect

Kyoto University

Near-field effect First EC-Raman: SERS by Fleischmann
— reSO|UtI0n up tO “Slngle mo/ecu/e” Ievel _é DiscoveryofSERSC: forrowingSlrategy SHINERS SHINEBS-sateIIites
5g ) ) N J i
SERS TERS P00 © 90 @
Laser Tlp Laser & 1970s . 1980s 2000s 2010s :
E % Au,Ag, Cu Transition Metal Single Crystal Surface  Nanocatalyst
Adsorbate enhancement 38 catalviclner Materia Catalytic Active Materia ModelSystem  Practical System

M enhancement Stage | Stage Il Stage Ill Stage IV
Fig. Development of SERS and its applications in catalysis."
Roughened Au electrode) | Electrode & P PP Y
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Reprinted with permission from 'Acc. Chem. Res., 53, 729 (2020), 2J. Phys. Chem. B, 107, 13143 (2003), 3Acc. Chem. Res., 49, 2746 (2016), 38
Copyrights (2020) American Chemical Society, (2003) American Chemical Society, (2016) American Chemical Society,
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Peak fitting of Raman spectra

Kyoto University

(In principle) Lorentzian profile Flowchart of peak fitting

_ 2 o
fu= T4(x — x9)? + 02

Smoothing (if necessary)

v

Environmental factors adds Gaussian profile Background subtraction
defects, inhomogeneities etc... by Spline curve
2vIn 2 (x — x¢)?
=4 —4In(2) =2 v
fG O-\/E exp{ n( ) 0_2

[Note] suitable for amorphous materials

Peak search, fitting
by suitable function

Useful functions in most cases

(" Voigtian profile [Note] “Fano effect” causes asymmetric profile
+oo Interaction between discrete phonon and
fr(x) =4 fe($)fu(x — s)ds continuum electronic states
< or e ex. Si, stage-1 GIC etc...
. . ) Solutions
GaUSSIan—_LorentZIan (G-L) profile » Introduction of asymmetric factor to G-L profile
- (Pseudo-Voigt) > Use of Pearson type IV function*
fo-.(x) = Alafs + (1 — a)fL) *Appl. Spectrosc., T1, 2325 (2017).

Examples of operando analyses: graphite

Kyoto University
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Fig. In situ Raman spectra of NG-7 in 1 mol dm-3 LICIO,/EC+DEC (1:1 by vol)| eproduced with permission from 1J. Mater. Chem. A, 6, 1128

at various potentials during (a,b) negative and (c,d) positive polarizations.!

Society of Chemistry, (2021) the Royal Society of Chemistry.

(2018), 2Mater. Adv., 2, 2310 (2021). Copyrights (2018) the Royalm
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Examples of operando analyses: oxides, SEI, and electrolytes

Kyoto University
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LiNiO, in aqueous electrolyte
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Fig. A linear sweep voltammogram between 2.0 and 0.1 V (versus
lithium) at 1 mV/s. The 2D color map representing the Raman
band intensity as a function of the applied potential allows an
appreciation of the dynamics of composition of the tin
electrode/electrolyte interface.?

Reprinted with permission from 'ACS Appl. Mater. Interfaces, 12, 56076 (2020), 2ACS Energy Lett. 6, 1757 (2021), 3ChemSusChem, 10, 855

(2017). Copyrights (2020) American Chemical Society, (2021) American Chemical Society, (2017) Wiley-VCH.
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[1] Reprinted with permission from L. Zeng et al., Adv. Energy Mater., 12, 2103708 (2022).
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[2] Reprinted with permission from Y. J. Zhang et al., J. Mater. Chem. A, 4, 15597 (2016).
Copyright 2016 Royal Society of Chemistry. 45
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Figure 7. Deposition of Li metal as captured in optical cells using an electrolyte consisting of 1.0 M LiPF in EC/DEC with a current density of 4 mA ¢cm™2,

(a) A bare stainless-steel electrode shown at various times during deposition; (b) an Ag-coated electrode at various times during deposition. Red arrows denote
dendritic growth in (ii).
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McDowell, et al., J. Electrochem. Soc., 168, 100517 (2021).
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Observation of lonic Liquid by Scanning Electron Microscope

Susumu Kuwabata,*! Anusom Kongkanand,' Daisuke Oyamatsu, and Tsukasa Torimoto?
'Department of Applied Chemisiry, Graduate School of Engineering, Osaka University. Suita, Osaka 565-0871
*Departmen of Crystalline Materials Science, Graduate School of Engineering, Nagoya University, Nagoya 464-8603

(Received March 16, 2006; CL-060320; E-mail: kuwabata@chem.eng osaka-uac.jp)

It that ionic liquid

scanning electron microscope without accumulation of electron
charges. allowing SEM observation of insulating specimens
wetted with ionic Tiquid.

Tonic fiquid composed solely of fons possesses attractive
features such as no vapor pressure, high ionic conductivity,
non-combustibility, and capability o dissolve many kinds of
substances. " Such featres urge researchers to utlize this
material as a new solvent in several fields; environmentally
fiiendly organic synthesis*'* non-volatie electrolyte,'"2 and
50 on. In addition to application study with use of commercially
available ionic liquids, development of new ionic liquids and
search of further ablities are intensively studied. Here, we report
shortly the discovery that ionic liquids can be observed by a
scanning electron microscope (SEM) without accumulation of
electron charges, indicating that the liguid behaves as an elec-
ronically conducting material. This finding should allow use
of terial
o insulating specimens in place of carbon or metal coating.

Observation of ionic liquid by a scanning electron micro-
scope (SEM: Keyence VE-8800) was made using 1-butyl:3-
methylimidazolium hexafiuorophosphate (BMI-PFs, Aldrich)
with a relatively high viscosity. The liguid was heated at
105°C under vacuum for 3 prior to use for removing dissolved
water. The SEM images taken by electron beam with accelera-
tion voltage of 20keV are shown in Figure 1. In the picture of
Figure 1a,  part of  large drop (ower part) and some small
drops are seen. Each drop exhibits bright edge and dark portion
in the middle, indicating no accumulation of eleciron charges in
the liquid with emission of secondary electrons. Similar SEM
observation was also successfully performed for other ionic
liquids such as 1-cthyl-3-methylimidazolium tetrafivoroborate

F,

sulfonyhimide (TMPA-TFSI), BMI-BF;, EMI-TFSI, and BMI-

TFSL Observation of an insulating oil drop having very low
vapor pressure was also attempied but it gave a white image
with large noise due 10 accumulation of electron charges even
if the accelerated voltage was reduced t0 1 keV.

Electrons inionic liquid have been studied by fast pulse ra-
diolysis experiments using methyltibutylammonium-TFSL? It
‘senerates solvated electrons having 2 lifetime of 300ns when
87 MeV electron pulse were injected. The SEM observation of
the ionic liquids were attempted by changing acceleration volt-

e T i B BT 51
Figure 1. a) SEM image of drops of ionic liquid BMI-PF6. (b)
Image after iting the sample stage at around 10° and (¢) after
inversely tlting the sample stage (0 nitial position.

men. The flux of the electron which defermines brightness of the
image increases with the atomic weight in the case of solid sam-
ples.? In the ionic liguid phosphorous has the highest stomic

age,

cnrgy i suficient o inecting clectrons i theionic Inqmd‘

L sample stage. The secondary electrons are gener-
ated

A1(26.98). However,

the image of the fonic liquid s darker than that of AL This should

be duc (0 the low density of phosphorous in the liquid. High

brightness of each liquid drop is due to the effect by inclination

of the sample surface.* When an angle of electron beam inci-
depth of

aspeci-

Copyright © 2006 The Chemical Society of Japan
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(@) Before 4t charge After 4' charge

Tendency of morphology change
for Si thin flakes
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Ribbon type lithiation

(b) Before 4 charge After 4t charge
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Flat-plate type lithiation

Fig. N\AU5—21)— B FIRSIBBOREMEDA RS
KSEM{&. BfEi&K: (a) 83.3-16.7 mol% [C,mim][FSA]-
Li[TFSA] and (b) 83.3-16.7 mol% [C,mim][FSA]-LIi[FSA].
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™~ Cu current collector

Fig. in situ/ex situ XPS;BI%E &operando SEMERERMDEE
EroEEINDHHKRSIOLIETOERDETILE.
BERK: (a) 83.3-16.7 mol% [C,mim][FSA]-LI[TFSA]
and (b) 83.3-16.7 mol% [C,mim][FSA]-Li[FSA]. SEI®
BRELS: (F) LiF; (E2%) LisN; (48) Li,SO,; () Li,S;
(FL>P) sulfone.

Mater: Adv., 1, 625 (2020).



o ity Si7/—FEBREEH O S FEMBEHZR (TEM)

4 R—L XTEMARILS — (Fig. 14e) D {5 I
~ R RSIBB(FEE) Din situ X ~

Lithiated

Initial

Bending
1

1
Planar ‘
expansion

1 3

2BED)FOLILRICESEZEE T HENTET,
— ARSUKRSEMEERDFER R

241



242



	５．電気化学その場測定〜回折法，分光法，顕微鏡観察〜（その２）電池への応用
	X線回折・X線吸収分光
	Infrared Spectroscopy(赤外分光)
	ラマン分光法
	顕微鏡観察～コンフォーカル顕微鏡観察とラマンイメージング測定～
	顕微鏡観察




