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Background Normalization EXAFS isolation EXAFS signal

removal \(_%]

The standard procedure of EXAFS signal fitting Standard model EXAFS fitting

X. Wang, Y. Orikasa, Y. Takesue, H. Inoue, M. Nakamura, T. Minato,
N. Hoshi, Y. Uchimoto, J. Am. Chem. Soc., 135, 5938 (2013).
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Electrochemical in situ/operando measurement
~diffraction, spectroscopy, microscopy~

3. Infrared Spectroscopy

Masaki MATSUI
Department of Chemistry, Hokkaido University

matsui@sci.hokudai.ac.jp

25
L - i
g ‘Jl i
PEM Controller P.Stat & FRA
IRRAS setup
26

https://www.piketech.com/product/sr-veemax/ https://www.czitek.com/pages/micromatr-1
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S

(B .
< Optical setup
UN I]\<’]E<R SII TY
a b
E i rode  Evanescent wave
E x "I Warking Electrod e BaF, 67000740 1.46
it ElectrajyteSokution CaF, 77000-1,100 142
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 40000-200 1.52
v" Incident beam reflects at the :
window/electrolyte interface. - 43300660 30
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. 27
R
;@IQ

external reflection cell measurement tips

Micrometer
E—MBEH Joint

¥

R.E. Lithium foil |

W.E. Pt disc

Intensity / a.u.

—

& Incident angle 65° j
o, ‘~". T T T T T
IR Beam sweererreenaees % % """""" "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. ldeal external Non-uniform gap

v . . reflection (blue) between electrode
Mercury Cadmium Telluride (MCT)

detector is better to obtain high and window (red)
intensity. 28

195



SNIFTIR spectrum calculation

Positive Peaks: Decreased molecular vibration

Before: Rg,

3600 3100 2600

Wavenumbe

AR/R = (RE,.;— RE,)/RE,

3600 3100 2600 600 1100
Wavenumber / ¢

After: Rg,,,, Negative Peaks: Increased molecular vibration

3600 3100 2600 2100 1600 1100

Wavenumber / cm™

29

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

c d
. =50V
3.6V ref. 3.6V %ww
oevetoe | [ssvetaevn . All the negative peaks < 5.0 V are
laovretzsv 4.0Vref. 3.8Y aSSigned to the solvent molecules

4.2V ref. 4.0V

adsorbed on the Pt substrate
Negligible changes for the spectra using

4.4V ref. 4.2V

4.6V ref. 4.4V

amvesew | s-polarized beam
5.0V ref. 4.8V ’ 5,
|seveetsOv o ] 5.4V ref. 5.2V >S50V

5.4V ref. 5.2V
P AN

5.6V ref. 5.4V

5.8V ref. 5.6V

Decomposed products dissolved in the
bulk electrolyte solution can be detected

‘AH 1% C=0 str. of decomposed AR=1% C=0 str. of decomposed uS|ng S—polarlzed beam .
carbonates carbonates _
2100 1900 1700 1500 1300 1100 900 2100 1900 1700 1500 1300 1100 900
Wavenumber / cm! Wavenumber / cm-!

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) 30
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4. Surface plasmon resonance

Naoya Nishi

Graduate School of Engineering, Kyoto University, Japan

nishi.naoya.7e@kyoto-u.ac.jp

Surface Plasmon resonance (SPR)

SPR as a phenomenon: resonance between free-electron oscillation at the
metal film surface and light wave

SPR as a interfacial probe:  sensitive probe of the interfacial refractive index
near the metal film surface via O5p

Electrolyte (e) 4+ [ ' ‘s-pol
/ Metal film (m) ED 1'0.——-‘: J‘\
Prism (p) 3 0.8} p-pol
Y
Laser v X 06
> 04
Material .2 02
Electrolyte: any liquid (or gas) o '
Metal:  Au, Ag, Cu, Al @ 0.0 ' ‘ | |
Prism:  high-n glass o 0 20 40 60 GStR 80

6 / degrees

Incident angle of laser light
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SPR condition

Scan 6 and find Ospr Where R = Rip

Electrolyte (e) - 1
Metal film (m) E
4] Prism (p) T
h - E : lout : « 0
A R AR 65 70 75
Laser S b EEE S T 0/ degrees
4 1 N
SPR condition: ::
= 0
0 — . 1 1 Dl el 2 t ; @ 0 :
SPR = arcsin np J1/Re[n2 ]+ 1/n2 | | 65 70 75
""""""""""""" o 6/ degrees
N\ %
1
I :
S N S BB R
T T 0/ degrees
Interfacial n change leads to Ogpg shift
%0 nincrease . Electrolyte
20~ b N s
£
£ 10~
N . 2 — Electrolyte (e)
o ; : Metal film (m)
10 1 | Gold f|Im. Prism (p)
1.3 1.35 1.4 (50nm thick) -
O
1
x
Table. Interfacial structures that change local
0 5 . n. and n,,, during electrochemical processes.
Ospr shift . .
| \ Faradaic Non-Faradaic
65 70 75 80 Diffusion layer Electric double laver
6 / dearees e Adsorbed layer ectric double laye

n,, Deposited metal Charged skin layer
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Example 1: electric double layer in an ionic liquid

+ Q@ @
() +Q o © ®
o © +0 © o
+ ©
° pzc 1 ©
- T T |+|g o (-}
A A §‘0004>
NS
A ’:
A O
‘.‘ -
A.A.‘
A'.’ v/mV s’
(A% — 500
o400 — 750
-200 (2gael? — 517 A. A. Kornyshev, J. Phys.
seet” ; ; Chem. B, 111 (2007) 5545.
~  500f (b) as . .
> ++* camel-shaped Theoretical prediction
o0 P i i 14
3 Al e static capacitance
E éo .".. ‘. [0}
~ * 8
- < o S
&Q AAAA g
pALS AO. X Q
& i 02 R 8
0.:' ‘ ‘ ‘ Asad
-2 -09  -0.6 -0.3 0.0 044 0 0.4
E/Vvs Ag/AgCl EIV

Reprinted with permission from S. Zhang et al., J. Chem. Phys.,
153 (2020) 044707, Copyrights (2020) AIP Publishing.

Example 2: diffusion layer sensing

Diffusion layer 20 &P
0=6 ) 0%
3 ~
c Z 3
=0 g E
e = 0Q
= 10 =\
B N5
=1
- i sr J&o
ey o ™l QU
s — 8p ~ =
= b ~ o
5 g =) 40 - >
= I (flux) n g >
1S ) ~ 20 <
O T A0 (surface congentration) C<]D ~

Distance from electrode

S

E/V

Reprinted with permission from N. Nishi et al., J. Electroanal. Chem.,
817 (2018) 210, Copyrights (2018) Elsevier.
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Example 3: surface roughness sensing in electrodeposition

101 (a) ‘Cu—’Cu+ | . v" Surface smoothing due to repeated
Cu 2>Cu Cu deposition/dissolution on Au
< :
= ol v No CV shape change during cycles
< no change in deposited Cu amount
and effective surface area
-101 ; ‘ l v' BIG A6 change -
(b) AAO due to Cu deposition decrease
100l | with increasing CV cycles
)]
(0]
I /7
& . 8th Before Cu deposition Cudissolution &
N 0 - = deposition on Au surface surface smoothing
2 5 r'e
:1] 4 IL
SO | U s AAAAA e
0.5 0.0 05 _ ANNYVNN
E/V Al

Reprinted with permission from K. Ezawa '

et al, J Electroanal. Chem., 877 (2020)
114611, Copyrights (2020) Elsevier.
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Fundamentals of Raman spectroscopy

Kyoto University

Excited Selection rule: rate of polarizability change with atomic vibration
state
Induced dipole moment P .
) 4 P (Classical theory)
Virtual - - oo ——
state  ------po--iioo oo -A—-——- 1 aaij
Al 4 P = agEy cos w;t + Ezk 30 QrEo{cos(w;—wy )t + cos(w;+wy )t}
l J k/ | ] | J
Rayleigh Stokes anti-Stokes
e ¥ } Ve a: polarizability E: electrical field induced by incident photon
Siokes  Rayleigh antiStokes  Resonance w;, wy: angular frequencies of incident laser, and atomic vibration
scattering scattering scatienng  _SoeS Q,: normal coordinate at equilibrium
z - =
g anti-Stokes 5 Stokes Relationship between Raman shift and phonon dispersion
~ [0]
z o = ‘ conservation of momentum
g i 100 < R RN N
= Raman shift 5 50 < ki - ks 1 1
| £ i Y
Fig. Schematic illustrations of scattering processes and 0 wave vector

an example of Raman spectrum.
Definition of Raman shift
_ 107 107
Q[em™] =

. . - Ai [nm] ARaman [nm]
Intensity ratio
IA_S — UA_S [(Vlaser + -0)4] exp(——)
IS Os [(Vlaser - -0)4] kBT
0: Raman shift

Aaser: laser wavelength, Agaman: signal wavelength
Viaser: laser wavenumber,, o: cross section

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

E: incident photon  G: phonon
ks: scattered photon

Since |q| < /a,
Raman: ' point

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

Characteristics and comparison with other techniques

Kyoto University

. }
Intensity S IS N E—— Peak Position
Concentration i Structure (crystal phase)
= Functional groups
=] o
£ g
© o . .
- o Intensity ratio
= i 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 N T
@ (u-Raman) Better spatial resolution cf. optical skin depth (5,) A: laser wavelength

u: magnetic permeability
@ Suitable for Inorganics and Carbons @ Easier to fabricate the cell ©: éléctronic conductivity

@ Less informative for Organics @ Unmeasurable for Metals n
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Experimental setup of Raman spectrometer

Kyoto University

Spectrometer

(single monochromator)
t Detector
detector
u = o UV, VIS: CCD  NIR: InGaAs
rating
\ Recommendation:
| Operando calibration by Si wafer, indene etc...
(every time before use)
Notch filter
Edg:rﬁlter
i Filter
. Edge filter Notch filter
Spectrometer Grating _ © small Stokes shifts & anti-Stokes
longer focal length higher groove density ©) anti-Stokes © small Raman shifts
higher resolution N higher resolution —grar—ar — —
weaker stray light lower spectral range g \Laser [
Laser 3 \ | |
Power (proportional to Raman signal) should be <1 mW pm‘2 g | ] Edge
Spectral stability should be confirmed in in situ/operando cell % . I .
: : = |
Tips for the choice of wavelength (A) - ‘. 1 . Notch
Raman intensity (/): [ ~ A anti-Stokes 0 Stokes
Enhanced intensity under resonant Raman condition Raman shift
cf. UV=VIS spectrum, band gap clinzn il
Electrolyte fluorescence: longer A preferred to reduce

Examples of in situ/operando Raman cell

Kyoto University

In-plane EC-Raman in our lab *Cross-sectional EC-Raman
For non-aqueous electrolytes For aqueous electrolytes oy o A0 parator  amode
Counter Electrode inle(t;lzztlet \ \ : O-ring
/A YV 12

Quartz glass ¥

Counter
Electrode

Incident Laser

] ! 7 H

Working Electrode \/ \/
: - Reference Ni stainless steel
Reference Working Electrode  Fig. A schematic illustration (cross sectional view) of the
! Electrode Electrode Incident Laser in situ Raman cell. Reproduced from article written by H.
Fukumitsu et al., Electrochemistry, 83, 993 (2015), with
CommerCia”y available Ce” permission of The Electrochemical Society of Japan.
EC Frontier (Japan)* Quartz
window ;
SB6 (2 electrode) SB1300 (3 electrode) Other companies
CE MTI (USA)

EL-CELL (Germany)
Separator

p— RE Redox.me (Sweden)
) - W.E. etc...
Reprinted from https://ec-frontier.co.jp/product/index_cell.php.

Copyright EC FRONTIER CO., LTD.
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Signal enhancement by near-field effect

Kyoto University

Near-field effect First EC-Raman: SERS by Fleischmann
— reSO|Ut|0n up to “Slngle molecule” |eve| % Discovery of SERS "Borrowingsuategy SHINERS SHINER?-?ateIIites
I ) L L -
SERS TERS L Pe0d © 290 @
Laser Tip Laser e 19708 19805 20008 20108
% :E' Au, Ag, Cu Transition Metal Single Crystal Surface  Nanocatalyst
Adsorbate enhancement E‘E Catalytic Inert Material Catalytic Active Material Model System Practical System

® enhancement Stage Stage Il Stage lll Stage IV
Fig. Development of SERS and its applications in catalysis.’
lRou;hened Au electrode) | Electrode 9 P PP Y

. . . A=633 nm
Fig. Schematic illustrations of SERS and TERS. Slasmonic SHINERS
Energy nanogap ] "mm Raman dye
M*-A L
+eBAV' /
T “’LEK\’/’ """""""" y g j
Ecr(V4) T T p < .
Ect (Viay) R0 N
™ Baxl¥ ) ""‘V‘V‘ aAAY ~50 nm
M-A Incident & Surface-enhanced —_—> |
light (v,) Raman scattering 2~5nm
] . ) - (SERS) (v)) A S . O
3 T T -
Vi=VutAV Vinax V=VyurAV bt u@ 22
PROTILES Electrochemically-
a) b) ©) L) Fig. Highly enhanced electromagnetic fields | ang chemically-inert
Fig. Dependence of the energy of the CT level (ECT(V)) on the in the 1 nm gap of a dimer, and SERS from | enhancer!
electrode potential (V) in the RR-CT mechanism of SERS.2 a dimeric nanostructure.

Reprinted with permission from 'Acc. Chem. Res., 53, 729 (2020), 2J. Phys. Chem. B, 107, 13143 (2003), 3Acc. Chem. Res., 49, 2746 (2016),
Copyrights (2020) American Chemical Society, (2003) American Chemical Society, (2016) American Chemical Society,

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 spIine curve
2VIn 2
fe=A exp{ 4ln(2)( Xo)” } v
o\m o2

Peak search, fitting

[Note] suitable for amorphous materials . .
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($)fL(x — s)ds continuum electronic states
< or - ex. Si, stage-1 GIC etc...
. . i Solutions
Gaussian-Lorentzian (G-L) profile » Introduction of asymmetric factor to G—L profile

- (Pseudo-Voigt) > Use of Pearson type IV function*

fG—L (x) = A(afG + (1 - a)fL) *Appl. Spectrosc., 71, 2325 (2017).
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[1] Reprinted with permission from L. Zeng et al., Adv. Energy Mater., 12, 2103708 (2022).
Copyright 2022, Wiley-VCH GmbH. 46
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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. 48
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FFTEWEER 0 min 4 min 8 min

a)
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—
500 pm .

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).

EFEMRER

McDowell, et al., J. Electrochem. Soc., 168, 100517 (2021).

«— Typical example of in situ SEM observation of Li deposition.
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Dynamic microscopy of nanoscale cluster
growth at the solid-liquid interface

M.J.WILLIAMSON',R. M. TROMP®, P M. VEREECKEN?, R, HULL' AND F M. ROSS**
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Ejtchhlp L Browning, et al., Chem. Commun. 50, 2104 (2014).
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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
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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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1 SEM images of S. mutans biofilms pretreated with (a) conventional
way and (b-d) Scheme a. The used ILs are (b) [Ch][Lac], (c)
[C,mim][CH;CO5,], and (d) [C4mim][Tf,N].

Microscopy, 69, 183 (2020).
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