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Abstract : Operando measurement techniques have become indispensable tools in electrochem-
istry, providing real-time insights into the electrochemical processes and material transforma-
tions occurring within devices. This review focuses on recent advances in operando
methodologies, including spectroscopy, microscopy, and diffraction techniques, emphasizing
their applications in studying batteries, fuel cells, and electrochemical catalysts. By examining
the strengths, limitations, and future directions of each method, this paper aims to guide
researchers in selecting the most suitable operando technique for specific electrochemical sys-
tems. The potential for integrating multiple operando techniques for a more comprehensive
understanding of complex reactions is also discussed.
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Fig. 1. Schematic showing Operando X-ray absorption
spectroscopy, originally featured as a graphical abstract
representation, rather than within the main text of the source
document.” [Permission obtained from the publisher].



—_—

Aro R FAe, 7er the Y ddehd
gt 518 ARE AT 5 . ol
HE el e} 2 Al2"e] dit AAE Z27]o) J
tal, 2 AAE 7Rke g AZ@HR] JRACks: =&5t
o 7198}, ol Fig. 19141+ Operando X-4 &
ol Aek AP E JHEH e R TAEIIT

=

9 oo
Ho
W

4o
ol
}.‘

22 TF A MafiEe| HEIE MAZtez EMEh=
Operando 7|&

A3 A 7he] Feag2 v Aol F
23 IS A, 53] S W Aol A
sl= B84, 58 ¥skE FHste Zlo] dilolth
A& Eof, gEele e A, 2lF ol 4
A H g FHoAN HAF AR FxF WSt &
Az, o]& AAIZre R EXN3l= Ao A% AsE
et ol 8% 98E g Operando X4 &
T HEE Bl olEg WskE Ao R RUE
Fobd, A= Alwe] M8 AdE S8 o™
g 48 F A9 o]y A= wiEE AE AA

36 J. Korean Electrochem. Soc., Vol. 27, No. 4, 2024

s T Fol B e AFe WIS MY

sk ) 7lefde,

23 H{E{2]| Ms &dg flst 228 Y =7

BEAE Fdststa wiEE 45
A& Operando &A1l F3t= AAIZE dlolEHE
vgo = A= 9 dsfde] vkeAS Hrleta, olE
HEge g gl AAY Ax AN MRS =
& 5 At ol B3|, WsEE g AT
821& x| L3t o AT F A= 715E
Sht}, 2 AtollA= ©]9F -2 Operando 4]
gg-ste] 71818k ovA] A Ao Hes

sjshe o) B o] o]Folx|a glrkos)

B g 2 e

2 o of

3.

b
rd
)

3

=35
S

o

3.1 Operando X-M

M & 2ZHXAS)
Operando X4 S5

T (XAS)E HiEjZ)e} 22

M IOk

iah a) v . v : v

=

S 0.8}

o

Q 06}

8 04} —— Separator

2 —— Graphite electrode
0.2} -~ NMC electrode
0.0

6500 6550 6600 6650 6700 6750 6800

3

A\
T\

—— Cell potential T1.0
—— Graphite vs. Li/Li"
= NMC vs. Li/Li"

= %
[6)]
Potential [V vs. Li/Li"]

Energy [eV] 0.0
0.012 v y 14 —
A -
c 0.010} b) l')l'z Time 5
g b 13 £
2 0.008 l S
5 ' ..... Iz =
Qo \ c
£ 0008 s
0.004 i 1 ®
A R A ¥, ; R 4 A 5 A
6500 6550 6600 6650 6700 O 2 4 6 8 10 12 14
Energy [eV] Time [h]

Fig. 2. Operando XAS data for a graphite/NMC full-cell obtained using a 1 M LiPF, in EC/EMC (3:7) electrolyte. (a)
Initial Mn K-edge spectra (non-normalized) recorded from the separator, graphite electrode, and NMC electrode,
demonstrating spatial resolution prior to electrochemical cycling. (b) Non-normalized Mn K-edge spectra on the
graphite electrode during cell cycling. (c) Upper panel: cell potential and individual electrode potentials (vs. Li/Li")
during cycling. Lower panel: manganese concentrations on the graphite electrode derived from the edge height of Mn K-
edge spectra. The filled pink stars indicate manganese concentration in the electrolyte, while the empty pink stars
represent the theoretical concentration assuming no accumulation on the graphite surface. [This figure is adapted from

Fig. 1 of Ref. 4 with permission from the publisher.]
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Fig. 3. In situ Raman spectra of a graphite composite
electrode in 1 mol kg’1 KFSA/EC electrolyte, obtained
under a constant current density of 28 mA g™ (0.1 C). The
acquisition time for each spectrum was 600s, with a
potential variation of no more than 20 mV during
measurements. Adapted from Fig. 5 in Ref. 9 with
permission, Copyright 2011 American Chemical Society.
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Fig. 4. Alloying reactions between Li and Si as studied by in situ TEM. (a) Evolution of the two-phase microstructure (Si-
LixSi core-shell) in one Si nanowire during lithiation, showing the progression from initial Si core to final alloy. Scale bar,
5 nm. (b) Size-dependent fracturing of lithiated c-Si at different diameters, highlighting the transition from no fracture to
surface cracking. Scale bars, S0 nm. (c¢) Self- limiting lithiation observed in single c-Si nanowire, depicting lithium
diffusion constraints. Scale bar, 250 nm. (d) Anisotropic expansion of the lithiated c-Si nanowire, emphasizing the
dumbbell-like shape developed due to expansion along specific crystal directions. Scale bar, 1 pm. (e) Lithiation of c-Si
ledges along {111} atomic planes, revealing anisotropic lithiation behavior. Scale bar, 2 nm.2 Adapted with permission
under the terms of the Creative Commons CC-BY license from Yuan et al., Nature Communications, 2017.
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Fig. 5. Example of the use of IR in operando mode to follow the formation and consumption of surface intermediates
during ethylene hydroformylation over Rh/ALQ;. (a) IR spectra at different times, highlighting the peak at 1636 cm™ due
to C=0 stretching. (b) Peak signal intensity over time, showing transient nature and Kinetic parameters of the reaction.
Adapted from Ref. 33 under the terms of the Creative Commons CC-BY license, which itself was adapted from Ref. 34
with permission, Copyright 2011 American Chemical Society.
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10" min.

22" min.

42" min.

32" min.

Fig. 6. Nucleation and growth of three zinc moss colonies on a Cu substrate during constant voltage plating. The 3D
reconstruction of the zinc deposits on the Cu wire tip is obtained using operando nanotomography and visualized at
different time intervals. Blue highlights the three moss colonies, labeled as A, B, and C, across different rows. The
nucleation points of these colonies are indicated by red circles.'® [Reprinted with permission from Ref. 16. ACS Energy

Letters, 2024, American Chemical Society.]
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