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of Chemistry While optical microscopy of single particle electrochemistry has proven insightful for future nanoparticle-
based batteries, little is explored for micron-sized particles of more practical interest. This is largely hindered
by the currently limited methodology. Accordingly, we report transmission optical microscopy using near-
infrared light for accessing intra-particle electrochemistry in virtue of strong light penetration as compared
to visible light. Using near-infrared (2 > 730 nm) bright-field microscopy, the redox electrochemistry of
single LiCoO, microparticles can be readily measured based on the measurements of optical contrast
changes during electrochemical cycling. Further using the established methodology, we discover that
the solid-state diffusion inside most single microparticles is distinctly directional, instead of in an

isotropic manner from outer to inner as observed for the other particles. This phenomenon is also
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Accepted 23rd April 2024 observed using dark field scattering microscopy with near-infrared light, suggesting non-uniform crystal
inner structures responsible for the geometrically asymmetric heterogeneity of charge transfer kinetics
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rsc.li/chemical-science optical methodology for operando studying practical battery materials.
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Introduction

Apart from electron microscopy and electrochemical micros-
copy," advanced optical microscopic techniques have been
largely facilitating in-depth understanding of single particle
electrochemistry for the fundamentals of future nanoparticle-
based batteries.”® The microscopic method features an oper-
ando nature, high throughput (hundreds to thousands at
a time) and desired spatiotemporal resolutions (i.e. frequently
nanometers and milliseconds).? Consequently, based on mate-
rial changes in solely optical contrast and/or luminescence, the
methodology allows physical insights into the chemical
composition and transformation of battery electrode materials
at the single nanoparticle level. For instance, surface plasmon
resonance microscopy allows the study of phase transition and
lithium ion diffusion within single LiCoO, nanoparticles.®
Dark-field microscopy allows electrochemically active or inac-
tive zones to be revealed within single Prussian blue nano-
cubes,' as well as determining the precise depth of their
surface charging layers."* When tracing the product, H,
bubbles, of water splitting for fuel cells, both fluorescence
microscopy”” and interference reflection microscopy®® have
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been shown to comprehensively unravel the detailed mecha-
nisms and reaction kinetics of the battery reactions. Alterna-
tively, reaction kinetics can be optically assessed based on
locally induced metal hydroxide precipitation.” In addition,
when combined with well-designed nanoparticle arrays, these
optical microscopy methods can be readily used to efficiently
screen nanocatalysts for optimal battery electrodes under rele-
vant reaction conditions.*®

Although intensive studies have focused on nano-sized
electroactive materials, of wide practical interest are the
commercial battery-containing particles which are predomi-
nantly micron-sized. Visualising the electrochemistry of these
particles can directly contribute to the understanding and
development of material design of commercial electrodes.'® The
particle dimensions are much larger than the diffraction limit
of light and thus optical characterisation of one such single
particle should not be technically challenging. However, studies
have shown that the revealed ion dynamics is limited to
hundreds of nanometers deep into the microparticle surface
when using visible light.” This technical limitation could
greatly hinder the measurements of intra-particle chemistry,
which is key to understanding overall electrode processes.

To overcome the limitation, we originally show in this work
that by measuring transmission (and scattering) light with
wavelengths in both visible and near-infrared ranges, an
appropriate wavelength of incident light is crucial for accessing
single microparticle electrochemistry. This is not quite the
concept of spectroscopic characterisation'® but more related to
the penetration depth of light that has been well adopted in the
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fields of bio-imaging. Second, we subsequently report how near-
infrared (far-field and wide-field) microscopy with different
imaging modes allows interesting exploration of single micro-
particle electrochemistry that is potentially useful for battery
fields.

Results and discussion

Fig. 1a shows the schematic set-up of applying bright-field
microscopy to study the redox electrochemistry of single
lithium cobalt oxide microparticles. Experimentally, the parti-
cles are spin-coated and immobilised on an ITO transparent
electrode with a low surface coverage of ca. 1 particle per 100
um?, which minimises possible multiple scattering from adja-
cent particles. These supported particles are immersed ina 1 M
LiNO; solution with a pH of 10. The pH is selected due to the
experimentally measured excellent electrochemical cyclability
which is not seen with a lower-pH (i.e. less than 9) electrolyte
due to stability-degrading H' intercalation'® (see Fig. S1f). A
monochromatic collimated light beam is emitted and passes
through the immersed particles. The transmitted light is
collected by a CCD camera. AFM imaging shows that the LiCoO,
particles have a quasi-oblate and quite irregular shape with
a projection-area-equivalent diameter of around 2.7 £+ 1.5 pm
and a height of about 600 + 450 nm (Fig. 1b). These lead to an
average volume-equivalent diameter of 1.8 £ 0.8 pm for the
single microparticles.

Prior to the study of the optical responses of the micropar-
ticles, the electrochemical behaviour of the particle ensembles
is first examined voltammetrically. As the potential is scanned
positively (vs. Ag/AgCl) from OCP, a current rise is seen from
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a potential of +0.4 V and peaked at +0.45 V (Fig. 1c), whereas
a reductive current peak at +0.40 V occurs during the backward
scan. Both the potentials and the shapes of the pair of the
observed voltammetric peaks agree with reported redox elec-
trochemistry between LiCoO, (reduced state) and the dein-
serted cobalt oxide Li; ,CoO, (oxidised state)® despite the redox
features at further positive potentials that are not involved in
this work due to the accompanied solvent breakdown that
would acidify the local solution. During this measured process,
the x is reported to change with a magnitude of 0.25, corre-
sponding to a single insulator-metal phase transition of the
material, while it maintains the hexagonal CoOg structure.?*>>

LiCOOz - Li()jsCOOz + 025L1+ + 0.25¢~

To exemplify the near-infrared opto-electrochemistry of the
battery material, we focus on the electrochemistry within this
potential window. Accompanied by this reaction, the conduc-
tivity variation of the solid structure already implies potentially
significant changes in chromatic characteristics.

We thus next optically investigate their electrochemical
behaviour at the single particle level. First, a common visible
wavelength of 470 nm is used for the illumination light. Fig. 1d
shows that the particles appear completely dark as compared to
the background ITO. As the electrode is polarised in the same
potential window as above, constantly little change in the
optical contrast of the microparticles is seen. However, when
the light wavelength is switched to 1050 nm, while the periphery
region of the microparticle stays dark due to the scattering of
the edge leading to significant intensity loss, its central region
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(a) Schematics of transmission optical microscopy for single microparticle electrochemistry with a three-electrode system. The reference

electrode is a porous Ag/AgCl wire throughout the work. (b) Geometry distribution of the studied microparticles (N = 26). Inset shows
a representative particle imaged using AFM (scale bar 1 um). (c) Cyclic voltammetry of LiCoO, microparticle ensembles immobilised on an ITO
electrode. Scan rate: 5 mV s~ Optical transmittance measured as a function of applied potentials measured using (d) 470 nm light and (e)
1050 nm light (scale bar 5 pm). (f) Overlaid optical voltammograms using the light of the two wavelengths.
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becomes immediately bright as seen in Fig. 1e. The depths of
field of optical microscopy are estimated to be 1.2 pm and 2.6
pm for the used 470 nm and 1050 nm light, respectively (see ESI
section 2t). Both depths are larger than the thickness of most
microparticles (<1.2 pm). Therefore, the observations suggest
that it is the varying penetration of the incident light that causes
the differences of light transmittance through the particle.

As the longer-wavelength light accesses the intraparticle
structure, the light transmittance through the single micro-
particle when subjected to cyclic voltammetry is examined.
Specifically, when the potential is swept to more positive than
ca. 0.35 V, the optical contrast of the particle decreases in an
increasingly drastic way until the potential reaches around
+0.43 V. Conversely, the particle becomes gradually bright again
and the intensity variation is the steepest at ~0.39 V during the
backward scan. Quantitatively, the average transmission light
intensity over the particle region is measured and subtracted
from that from the background ITO. Since optical intensity is
directly proportional to the charges stored in the particle,>"*
differentiating the intensity curve with respect to time gives an
equivalent electrochemical current in the optical term. Thus,
further by converting the timescale to the potential scale, the
optical CV for the single LiCoO, particle is obtained. The
depicted oxidation peak at ca. 0.43 V and the reduction peak at
0.39 V from the optical CV are both broadly consistent with that
electrochemically measured for the particle ensembles (Fig. 1f).
The minor discrepancy in the peak potentials and the shape of
the voltammetric wave from the electrical CV may reflect the
differences in the behaviour between single particles and the
particle ensembles. The oxidation state dependent LiCoO,
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absorption has been found to arise from the d—-d transition of
cobalt 3d orbitals, which is only allowed for the oxidised state
but not for the reduced state.® The spectroscopic difference
results from the change of the electronic structure upon lithium
insertion or deinsertion. As such, these results evidence the
quantitative optical measurements that are enabled by using
longer-wavelength light in the near-infrared region.

It follows that the optical principle of the near-infrared vis-
ualisation of the LiCoO, microparticles resides in under-
standing the wavelength dependence of the particle
transmittance. Therefore, a closer look at the detailed wave-
length dependence is conducted. Experimentally, as the
potential cycle proceeds continuously, six different light wave-
lengths ranging from 470 nm all the way up to 1050 nm are
sequentially used, each for 3 cycles, to image the very same
single microparticles. The measured light intensity of the
particle regions is divided by the background intensity, result-
ing in I/Igg (or called transmittance) to quantify the optical
changes. Consequently, the temporal variations of trans-
mittance through a representative microparticle are plotted as
a function of light wavelength (Fig. 2a). As a result, it is clear
that the magnitude of the optical intensity change between the
maxima and the minima during the potential cycling of the
single particle significantly and constantly decreases when
using a shorter light wavelength (Fig. 2b). By contrast, the
optical changes almost completely vanish in the cases of
530 nm and 470 nm. This observed variation applies to all the
particles in the optical field of view as presented in ESI Fig. S27,
with SEM co-localisation that confirms each as a single particle.
By contrast, Fig. 2c shows that both the oxidative (Q.) and
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® Oxidised ® Reduced

(a) Optical transmittance measured as a function of polarisation time using light with a range of wavelengths between 470 nm and

1050 nm (continuously switched from one wavelength to another). Black curve presents the applied potential ramps. (b) Maximum optical
changes upon delithiation of the particle as a function of the applied light wavelength. (c) Electrical charges transferred during (red dots)
delithiation and (black dots) lithiation processes respectively, from the ensembles of the immobilised particles as a function of different

wavelengths showing good reproducibility.

8538 | Chem. Sci, 2024, 15, 8536-8544

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00072b

Open Access Article. Published on 10 May 2024. Downloaded on 11/8/2025 3:13:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

reductive charges (Q_) transferred between the electrode and
the particle ensembles measured from the electrical CV show
negligible decline (less than 5% from the experiments using
470 nm to 1050 nm) during the electrochemical cycling and
excellent cyclability (Q+/Q_ ~0.91 after the 18 consecutive
cycles). It is also carefully checked by reversing the sequential
use of the different lights that consequently, the monotonic
optical intensity variation as a function of the light wavelength
is found to be not affected by the frequent exposure (see ESI Fig.
S31). As such, it is confirmed that a longer wavelength of light is
favoured  preferred for  accessing  particle  redox
electrochemistry.

To further understand the visualisation, the optical patterns
of a single LiCoO, microparticle when exposed to different light
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wavelengths are examined by comparing the images of the
reduced state and oxidised state, respectively. Fig. 3a shows
markedly that as the reduced single LiCoO, particle exhibits
increasingly higher intensity especially with a longer light
wavelength than 660 nm, there is only a very slight trans-
mittance increase for the oxidised state, which stays quite
evenly dark until the use of 1050 nm. This means that the
deintercalated lithium ions from the cobalt dioxide structure
significantly increase the material opacity. This is consistent
with its insulator-metal phase transition upon particle oxida-
tion, where the Li* ion deintercalation increases the electrical
conductivity of the structure.®**?** On the other hand, as the
particle dimensions decrease to a projection-area-equivalent
diameter of ~400 nm and a thickness of less than 150 nm
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Fig. 3

(a) Bright field images of both (upper row) the reduced and (middle row) oxidised states as a function of incident wavelength. The lower

row presents the differential images upon delithiation (the middle row subtracts from the upper row) for each wavelength. (b) SEM and (c) AFM of
the very same microparticle as above. All scale bars: 1 um. (d) Height profile along the drawn line in (c). (e) Penetration depth () of the reduced
and oxidised states respectively®® and (f) the calculated contribution of decreased transmittance upon delithiation solely due to chromatic
absorption (AT,) as a function of incident wavelength. (g) Proposed optical principle of the superior near-infrared light accessibility as compared
to visible light via two contributions of the remaining light upon (chromatic) absorption (T,) and scattering (Ts) by the absorbing large particle.
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(see Fig. S47), Fig. S51 shows that whilst the use of 1050 nm light
expectedly reveals the differences in the optical contrasts
between the reduced state and oxidised state, the measure-
ments using visible light also show significant differences
between the two oxidation states, albeit to a lesser extent. This
in turn reflects the role of the penetration depth of light as
a relative property to particle thickness for visualising the opa-
que material.

On the basis of the optical observations above at the two
different oxidation states of the single Li; ,CoO, microparti-
cles, the measured wavelength dependence of light trans-
mittance (and its change upon particle oxidation) is
quantitatively justified. The optical transmittance is considered
to result from light scattering and chromatic absorption of the
micron-sized solids. For clarity, in the following we only focus
on the discussion of the transmittance through the central part
of the particle without considering edge effects.

The total transmittance can be described by

T=T,+T, (1)

where, as Fig. 3g illustrates, transmittance T comes from
contributions of the photons left from chromatic absorption of
the solid T, and the scattering through the particle Ty in the
forward direction, which dominates in the cases of large
particles.>?¢

As described by the Beer-Lambert law, the transmittance (7,)
depends upon solely chromatic absorption of a uniform mate-
rial medium?” (here not involving scattering).

I, )
T,= > =¢¥ (2)
Ing

where I, is the remaining light intensity upon solely chromatic
absorption of the ITO-supported material medium, I, is the
intensity of the ITO region, z is the light travelling distance or
herein the material thickness (um), 8 is the power absorption
coefficient (um™"), which depends on the wavelength of inci-
dent light A and the extinction coefficient k (namely the imagi-
4tk

nary part of the refractive index) of the material, i.e.§ = T.”

The power absorption coefficient is also the reciprocal of the
penetration depth (4, in pm):

b= ©)

Referring to the datasets provided in the literature,” the
power absorption coefficients at different light wavelengths for
both reduced and oxidised states of LiCoO, are given in Table
S1.t Note that these data are measured for local areas of single
macrocrystals, thus involving no scattering and being appli-
cable here to account for solely T,. The coefficients are shown to
be all at the order of 1-10 um ', indicating the highly absorbing
properties of the particles in our work, consistent with their
black appearance.

Consequently, Fig. 3e shows the penetration depth as
a function of the light wavelength for the solid. It is seen that for
the reduced state of LiCoO,, the penetration depth witnesses

8540 | Chem. Sci, 2024, 15, 8536-8544

View Article Online

Edge Article

a steep rise and reaches over 140 nm for a 730 nm light, whereas
the penetration stays below 100 nm into the oxidised
(Lip.,5C00,) material surface even when using 1050 nm light.
This latter is, as mentioned before, due to a relatively strong
absorption by the oxidised state of light excited by the d-
d transition of cobalt 3d orbitals, which peaks at 780 nm,
whereas this d-d electronic transition is lacking in the reduced
LiCoO, state.*

As seen from the SEM (Fig. 3b) and AFM (Fig. 3c and d)
results, the average thickness of the LiCoO, microparticle with
a projection-area-equivalent diameter of ca. 1.2 pm is measured
to be around 400 nm. Although this thickness is three times as
large as the penetration depth (140 nm) of 730 nm light, the
penetration depth is defined as the depth at which the incident
light declines to 1/e of its original intensity. This means that
a thicker material is still likely to be accessed, especially further
considering the additional scattering effects, which augment
light transmittance (which will be discussed next). As such, the
measured thickness of the microparticles is consistent with the
fact that 730 nm (approximately the lower limit of near-infrared
wavelengths) is just adequate to measure the redox electro-
chemistry of the microparticle. Quantitatively, the differential
transmittance related to material absorption AT, is predicted
for different wavelengths using the equation

AT, = To — Tg = e P07 — ¢ F== (4)

where Tp and Ty denote the light transmittance through the
oxidised and reduced states of the material respectively, while
Bo and By are the corresponding wavelength-dependent power
absorption coefficients. Consequently, Fig. 3f shows that the
transmittance contribution related to material absorption is
found to increase with a longer wavelength.

The contribution from the microparticle scattering is then
discussed. It is recognised that the scattering light trans-
mittance is proportional to the scattering cross section of
a particle:

[
T,= =
j )

where o, is the scattering cross section (um”) and A4 is the
geometric area of the particle (um?). According to Mie scattering
theory of large particles,?® as the size parameter (i.e. nwd/A = 12—
26, where n is the refractive index of the material (n = 2.2)** and
d is the particle diameter (d = 1.8 um)) is much larger than 1 for
the wavelengths from 470 to 1050 nm, the scattering cross
section would stay unchanged in the wavelength range.?®
However, this is limited to the cases of dielectric, nonabsorbing
materials, which are transparent.** For the strongly light-
absorbing LiCoO, particles, presumably the scattering cross
section would be positively related to the penetration depth
when the particle is not fully transparent to the light of given
wavelengths. However, since the scattering is highly sensitive to
nanoscale surface morphology and phase differences* and the
mathematics involves solving complex wave functions,*"*
a concise, formulated dependence for the irregular, rough
microparticle is unavailable. Nevertheless, the positive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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relationship between the wavelength and the scattering cross
sections (indicated by the bright regions in Fig. 5a) especially
for the reduced state is confirmed by the results obtained using
dark field scattering microscopy described later for a micropar-
ticle of a similar size. Furthermore, the data show that the
difference between the penetration depth of the oxidised state
and the reduced state is ever increasing with a longer wave-
length. As a result, the scattering transmittance decline from
the delithiation process should see a monotonic increase when
longer wavelength light is used.

Thus far, both contributions to the transmittance variation
from particle scattering and the transmittance left from particle
absorption have been inferred to exhibit monotonically positive
dependence on the light wavelength. Mathematically, the sum
of two monotonic functions of the same sign does not alter its
monotonicity. Consequently, the final trend of light trans-
mittance decline is expected to also monotonically ascend with
a longer wavelength. This is consistent with that observed in
Fig. 2 and 3.

These findings indicate that the optical
measurements result from the much stronger penetration
effects of near-infrared light as compared to visible light. We
also show that this near-infrared imaging is applicable to other
electrochromic battery materials such as LiFePO, microparti-
cles,* indicating the universality of the methodology (see Fig.
S61). The allowed access by near-infrared light is the key
prerequisite for optically differentiating the intraparticle redox
electrochemistry of single absorbing microparticles especially
with a thicker dimension. It is thus demonstrated that the
widely accepted concept in the bioimaging field - using strong
penetrating near-infrared light to study thicker biological
(living) tissues - has been successfully extended to the battery
field for the first time via this work.

Building on the strong penetration capacity of near-infrared
light and the spatial resolution offered by optical microscopy,
we then look closer into the microparticle during the electro-
chemical regulation and seek to measure in more detail how the
structure evolves spatially using 1050 nm light. Fig. 4 shows the
mapping of the optical intensity as a function of applied

successful

potentials for the entire projection area of representative
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particles. Evidently, a minor fraction of the population (15 out
of 40 particles, refer also to Fig. S71) shows symmetric optical
changes in the whole central bright regions of the particle
(Fig. 4a) for both the forward positive polarisation and the
backward negative polarisation. Given the optical intensity
variation arising from delithiation-dependent light trans-
mittance, this may be explained that the solid state diffusion
should proceed at a similar rate inside the particle from all
directions if there are no significant differences between the
crystal structures (e.g. defects and electrochemically inactive
zones) along each direction and at the micrometer scale the
particle is evenly (or at least symmetrically) thick. Indeed, only
a fraction (30%) of individual microparticles are seen to have
a fairly even thickness (i.e. STD divided by mean ~10%),
whereas the others are irregular (STD/mean > 30%) or direc-
tionally uneven (see Fig. S81).

Interestingly, by contrast, most (i.e. 24 in total) of the parti-
cles exhibit clear anisotropic optical changes along particular
directions as labelled by the arrows in Fig. 4b and c. Specifically,
the transmitted light initially (E = 0.30 V) concentrates
predominantly on the right part of the particle (Fig. 4b), which
suggests that this particular particle may be thinner for this half
part. As the potential is scanned more positively to 0.52 V,
during which the particle is subject to oxidation, the right half
of the particle becomes increasingly less transmissive sooner
from the upper-left sub-zone, and later for the lower-right
corner (see Video S1t). Since the transmittance is positively
related to the lithium content, the observed contrast change
indicates that the lithium-poor phase (Li, ,5C00,) is gradually
formed by directional lithium diffusion propagating towards
the lower-right corner. Similar changes are also evidenced for
the reverse potential sweep, corresponding to the gradual
reduction to the lithium-rich phase (LiCoO,) along the opposite
direction. These observations are very interesting as they indi-
cate that the ‘unit cells’ constituting a single microparticle are
likely to be not uniform (i.e. different lattice parameters, crystal
orientations and defects) across the structure, which causes the
heterogeneity of charge transfer kinetics within the chemical
structure. Accordingly, structurally asymmetric differences in
these unit cell properties would lead to anisotropic formation
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Fig. 4

Initial bright-field images at 1050 nm of three representative microparticles (leftmost images of a, b and c) at the open circuit potential.

Pseudo-coloured images show the potential-dependent transmission light through the single microparticles of representative (a) isotropic and
(b and c) anisotropic (clearly directional) optical changes as labelled by the red arrows. Scale bar: 1 um. (d) Conversion anisotropicity (charac-
terised by the preferential angle along which the directional optical intensity decline follows during the delithiation process) distribution of the
microparticles (Nt = 40, corresponding to the value of the outmost radius of the plot).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 8536-8544 | 8541


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00072b

Open Access Article. Published on 10 May 2024. Downloaded on 11/8/2025 3:13:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

dynamics of phase domain boundaries (between the lithium-
rich and lithium poor phases), which directs the intraparticle
diffusion."”

We also find a single microparticle with characteristic optical
changes consistent with the previous work from Merryweather
et al.,"” although there is only one such particle in our case. The
particle shows mixed behaviour (see Fig. S97) that the oxidative
delithiation follows a symmetric evolution of optical contrast,
but the reductive lithiation witnesses a directional phase front
propagation. The observations are attributed to differing kinetic
mechanisms (i.e. diffusion limited or charge transfer limited
processes) of the two redox processes.’” Nevertheless, our
statistics show that apart from this special case, all 24 micro-
particles show preferential and opposite directions of the
lithium diffusion for lithiation and delithiation processes. To
quantify the directions of the reversible optical changes, the
directional angles along which the optical intensity decline
follows during the delithiation process are measured and
plotted as a function of the sequential number of individual
microparticles (randomly numbered, N = 40). Consequently,
the directions are found, as shown in Fig. 4d, to vary completely
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randomly from particle to particle. This implies possible elec-
trochemical heterogeneity of the crystal structures across
different microparticles. In comparison with preceding work,"”
although the same phase transitions are studied, these
dissimilar observations could arise from the polycrystallinity of
the particles and, besides the structural factors discussed
above, also likely from the absence of conductive agents that
could lead to poor particle-substrate electrical contacts.®*

Last, to examine the further applicability of near-infrared
optical microscopy and to also complement the under-
standing of the optical responses of single microparticles,
another optical means of dark field microscopy based on
particulate scattering is briefly investigated. Experimentally, the
single LiCoO, particles are obliquely illuminated and imaged
during cyclic voltammetry using light wavelengths from 470 nm
to 850 nm. Unfortunately, the dark field condenser is not
compatible with the 1050 nm light but the following results
show that the 850 nm light is sufficient for penetrating whole
microparticles. The initial scattering light intensity of the same
single particle is recorded as a function of the light wavelength
for both reduced and oxidised states. Fig. 5a shows that when

A: 470 nm 530 nm 660 nm 730 nm 850 nm
(a) 100
2
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A(Mlgg) =
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_ -80
(b) 040V 018V
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s
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0
40
(O]
2
470 nm =
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Fig. 5

(a) Dark-field particle images of both (upper row) reduced and (middle row) oxidised states as a function of the wavelength of the light.

The lower row presents the scattering intensity decrease upon delithiation for each wavelength. (b) Initial bright-field images of a representative
microparticle (leftmost images) at the open circuit potential. Pseudo-coloured images show the potential-dependent transmission light over the
single microparticle using 850 nm and 470 nm light, respectively. Red arrows represent the reversible directions of the solid state diffusion (scale

bar 1 um).
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exposed to 470 nm light the LiCoO, particle (reduced state) is
only bright at the surface and not much inwards. However, as
the incident light wavelength increases, the particle becomes
gradually brighter and then the scattered light reaches the
maximum and meanwhile appears much more uniform over
the particle region for the 850 nm light. Similar plots of quan-
titative optical changes to Fig. 2 of single microparticles ob-
tained using dark field microscopy and an optical field of view
containing a number of such particles (N = 29) are provided
collectively in Fig. S10.7 The observed trend strongly suggests
that the light interaction with the particle occurs deeply inside
the solid structure, which is thus consistent with the penetra-
tion effects of the opaque material (in the visible region)
inferred from the results using bright-field microscopy. Again
by contrast, the scattering only penetrates slightly more into the
oxidised particle using the 850 nm light than using the 470 nm
light. This is consistent with the almost unchanged optical
contrast observed in the BFM results, confirming the vital use of
near-infrared light for visualising the intraparticle electro-
chemistry of microparticles.

The imaging capacity of dark field scattering microscopy
with 850 nm near-infrared light is also further checked for solid-
state lithium ion diffusion. Fig. 5b shows, consistent with the
results from the BFM experiments, that for most particles (ca.
60%) the potential-determining scattering intensity variation
appears to be clearly directional with large heterogeneity (see
Fig. S117). Although the spatial evolution seems complicated, it
is evident that the upper part of this particle shows significantly
more drastic changes than the lower part of the particle, Video
S2.1 Notably, there are also subareas (the lower right corner) of
many microparticles showing significantly smaller scattering
changes than other regions despite longer times and larger
overpotentials (Fig. S12t), indicating the presence of thermo-
dynamically less active zones. This thus supports a non-uniform
crystal structure as the origin of directional Li* diffusion. Clear
directional changes of more microparticles are provided in Fig.
$13.7 This is in contrast to the imaging using 470 nm, where no
obvious changes are observed throughout the potential window.
The latter fact also suggests that the brightness of the particle
outline comes from the scattering mainly from the particle
edges and thus carries limited information regarding the
intercalation states of the overall structure. However, it is crit-
ically noted that when accessing deeper zones of the material,
the spatial resolution would be diminished according to the
Abbe diffraction limit (resolution o« 1/1); a doubling in the
penetration depth of monochromatic light would lead to a half
good spatial resolution. Despite this, the simple use of a near-
infrared light source permits access to the structural variation
of micron-sized particles. As such, the imaged lithium ion
dynamics using both DFM and BFM has well demonstrated the
universal capacity of near-infrared light in imaging micropar-
ticle redox electrochemistry.

Conclusions

This work proposes the use of near-infrared light sources for
visualising redox electrochemistry of single micron-sized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lithium cobalt oxide particles. The study shows that both the
electrochemical behaviour of single LiCoO, microparticles and
intraparticle lithium ion diffusion can be readily measured,
despite the imaging modes of bright-field optical contrast or
dark field scattering. This is attributed to the strong penetration
through the large absorbing particles of near-infrared light. In
particular, the visualised solid-state diffusion has been discov-
ered to have preferential directions for the majority of the
particles, possibly due to structurally asymmetric crystal struc-
tures that cause directional, rather than homogeneous, forma-
tion dynamics of phase domain boundaries between lithium-
rich and lithium-poor phases. This part of lithium ion battery
science features complex multidimensional data, which means
opportunities of being efficiently elucidated with the aid of
artificial intelligence.** As such, this near-infrared optical
methodology is demonstrated to offer potential opportunities
for in situ accessing the redox electrochemistry of practical
battery particles as well as other intraparticle kinetic anal-
yses***” at the single particle level.
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