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of high-rate lithiation and delithiation
in phase-separating electrodest

Bonho Koo, (2 1% Jinkyu Chung,t* Juwon Kim,1* Dimitrios Fraggedakis, (2 °
Sungjae Seo,? Chihyun Nam,” Danwon Lee,” Jeongwoo Han,? Sugeun Jo,
Hongbo Zhao, 2° Neel Nadkarni,® Jian Wang,© Namdong Kim,® Markus Weigand,®
Martin Z. Bazant & **" and Jongwoo Lim ) *?

a

Li-ion battery electrodes exhibit a poorly understood resistance increase during high-rate lithiation,
which is rarely observed during delithiation. This hysteresis, often attributed to the solid-state diffusion
effect, has not been clearly understood. Here, we unambiguously prove that Li transfer kinetics at the
surface determines the overall hysteresis. We use operando X-ray microscopy to observe the surface
and bulk Li compositions in [100]-oriented Li,FePO, sub-micron particles over a wide range of currents.
The experiments reveal how surface and bulk phase separation strongly depend on the direction and
magnitude of the current, thereby reconciling contradictions among existing models. The dynamical
asymmetry between fast lithiation and delithiation is attributed to autoinhibitory (negative self-feedback
on reaction rate) Li-rich and autocatalytic (positive self-feedback) Li-poor domains, respectively. These
domains are stabilised in proximity to the active crystal surface. Stabilising electro-autocatalytic surface
phases is a promising strategy to enhance the rate capability of Li-ion batteries, as well as lithionic
memristors for information storage.

Lithium-ion batteries (LIBs) are a cornerstone of modern energy storage systems due to their ability to store and release electrical energy as chemical energy.

However, at high cycling rates, the conversion becomes irreversible, resulting in higher overpotential and decreased capacity. This is particularly pronounced

during lithiation compared to delithiation and is a major challenge for electrodes undergoing phase transitions. Despite attempts to understand the root cause

of this asymmetry, the impact of these electrochemical conditions on the dynamics and pathways of lithium ion insertion and extraction remains unclear.

In this study, we employed operando scanning transmission X-ray microscopy to visualize the dynamic lithiation and delithiation pathways at the surface and

bulk within single LiFePO, particles during battery operation. Our findings reveal that high cycling rates kinetically induce the evolution of Li-rich and Li-poor

surface domains, which enhances auto-inhibitory Li insertion and auto-catalytic Li extraction, respectively. New insights on how dynamic phase transition

controls the lithium ion transport kinetics can be applied to a variety of electrode materials undergoing phase transitions, such as Li,/;3Ti5;30, and LiCoO,,
Ni-rich LiNiMnCoO,, LiNiO, etc., paving the way for improved performance and stability in future LIBs.
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ciated with large overpotentials and lost capacity, which is
worse during lithiation than delithiation. This phenomenon
is more problematic and poorly understood for electrodes
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LiFePO, (LFP).>" In contrast to solid-solution electrodes, which
tend to homogenize the Li distribution for smooth transport
within primary particles, phase-separating electrodes exhibit
complex, stochastic Li heterogeneity, dividing the active parti-

f These authors contributed equally to this work. cles into Li-rich and -poor phases during cycling. The local
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Fig. 1 Schematics of Li transport pathways and typical electrochemical properties of constant current/voltage (de)lithiation for LFP (MTI corporation)/
Li electrode. (a) Schematics of solid-state Li transports in solid-solution (left) and phase-separating (right) materials. Path A and Path B show possible
transport pathways where those in phase-separating materials have more anisotropy and spatial dependency. (b) Rate-dependent galvanostatic profiles
of LFP/Li electrode. Horizontal dashed- and vertical solid- line indicate the middle of 0.2C lithiation/delithiation plateau, 3.428 V, and the half-cycled
capacity, x = 0.5 of Li,FePQOy,, respectively. (c) Overpotential with respect to 3.428 V at x = 0.5 as a function of C-rate. The overpotential increase during
lithiation (red) is much greater than that during delithiation (green) at higher rates.

distribution and orientation of dissimilar phases further alter
Li transport and (de)insertion rates, as depicted in Fig. 1(a).
Owing to the difficulty of real-time identification of local
Li composition and active areas, various kinetic models*>™®
have been limited to demonstrating rate- and path-dependent
(de)lithiation kinetics and have not been reconciled. Therefore,
it remains unclear how electrochemical conditions, especially
at high rates, control (de)lithiation pathways and overall elec-
trochemical impedance.

To test competing kinetic models and reveal the origin of an
asymmetric increase in the overpotential during (de)lithiation,
it is necessary to simultaneously track the local Li composition
evolution and transport rates at the surface and internal
regions within individual active particles. The impedance of
Li transport during (de)lithiation within the primary particle is
fundamentally influenced by the electrode/electrolyte interface
charge transfer and bulk Li diffusion process.” The kinetics of
the two processes strongly depend on the local Li concen-
tration. Therefore, it is desirable to track local Li concentra-
tions at the active surface sites, assess the local rates for each
process, and identify the slowest step accounting for the
majority impedance to Li transport, ie., the surface-reaction-
limited (SRL) or bulk-diffusion-limited (BDL) processes.

Li,FePO, (0 < x < 1), a widely-studied phase-separating
material, exhibits strong electrochemical asymmetry in the
rate capability and overpotential at high C-rates. As shown in
Fig. 1(b), the commercial LFP half-cell shows greater over-
potential and lower capacity during galvanostatic lithiation
than that during delithiation at higher C-rates while its cou-
lombic efficiency reaches ~100% at a rate of 0.2C. Fig. 1(c)
depicts the overpotential applied to the electrode at a state-of-
charge (SoC) of 0.5 and indicates that the difference in the
overpotential between lithiation and delithiation strongly deviates
as C-rate increases. Many different phase-transformation mechan-
isms have been proposed for LFP electrodes over the past two
decades, including bulk-diffusion-limited shrinking-core®> "'
with possible amorphisation,'™'? surface-reaction-limited

This journal is © The Royal Society of Chemistry 2023

intercalation-wave®10:13-16

(or domino-cascade®'”) with
high-rate quasi-solid-solution,®'®"' and low-rate coherent
surface nucleation'>**>* with mosaic instabilities.”>*’
Although each of these scenarios has been supported by
experiments and simulations, a unified theory that can explain
for the strong asymmetry in overpotential between lithiation and
delithiation, indicated in Fig. 1(b), is still needed.

The main experimental challenge lies in resolving the
strongly anisotropic transport and reactivity of LFP nano-
particles in liquid electrolyte. As Li diffusion mainly occurs
along the [010] direction in LFP,**° it is essential to track Li
movement along the [010]-axis of facet-controlled particles in
order to distinguish solid-state Li transport and surface charge
transfer. Some aspects of Li diffusion along the [010]-axis of
micrometre-sized LFP in liquid electrolyte have been visualised
using operando hard X-ray transmission X-ray microscopy
(TXM) by probing Fe K-edge.®*' However, tracking complete
(de)lithiation along the [010]-axis within the same particle
under multiple cycling conditions has not been realised owing
to the poor electrochemical performance of battery cells or
insufficient spatial/temporal resolution of the microscopy tech-
nique. Since hard X-ray TXM has a long probing depth, it
cannot provide sufficient absorption contrast for nanoscale
particles.

Operando soft X-ray scanning transmission X-ray microscopy
(STXM), on the other hand, has emerged as a state-of-art
technique that offers much higher chemical sensitivity for
nanoparticles, owing to high absorption contrast at the r-edge
of the early transition metals. This method enables the imaging
of oxidation states with precise quantification and fast tem-
poral resolution, making it effective for unravelling complex
(electro)chemical reactions in nanoscale particles in the fields
of catalysis and energy storage.'®*** However, the requirement
for a vacuum (or He gas) in the STXM X-ray optics presents
technical challenges, and Li transport along the [010] direction
has only been demonstrated for LFP interfacing with a solid-
electrolyte. The use of solid electrolytes, unlike their liquid

Energy Environ. Sci., 2023,16, 3302-3313 | 3303
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Fig. 2 Electron microscopy images of [100]-oriented LFP primary particle and operando STXM imaging schematic. (a) SEM image of the (100) plane of a
primary LFP particle. (b) TEM, and HRTEM image of [100]-oriented LFP particle along the [100] zone axis. The inset is the local fast Fourier transformation
pattern of the selected area, orange dashed circle. (c) A schematic of operando STXM imaging of the LFP/C electrode in EC/DMC electrolyte. Probing
beam is ~700 eV monochromatic X-ray focused down to ~40 nm. (d) Soft X-ray absorption spectra of LiFe>*PO, and Fe**PO, single particle at Ls-edge
in the electrolyte. Red and green indicate Li-rich and -poor phase, respectively.

counterparts, can impose significant stress that may compli-
cate the lattice-elasticity effect and impede complete cycling.?*
Liquid-based operando STXM has been successful for the [010]-
oriented LFP platelet particles, but it could not capture solid-
state Li transport in the fast [010] Li diffusion channels because
the probing beam could only collect depth-averaged Li compo-
sitions along the [010] direction."®

In this study, we conducted operando STXM to simulta-
neously visualise Li transport at the (de)insertion surface and
internal region within [100]-oriented LFP microplatelet single
particles (carbon-coated; ~400 nm wide, ~1 pum long, and
~150 nm thick; synthesis details presented in Methods®**)
The flat (100) plane allowed the individual particles to lie on
the flat current collector of the microfabricated battery cells;
therefore, raster-scanning with the focused soft X-ray directly
visualised the [010] diffusion channels and the (010) (de)inser-
tion surface regions (i.e., the side edges of the particles) during
the battery operations, as shown in Fig. 2(a)-(c).>” We quanti-
fied pixel-wise Li compositions of the LFP particles using Fe L;-
edge absorption spectra, presented in Fig. 2(d) (details in

3304 | Energy Environ. Sci., 2023, 16, 3302-3313

section S4, ESIT).”'®*® Our Ls;-edge reference spectra from
LiFe’'PO, and Fe’'PO, are consistent with previous reports,
which explains the shift of both main and minor peaks.***
Under multiple rates of 0.07-7C (rates below 0.1C, between
0.1-1C, and above 1C are defined as slow, intermediate, and
fast C-rates, respectively), Li transport within ~70 LFP single
particles was tracked at ~40 nm spatial and sub-60 s temporal
resolutions in 1 M LiClO, electrolyte in customised micro-
fluidic cells (details in section S1-S3, ESIt). Electrical contacts
between the flat plane of the dispersed LFP particles and the
current collector were enhanced via carbonisation at 600 °C,
enabling excellent electrochemical performance of the cells
(details in section S1-1 and S1-2, ESIT).

Representative operando STXM results
of Li insertion and extraction

Fig. 3(a)-(c) present representative Li composition maps of
the [100]-oriented LFP particles obtained from operando STXM

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Representative operando STXM results of [100]-oriented LFP primary particles. (a) Li composition maps of two representative particles during
electrochemical (de)lithiation process at 0.15C. (b and c) Li composition maps at higher rates delithiation (1.5C, 4C), and lithiation (4C). Hue in each frame
represents Li-rich (red) and Li-poor (green) phase, respectively. White and yellow numbers below each frame indicate electrochemical cycling time in
minute and interval reaction rate, respectively. (d) Ex situ Li composition maps of relaxed particles over 3 months. All frames are rotated with respect to
the particle morphology where the vertical axis is parallel to [001] direction. Scale bars, 400 nm.

experiments for 0.15C, 1.5C, and 4C delithiation and 0.15C and
4C lithiation. For 0.15C delithiation (Fig. 3(a)), Li extractions at
the particle corner were initiated, while a majority of them were
found to exit the [010] diffusion channels before the initiation
of extraction from the adjacent channels. This clearly indicates
moving phase boundaries between Li-rich and -poor phases
(line cuts in ESIt Fig. S5(a)) parallel to the [010] direction,
consistent with intercalation waves®"™ or domino cascades."”
This indicates that the small active surface area within the
particle can sufficiently accommodate the applied extraction
current and that bulk transport in the activated [010] channels
was fast enough to keep up with the focused current. In this
regime of anisotropic surface-reaction limitation,"**" the char-
acteristic timescale for bulk transport in the [010] direction

71929 is shorter than that for surface reaction tg, which is also

This journal is © The Royal Society of Chemistry 2023

shorter than that for bulk transport in the [100] and [001]
directions, i.e., 8% < 15 <720 1f inter-channel diffusion
along the [100] and [001] directions is much faster than the
characteristic reaction rate, then Li transport within the parti-
cles is expected to follow pathways controlled by the minimum
elastic strain energy, which will be demonstrated in the next
section.

In contrast to intercalation-wave features observed at 0.15C
delithiation, the majority of (010) insertion surface regions
were rapidly populated by Li at 0.15C lithiation, activating most
of the [010] channels in the early stage of lithiation, as shown in
Fig. 3(a). Compared with delithiation at the same rate, the Li
insertion current was no longer focused on a small area fraction
within the particles, but spread over a larger surface region.
The entire region of the particles became uniformly lithiated,

Energy Environ. Sci., 2023, 16, 3302-3313 | 3305
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and the slope of the Li concentration gradient (along the [001]
direction) was much lower during lithiation than that during
delithiation, presenting larger solid-solution domains (line cuts
in ESIT Fig. S5(b)).% 819214142 Towards the end of lithiation at
0.15C, the Li distribution exhibited a shrinking-core feature
with a lower Li concentration at the particle core and diffuse
interface between Li-richer and poorer domains.

Both Li insertion and extraction at higher C-rates activate
more surface regions and occur more concurrently within the
particles, as depicted in Fig. 3(b) and (c). High (de)lithiation
currents would stabilise not only the solid-solution phase
within the particles, but also Li-rich or -poor phases near the
surface region. We note that Li-rich (Li-poor) surface domains
formed at high-rate lithiation (delithiation) persists and gradually
expand toward the internal region during the overall (de)insertion
process, resulting in diffuse shrinking-core features. Interestingly,
fast delithiation at 4C bypasses the channel-by-channel reaction
pathway at intermediate-rates, while high-rate lithiation drives
similar Li pathways but a clearer shrinking-core feature than
slower rate lithiation. The results are consistent with a previous
study on [010]-oriented LFP particles that observed more uniform
Li (de)insertion as C-rate increases, supporting the robustness
of our measurement platform.'®* We demonstrate that local Li
composition both at the surface and internal region in LFP are
strongly dependent on current rates and directions as well as
inhomogeneous. Moreover, our results successfully reconcile
competing models at various C-rates, and present the funda-
mental difference between high-rate lithiation and delithiation,
i.e., the surface Li composition. Finally, the observed surface Li
composition at multiple C-rates does affect the overall rates of
(de)lithiation process as a source of the significant electro-
chemical asymmetry, which will be further discussed in the last
section.

(De)lithiation governed by SRL process
at intermediate and slow C-rates

In contrast to BDL process, the current density j within the
single particles is strongly coupled with the surface Li composi-
tion in SRL regime.'® In this sense, we calculated the local Li
(de)insertion rates applied to the [010] channels while tracking
the local Li composition at the (010) reaction surface region at
intermediate C-rates. In the schematics in Fig. 4(a) (top), mean
(de)lithiation rate Ax/At between two sequential Li composition
maps of [100]-oriented LFP particle is depicted (Ax: pixel-wise
Li composition difference, A¢: time interval ¢, — ¢;). Because
Li-ion transfer and Li diffusion primarily occur respectively at
the (010) surface and along the [010] channels for the reaction
timescale of our study, integrating Ax/At along the [010] chan-
nel yields the local current density applied to the channel,
as plotted in the current density histogram. In our works, a
straight line of ~40 nm pixels along the [010] direction was
termed a pixelated channel (Ch) (refer to section S6, ESIT),
and jcp is the current density applied to the Chs (details in
section S11, ESIt).

3306 | Energy Environ. Sci., 2023, 16, 3302-3313
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In Fig. 4(a) (bottom), the local current density jc, is extracted
from the x and Ax/At maps of the representative particle during
0.15C (de)lithiation. Blue-solid and red-dotted line in the graph
in Fig. 4(a) indicate the current density applied to each Ch j¢p,
(vellow box in Ax/At map) and surface Li composition (pink
boxes in surface Li composition map), respectively. The jq, line
profile during lithiation is distributed more homogeneously
than that during delithiation, agreeing with a shrinking-core
pathway and intercalation wave pathway during lithiation and
delithiation, respectively. The correlation of the line profiles
between jcn and surface lithium composition shows that jcpn
increases (decreases) as surface lithium decreases (increases),
indicating that lithium-deficient surfaces can enhance the local
current density.

To further understand the intrinsic reaction rate constant at
the surface, we calculated the local exchange current density of
Chs. From jcp, the local exchange current density of the Chs ()
was then extracted by assuming a linear relationship between
current and voltage for small overpotentials <120 mV (section S11,
ESIt).'®*? In Fig. 4(b), the normalised exchange current density
Jo for the selected Chs is plotted as a function of the
surface Li composition for each Ch (x&i) (section S6, ESIt).
Within the regime of SRL, the surface Li composition could
play a crucial role in regulating the rates of Li insertion and
extraction. Specifically, in autoinhibitory reaction regime,
lithiation at the surface region leads to a reduction in Li
insertion rates due to the greater Li population (i.e., negative
feedback). Conversely, in autocatalytic reaction regime, delithia-
tion at the surface region promotes Li extraction rates due to the
lower Li concentration (i.e., positive feedback). The phenomenon
of electro-autocatalysis®>**** is evident for 0.15C cycling,
where autoinhibitory and autocatalytic trends in the reaction
kinetics (via j, lead to more homogeneous, decelerating lithia-
tion, and more heterogeneous, accelerating delithiation,
respectively.'®2%21:46748 Aq the Chs upon delithiation increase
the rate capability and accommodate a higher current, the
adjacent channels are not activated until the fast Chs complete
delithiation, yielding a domino-cascade feature. In contrast, as
the lithiation of Chs decreases the rate capability, more surfaces
and channels must be activated to accommodate the applied
current, resulting in a diffuse shrinking-core feature. These
observations appear to be the first to capture such autocatalytic
and autoinhibitory (de)insertion kinetics from identical nano-
sized domains under multiple cycling conditions.

To extend our kinetic understanding to near-equilibrium
dynamics where the asymmetry between lithiation and delithia-
tion should be reduced, we further performed operando STXM
at extremely slow rates of 0.07C lithiation and 0.09C delithia-
tion, as shown in Fig. 4(c). Sharp phase boundaries between
the Li-rich and -poor domains developed along the diagonal
(white dashed lines in Fig. 4(c)), as observed in the relaxed
particles at equilibrium (Fig. 3(d)). These boundaries slowly
propagated in the direction normal to the interface during
(de)lithiation. Contrary to observations at the intermediate rate
(e.g., 0.15C), the phase transformation kinetics of lithiation and
delithiation were indistinguishable and exhibited symmetric

This journal is © The Royal Society of Chemistry 2023
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